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COMMENTARY

The habilitation proposal aims to introduce the role of cyclin-dependent kinases - CDKs in transcription
via posttranslational modification of RNA polymerase Il - RNAPII. The role of CDKs in the regulation of
transcription was recognized about three decades ago, but the actual modus operandi is still a mystery,
mainly due to sophisticated control of RNAPII posttranslational modifications at several levels. By
phosphorylating RNAPII, the CDKs not only control passage through a particular phase of transcription
but also control transition between these phases. Over the years, the transition between the initiation
and elongation phases of transcription was recognized as a transcriptional control point, similar to
checkpoints in the cell cycle, allowing the cell to postpone or rapidly reactivate paused transcription in

response to extracellular or intracellular stimuli.

The reactivation of paused transcription is mediated by the activity of positive transcription
elongation factor b — P-TEFb, a heterodimer composed of CDK9 and cyclin T1 or T2. To trigger the
elongation phase of transcription, P-TEFb must be released from the multiprotein inhibitory complex
where it is bound with its cellular inhibitory factors. The first part of the thesis elucidates the
composition of this inhibitory complex and describes the mechanics how this complex is formed
through mutually abundant interactions of RNA and proteins. Also, the example of disassembly of this

complex in response to interferon gamma stimuli is provided as an example of a regulatory network.

The second section is focused on introducing the fascinating biology of newly identified CDK12
and CDK13 on the regulation of RNAPII. In contrast to CDK9 within P-TEFb the CDK12 and CDK13 do
not participate in the release of paused RNAPII, rather they influence various cellular processes
including DNA replication, regulation of DNA damage genes and cell cycle genes expression,
transcription elongation, pre-mRNA processing, RNA turnover, initiation of translation of mRNA
subgroups [1-6]. Among these, the impact of CDK12 on the regulation of DNA-damage repair — DDR
pathway will be introduced in more detail. The DDR was recently exploited as a valuable target for
targeted therapy, especially in connection with the concept of synthetic lethality. Thus, the

susceptibility of tumors with nonfunctional CDK12 to treatment with CHK1 inhibitors will be discussed.

The third part is dedicated to the description of CDKs and their associated partners — cyclins,
during the regulation of cell differentiation, tissue formation, and complex embryonic development. By
employment of several knock-out and conditional knock-out models we were able to demonstrate
essential role of cyclin T2 and cyclin K in early preimplantation development, the function of cyclin T1
in a negative selection of autoreactive T cells, impact of CDK13 loss on formation of craniofacial
structures and cleft palate, and involvement of CDK12 in transcription of growing oocytes during

oogenesis and meiotic maturation.
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1 INTRODUCTION

1.1 History of discoveries of cell cycle regulators

The desire of mankind to understand the basic principles of cell division predates the golden era of true
pioneers represented by many great scientists of their time. The divine curiosity to observe and
understand the mechanism of cell division fascinated many, yet only few succeeded in uncovering the
mysteries of cellular processes and molecular factors orchestrating the transition through individual
phases of the cell division. Undoubtedly, the work of Robert Hooke, who first observed distinct
structures which he named cells, from Latin cellula, resembling the monk's chamber form the convent,
is worth mentioning [7]. It took two centuries to define the cell theory, stating that all living organisms
are composed of cells, the cell is the smallest structural and functional biological unit, and every cell
arises from a former cell [8, 9]. In 1882 Walther Flemming first draw different stages of the cell division
in the plant cell, especially the filamentous structures of various size and shapes just before cell

division, after he developed new technique to stain plant cells [10].

The drawings prepared by Flemming described the mitotic phase of cell division in
unprecedented detail for its time, yet limited information was available to describe the interphase. In
1953 Alma Howard and Stephen Pelc were first to realize and propose four periods for the cell division,
latter recognized as phases of the cell cycle — the pre-S phase (G1), the S-phase (DNA synthesis), the
pre-miotic period (G2) and mitotic and division period (M) [11, 12]. By studying cell proliferation in
bean roots, Howard and Pelc deduced that DNA synthesis takes about six hours, measured by
incorporation of p32-labeled isotope in DNA only during interphase, and that cells enter prophase of
the next mitosis only eight hours after DNA synthesis is completed. The discovery of cell cycle phases
evoked two important questions: 1) what are the molecular determinants or motors of each phase
onset, and 2) how is the transition between phases orchestrated? It was clear that drivers of the cell
cycle ensure that phases of the cell cycle occur in the correct order, and that the cell cycle should be
considered as an organized sequence of events analogous to simple model as phage morphogenesis
[13]. This idea led to a concept of checkpoint controls where the cell checks if an early event, the S
phase, for instance, has been properly finished before proceeding with a later event, such as the mitosis

[14].

Understanding of this concept was complemented by two powerful experimental approaches
available at the time the genetic studies in yeast and biochemical studies of cell extracts acquired from
amphibian and marine invertebrate oocytes or eggs [15, 16]. Both approaches played a key role in

discovering molecular machines driving the cell cycle progression. While biochemists were racing to



purify component of the Mitotic Promoting Factor — MPF, a factor able to cause cell to prematurely
enter mitosis even when the cell is in the G1 phase, the geneticists generated serious of yeast mutants
essential for cell cycle progression, which were called Cell Division Cycle — cdc genes [13, 17, 18]. The
CDC28 gene, Saccharomyces cerevisiae, and the cdc2 gene, Saccharomyces pombe, were identified,
which products are essential for G1/S or G2/M transition, respectively [19]. Later, it was reported that
human cells also possess a cdc-like gene able to complement a cdc2 mutant [20]. Importantly, MPF was
demonstrated to be composed of two proteins: one of size 34 kDa and the other of size 45 kDa, and
the 34 kDa subunit was demonstrated to cross-react with antibody against product of cdc2 gene [16,
21]. Meanwhile, Tim Hunt observed proteins that were newly synthesized before each division and
immediately degraded after each cleavage in sea urchin eggs undergoing cleavage after fertilization
[22]. The proteins were called cyclins because of their cyclic appearance. Finally, the molecular engines
of progression through the cell cycle were discovered, consisting of a protein kinase and its associated
partner, a cyclin. Cyclin is synthesized at a particular phase of the cell cycle and binds to the kinase,
which becomes activated. Once the cell phase transition is accomplished, the kinase is inactivated by

degradation of the associated cyclin [23].

Over two decades, the delicate control of CDK/cyclin complexes was elaborated by many
groups, leading to the identification of upstream signaling pathways, posttranslational modifications,
association with cellular factors regulating its activity positively or negatively, cellular CDK inhibitors,
and ubiquitin machinery playing a crucial role in the function of these complexes. By completing
numerous studies, researchers uncovered principal CDKs and their associated cyclins orchestrating
transition through exact cell cycle phases [24]. The CDK4/6 with D-type cyclins are found in G1 phase,
replaced by cyclin E with CDK2 at the end of G1 marking the beginning of S phase, exchanged by switch
of cyclin E for cyclin A with CDK2 during S phase, followed by substitution of CDK2 for CDK1 with cyclin
A, ending the circle by activation of CDK1 with B-type cyclins [25].

Using degenerate oligomers for the catalytic domain of CDK1, Harlow and colleagues were able
to identify five new genes related to the CDK1 gene [26]. The family of CDKs was about to expand with
the identification of CDK5 in neurons [27], CDK7 as CDK-activating kinase — CAK [28], CDK8 [29], and
CDK9 [30] reviewed in [31]. We now recognize 21 genes encoding 20 CDKs, named CDK1 to CDK20,
with two genes, CDK11A and CDK11B, expressing two isoforms of CDK11 [32]. The family of CDKs with
its binding cyclins could be classified in three phylogenetic groups sharing involvement in similar
cellular processes, 1) cell cycle — CDK1, CDK2, CDK3, CDK4, CDK6 and CDK7; transcription regulation —
CDK7, CDK8, CDK9, CDK10, CDK11, CDK12 and CDK13; various cellular functions, thus are called —
atypical — CDK5, CDK14, CDK15, CDK16, CDK17, CDK18, CDK19 and CDK20 [25, 33].



1.2 Atypical cyclin-dependent kinases

Cell cycle-related CDKs were described in the previous text and are not in the scope of the habilitation
thesis. The group of atypical CDKs represents CDKs that are studied to a lesser extent, except for CDKS5,
the kinase expressed in differentiated neurons [34]. The CDK5 with PSSALRE amino acid motif within
the catalytically active site is considered the ancestor of the two subfamilies named, as PFTAIREs -
CDK14 and CDK15, and PCTAIREs - CDK16, CDK17, and CDK18 families [32]. Atypical CDKs are involved
in a broad range of cellular processes and are undoubtably worth of further detailed studies, but they

are not the focus of the habilitation thesis.

1.3 Cyclin-dependent kinases regulating transcription

The CDKs regulating the transcription mediated by RNA polymerase || — RNAPII will be discussed in
more detail, especially with an emphasis on the transition from the initiation to the elongation phase
of transcription and their role in cellular processes. The eukaryotic transcription can be divided into
functionally distinct phases — initiation, elongation, and termination [31, 35]. RNAPII is a multiprotein
complex with a unique structure recognized as the carboxy-terminal domain — CTD within the Rpb1,
the largest subunit of RNAPII [36, 37]. The CTD is composed of heptapeptide Y1S:P3T4SsPsS; repeated
57 times in mammals, and posttranslational modifications of specific amino acids within the

heptapeptide motif mirror a particular phase of transcription [38, 39].

The CDK7 is a 346 amino acid protein and was among the first CDKs to be implicated in the
transcription mediated by RNAPII [40, 41]. At the molecular level, the CDK7 phosphorylates serine at
position 5, Ser5, within the CTD of RNAPII, allowing initiation of transcription, Appendix 4 [31].
Phosphorylated RNAPII leaves the promoter and synthesizes the nascent RNA, nevertheless, around 35
- 50 nucleotides pass the transcriptional start site, the RNAPII movement is imposed by the action of
two factors [37]. Negative Elongation Factor, NELF, and DRB Sensitivity Inducing Factor, DSIF, in
cooperation, they interact with RNAPII and physically block its movement. To overcome stalled RNAPII,
the Positive Transcription Elongation Factor b, P-TEFb, comes into place and phosphorylates Ser at
position 2, Ser2 within CTD [35]. The CDK9 catalytically active subunit of P-TEFb is responsible for the
phosphorylation only if associated with the cyclin, in the case of CDK9, we recognize Cyclin T1 and T2
[31]. Previously, Cyclin K was also assumed to be a CDK9 associating partner [42, 43]. In parallel to CTD
phosphorylation, P-TEFb phosphorylates DSIF and NELF, causing release of DSIF from RNAPIlI and
conformational change within the NELF, which then becomes a positive elongation factor. RNAPII is
released from its pause, and the elongation phase of transcription is triggered [44]. The newly

synthesized RNA undergoes 5’capping, splicing corresponding to posttranslational modifications of



amino acids within the CTD. Once the RNAPII reaches the polyadenylation site, the Ser2 and Thr4 are
extensively phosphorylated, converging in the termination of transcription. The Thr4 phosphorylation
seems to be obligatory for termination, since CTD phosphorylated on Thr4 is enriched at 3’-ends of

protein coding genes in metazoans [45].

The habilitation proposal focuses on the functions of CDKs and their associated partners in various
cellular processes which some of them are key to proper embryonic development. The first part
discusses the delicate balance of active versus inactive state of P-TEFb through association with its
cellular inhibitor, Hexim1. The second part focuses on the new function of CDK12 and CDK13 in cellular
processes. The third part illustrates fascinating roles of cyclin T1, T2, K, CDK12, and CDK13 in numerous

morphogenetic processes during development.

2 FUNCTION OF P-TEFB IN CONTROL OF
ELONGATION PHASE OF TRANSCRIPTION

Earlier studies from 90™ of 20™ century indicated that transcription is not always controlled at the step
of promoter initiation complex, PIC, formation mediated by general and specific transcription factors
[31, 46]. Instead, the beginning of the elongation phase is the limiting step, which is not restricted only
to mammals but was detected in Drosophila or during HIV infection [35, 44]. More detailed studies
revealed that elongation control of transcription is typical for 30% of genes in primary human lung
fibroblasts and up to 40% of protein coding genes in human embryonic stem cells [47, 48]. The last two
decades have brought compelling evidence that regulation of transcription at the elongation phase of
transcription is more the rule than the exception. Still, the whole mechanism of P-TEFb recruitment to
the promoter occupied by different transcription factors was not completely understood, and the

mechanism of P-TEFb inactivation was an intriguing question for researchers to pursue.

2.1 Association of P-TEFb in Small and Large complexes

When we joined the research community studying transcription of RNAPII, the role of P-TEFb in
phosphorylation of CTD during transition from initiation to elongation phase of transcription was
established, and the association between P-TEFb and prototypical transcription factors was described.
Nevertheless, there was an unanswered question: how is the transition between the active and inactive
state of P-TEFb achieved? Is P-TEFb permanently active? Is P-TEFb active in all phases of the cell cycle

or transcription cycle? How is the association of P-TEFb with various transcription factors accomplished



and regulated? Since the level of CDK9 and its binding cyclins merely changes during the cell cycle or
transcription, the activity of P-TEFb must be controlled by other means.

Several groups independently provided compelling evidence of the existence of two
intracellular complexes of P-TEFb in cells. The catalytically active complex was recognized as the small
complex and consists of a heterodimer of

+‘;:; CDK9 bound to cyclin T1 or T2. The

step 1 BR] R catalytically inactive complex was assigned

as the large complex, where P-TEFb and
7SK snRNA active

@ cyclins associate with 7SK snRNA and
protein called Heximl or MATL. Initially,

the 7SK small nuclear RNA, 7SK snRNA, was

found to sequester P-TEFb to its inactive

inactive

complex [49, 50]. Followed by discovery of

HEXIM1 Heximl in the large complex the term

step 2 HEXIM1

Heximl, hexamethylene bis-acetamid

inducible 1, was described as protein

induced in vascular smooth muscle cells

Figure 1: Structure of Heximl and assembly of a large | during differentiation by hexamethylene
complex. Step 1) Hexim1 protein is presented as an orange
line. Black and ocher boxes represent basic (BR) and gray
acidic (AR) regions, respectively. Step 2) By coordinated | \yas recognized by other three groups as
interactions of two Hexim1 molecules, 7SK snRNA and two P- R
TEFb (active, green oval) the large complex with inactive P- | Ménage A Quatre — MAT1 [53], Cardiac
TEFb (red oval) is formed, adapted from Appendix 1.

bis-acetamide [51, 52]. The same protein

Lineage-associated Protein 1 — CLP-1 [54,
55], Estrogen Down-regulated Gene — EDG-1 at the same time [56]. The term Hexim1 was accepted by
most of the research community and is used to this day. The discovery of active and inactive complexes
of P-TEFb was radical since it simply explains the elegant way in which cells modulate transcription
activation by the balance of active versus inactive P-TEFb pool. The constituents of the large complex
were known, but the mechanism of its assembly was not reconciled. In our initial work, we described
how different domains in Heximl direct nuclear localization, binding to P-TEFb, and activity of
transcription factors, Appendix 1 [57]. First, we demonstrated that the basic region is indispensable for
nuclear import of Hexim1. The basic region, BR, spans from 150 — 177 amino acids in Hexim1, and can
be divided into two subregions, BR1 and BR2, which contain lysines and arginines and only lysines,
respectively, resembling the classical composition for nuclear localization sequences — NLSs. Indeed,
when BR was deleted, the nuclear localization of Hexim1 was diminished, and we observed the same

result when all lysines or arginines were replaced by alanines. By mutating individual amino acids or



specific regions, we were able to conclude that two monopartite and two bipartite NLSs control the

localization of Hexim1 to the nucleus.

Interestingly, the arginines in BR1 were essential for its binding to 7SK snRNA and inhibition of P-TEFb.
Next to the BR, there is an adjacent stretch of acidic amino acids we assigned as an acidic region, AR.
Similarly, to BR, the AR is subdivided into two clusters AR1 and AR2. From binding studies, we knew
that BR and AR can interact together in the absence of RNA, supporting the idea that AR mimics the
negative charge of 7SK snRNA and participates in the coordinating assembly of a large complex. Thus,
we envisioned that the removal of AR would lead to the release of BR1 and subsequent binding to 7SK
snRNA and inhibition of P-TEFb activity. Indeed, the mutation of acidic residues to alanines restored
incorporation of Hexim1 to the large complex together with P-TEFb. In summary, our study provided a
mechanistic view of how oppositely charged regions within the Hexim1 and 7SK snRNA coordinate

binding to P-TEFb, subcellular localization of P-TEFb, and its inhibition of transcription.

In parallel to our effort to understand intramolecular interaction with Hexim1 and its impact
on assembly of the large complex, we were also intrigued by the composition of the large complex. We
could delineate molecular masses of small and large complexes from glycerol gradient experiments.
The size of the small complex fits our prediction, but the molecular mass of the large complex implies
the presence of two P-TEFb complexes, one molecule of 7SK snRNA, and two molecules of Hexim1, yet
the nature of the Heximl protein in the cells was not known. In the following publication, we
determined that Hexim1l forms oligomers in cells, and we could define regions within Hexim1
responsible for its oligomerization and binding to P-TEFb, Appendix 2 [58]. First, we analyzed the amino
acid sequence of Hexim1 and identified two predicted coiled-coil regions in the C-terminal part of
Hexim1, which we assigned as coiled-coil regions 1 and 2, CR1 and CR2. When the evolutionarily
conserved leucines were mutated to alanines in both CR1 and CR2, Hexim1 did not form the oligomers

in the absence of 7SK snRNA (Fig. 2).

If the 7SK snRNA was available, oligomerization was detected. It pointed us to a scenario where
Hexim1l can also oligomerize through the 7SK snRNA bound to BR region of Heximl. Indeed, the
depletion of BR from Hexim1 did not affect oligomerization when the coiled-coil region was intact, but
when the CR2 was omitted from Hexim1, the formation of the oligomers was not detected. Moreover,
Heximl with a mutated CR1 domain could not bind P-TEFb and inhibit transcription. This data
suggested the presence of two regions, BR and CR2, coordinating the oligomerization of Hexim1. In our
presented model, Hexim1 forms oligomers via the CR1 and CR2 regions, when 7SK snRNA and P-TEFb
are available, the CR1 domain serves as a platform for interaction with P-TEFb, and BR, together with

CR2, provides oligomerization between two Hexim1 molecules (Fig. 2).



Figure 2: Scheme of Hexim1l and mechanism of
assembly of a large complex. Schematic depiction of
CR1 ICR2) S human Hexim1 protein. Blue and ocher boxes
HEXIMT represent the basic and acidic regions — BR and AR.
Coiled-coil regions CR1 and CR2 are represented by
black and gray boxes, respectively. A model of how the
oligomerization of Hexim1 via 7SK snRNA and CR
7SK snRNA active directs the incorporation of P-TEFb into the large
@ complex. Step1) In the absence of 7SK snRNA, free
Hexim1 proteins are oligomers. This oligomerization
is mediated solely by the CR1 and CR2 in the C-
terminal domain of Hexim1. The small complex of P-
TEFb — green oval is active. Step 2) In contrast, when
7SK snRNA binds the BRs in Hexim1, it facilitates the
HERIVIA second oligomerization event. Subsequently, P-TEFb is
HEXIM1 incorporated into the large complex, leading to its
inactivation — dark red ovals. In this complex, the CR1
in Hexim1 mediates the binding to P-TEFb, whereas
the CR2 facilitates Hexim1 oligomerization, adapted
from Appendix 2 [58].
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inactive

step 2

Our data imply a mechanism by which cells can regulate the sequestration or release of P-TEFb in
response to intracellular or extracellular stimuli. It became increasingly apparent that shuffling
between small and large complexes is generally utilized by cells to regulate the activity of diverse

transcription factors.

Based on the knowledge from published literature, it seemed that Hexim1 is recruited to the
vicinity of transcription factors and inhibits their function. But it was not apparent how Hexim1l
achieved inhibition of transcription mediated by various transcription factors. To examine how Hexim1
inhibits transcription factor, we chose the class Il transactivator (CIITA), which is the master integrator
of the expression of MHC class Il genes, and it interacts with a variety of basal transcription factors to
orchestrate transcription of these genes, Appendix 3 [59]. CIITA actively recruits P-TEFb to promoters
of MHC class Il genes. As described earlier in the text, P-TEFb is present in the cell in small active or
large inactive complexes. In our preliminary experiments, we recognized Hexim1 as a potent inhibitor
of the CIITA-mediated transcription [59]. Not only exogenously expressed, but also IFN-gamma-induced
CIITA was inhibited by the presence of intracellular Hexim1, Appendix 3. This inhibition depended on
the intact Cyclin T1-binding domain in Hexim1. Importantly, Hexim1 sequestered P-TEFb from CIITA, as
documented by binding competition and ChlIP assays. Conversely, the depletion of Hexim1 from cells

by siRNA increased CIITA-mediated transcription.

The regulation based on competition between transcription factor and Hexim1 for the binding
to P-TEFb actually provides a dynamic cellular switch to regulate effectively transcription of CIITA-

dependent genes in response to cellular demands. In general, the competition of Hexim1 with the given



transcription factor for binding to P-TEFb allows cells to utilize only one negative transcription factor,
Hexim1, to efficiently inhibit many transcription factors. There is no need for Hexim1 to accommodate
several interaction platforms for various transcription factors. It would be a challenging task to explore
what is behind the rule orchestrating competition between transcription factors known to be strong

versus weak initiators of transcription, Appendix 4.

The results from introduced publications were intended to uncover some fundamental aspects
of the dynamic formation and disassembly of small versus large complexes and how cells can utilize
this regulatory circuit to modulate the release of P-TEFb for its transcriptional demands, in response to
internal or external stimuli. The main conceptual advances are that signaling pathways activating
different transcriptional factors can effectively modulate P-TEFb by releasing its active form from a large
complex by modification of Hexim1 or P-TEFb. Even if there is no direct recruitment of P-TEFb by the
specific transcription factor, activation of a particular signaling pathway is sufficient to secure the
effective elongation phase of transcription by releasing active P-TEFb from the large complex. One can
argue that the majority of well-characterized transcription factors recruit P-TEFb to the promoter
directly, and there is no imminent need to release P-TEFb from a large complex by the activity of the
upstream signaling pathway. Nevertheless, various transcription factors attract P-TEFb to the promoter
regions with different efficiency, mainly due to competition with Hexim1 for the same P-TEFb binding
site, Appendix 4. Therefore, any additional mechanism strengthening the elongation phase of
transcription is crucial during specific cellular responses, differentiation, growth, apoptosis,
development, etc. Vice versa, posttranslational modifications of Heximl or CDK9 could induce
attraction of CDK9 to a large complex. Indeed, phosphorylation of CDK9 at Thr-186 is directly involved
in Hexim1 binding [60, 61]. The CDK9 is not the only target of posttranslational modification that affects
activation or inhibition of P-TEFb. The Phosphorylation of Thr270 and Ser278 relies on the PI3K/Akt
pathway and Tyr271 on the Erkl pathway [62, 63]. Phosphorylation of Ser158 in the basic region of
Heximl by PKC neutralizes the positive charge, protecting binding of 7SK and impairs Hexim1
association with P-TEFb during T cell activation [64]. Recently, it was shown that PKC activation in T
lymphocytes coincides with phosphorylation of Thr-186 in CDK9 and its activation [65]. The
pathological activation of Jak/STAT signaling pathway promotes dissociation of P-TEFb from Hexim1
and heart hypertrophy induction [66]. The dephosphorylation of Thr186 in CDK9 by PP1a phosphatase
during UV stress inactivates CDK9 [67, 68].



2.2 Regulation of elongation phase of transcription by P-TEFb

The previous section aimed to understand the composition and assembly/disassembly of large and
small P-TEFb complexes. Nevertheless, the composition of the large complex was about to be unveiled.
A year later, when our results were published, two groups independently described two additional
factors participating in stabilizing the large P-TEFb complex they were LARP7 and MEPCE. The MEPCE
is 7SK methyl phosphate capping enzyme, which was demonstrated to post-transcriptionally add a cap
to the y-phosphate of 5’end of 7SK RNA [69]. This modification enhances the stability of 7SK since
silencing of MEPCE led to a decrease in the steady-state level of 7SK snRNA in vivo [69]. The LARP7 is
La-Ribonucleoprotein7, which was identified throughout the proteomics survey of P-TEFb associating
partners and later on characterized by Price group as a constituent factor of the large P-TEFb complex
[70]. From our understanding, the 7SK snRNA serves as a central scaffold coordinating the assembly of
large complexes and maintains P-TEFb in an inactive state (Fig. 3). Large complex is a reservoir of active
P-TEFb from which it can be released in response to cellular or developmental cues [71]. Even though
our research describing the formation of Heximl oligomers and the intramolecular interaction
responsible for the sequential assembly of a large complex was published two decades ago, the model
has remained unchanged, only enriched for understanding how different intra- or extracellular stimuli

control the balance between small and large complexes, Appendix 4 [31].

LARGE

stress
cytokines
inhibitors
morphogens

step 1 step 2

Figure 3: Composition, assembly of a large complex and release of P-TEFb complexes. Step 1) 7SK snRNA
contains 5'- and 3'- ends with pppG (triphosphate guanosine) and UUUU-OH (oligouridylate tail), respectively.
75K snRNA is recognized by MEPCE and LARP7. MEPCE methylates the gamma-phosphate of its first
5'ribonucleotide, depicted by an asterisk, and LARP7 stabilizes 7SK snRNA by binding to its oligouridylate tail.
Hexim1 homodimerizes via its coiled-coil domain in the C-terminus, but the N-terminus adopts a conformation
that does not allow binding to P-TEFb. Step 2) Binding of 7SK snRNA from 7SK snRNA/MEPCE/LARP7 complex
to the basic region in the central part of Hexim1 triggers conformational changes of the hexim dimer, leading
to exposition of the CycT1-binding domain at the C-terminus of Hexim1 and consequent binding of P-TEFb. The
'‘LARGE' complex is formed and is stabilized due to multiple protein-protein and protein-RNA contacts within
the complex. Step 3) Activity of P-TEFb is inhibited in the large complex. Several stimuli have been reported to
disrupt the large complex, such as stress, cytokines, inhibitors, morphogens, and DDR stress signals, allowing
release of active P-TEFb 'SMALL' complex, adapted from Appendix 4 [31].




There are numerous publications describing how modulation of small versus large P-TEFb complexes
participates in various cellular processes. Among them, activation of T cells by phorbol ester — PMA
leads to release of P-TEFb from the large complex by induction of phosphorylation of Hexim1 on Ser-
158, Tyr-271, and Tyr-274 and CDK9 phosphorylation on Thr-186 [64]. If the T cells are infected by HIV
virus then CDK9 is phosphorylated on Ser-175 by CDK7 to promote transcription of HIV genome
through association with Tat and super elongation complex [72, 73]. If Ser-175 is dephosphorylated,

the interaction between CDK9 and BRD4 is enhanced.

In view of our and others' work, it is sufficient to introduce an additional phase in the
transcription cycle based on the novel role of CDKs. It is apparent that CTD of RNAPII represents a
central hub for modulation by CDKs and other kinases (Fig. 4), Appendix 4. As evident active P-TEFb can
restart paused RNAPII at the transcription start sites of many genes which transcription is activated in

response to many intra- or extracellular stimuli.

Figure 4: Role of P-TEFb in a broad
spectrum of biological processes. P-TEFb

DEVELOHMENY (blue oval) participates in many different
Mix.3/mixer . .
i N biological processes, such as development,
yo .
CANCER Ldb1 cancer, cell cycle, cytokine response.

PPARY

QL EN OTHERS Abbreviations in each oval represent
. GITA AIRE, particular transcription factors that have
o v been found to employ P-TEFb in given
biological process. Significantly,
// dysregulation of P-TEFb-dependent
s transcription factors involved in
CYTOKINE CELL CYCLE development or cell cycle could also

RESPONSE Brdd . g . .
B M. psa significantly  contribute to malignant

STAT3 pRb 4
gp130 G ’

transformation of normal cells, as depicted

by arrows in this figure, adapted from
Appendix 4 [31].

For example, the renewal of epidermal progenitors is characterized by inactive CDK9 in complex with
Heximl and AFF1, when differentiation is triggered, the CDK9 with super elongation complexes
activates differentiation-activating transcription factors [74]. Also, activation of primary response genes
by LPS during immune response in macrophages is a classic example of release of paused RNAPII by
recruitment and activity of P-TEFb [75]. Thus, the stage of pausing RNAPII resembles all necessary
characteristics of the inherent phase of the transcription cycle. In this view, the transcription cycle can
be described by these stages of transcription — assembly of pre-initiation complex and initiation;
proximal promoter pausing and release of RNAPII; elongation accompanied by splicing; termination
and release of RNAPII [25]. The CDKs are the principal regulators of these phase transitions, with CDK7
during initiation, CDK9 in elongation, CDK11, CDK12, and CDK13 in splicing coupled with the synthesis
of RNA, and the role of CDK8 and CDK19 in PIC assembly is recognized.
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3 ROLE OF CDK12 AND CDK13 IN THE
REGULATION OF TRANSCRIPTION

3.1 Defining CDK12 and CDK13 complexes

When studying the mechanism of incorporation or release of P-TEFb into the large complex of P-TEFDb,
we were recapitulating earlier observations of other research groups verifying the association of CDK9
with cyclin K. Despite utilizing many various experimental approaches, we could not detect direct
binding between CDK9 and cyclin K, neither in vitro nor in vivo. Thus, we immunoprecipitated cyclin
K from HEK293 cells, followed by mass spectrometry. To our surprise, we did not retrieve any peptides
resembling CDK9 kinase, instead, we were able to identify peptides of CDK12 and CDK13 kinases.
Similar observation regarding the association of CDK12 and CDK13 with cyclin Kin Drosophila was
published earlier by the Greenleaf group [76]. Nevertheless, this was rather an unexpected result as
CDK12 and CDK13 were barely associated with the regulation of transcription before. After cloning both

kinases, we first prove an association between cyclin K and both kinases, Appendix 5 [77].

Importantly, CDK12-cyclin K and CDK13-cyclin K heterodimers are present in cells in mutually
separate complexes (Fig. 5). We also collected data clearly supporting the role of CDK12 and CDK13 in
the phosphorylation of Ser2 within the CTD of RNAPII. Depletion of cyclin K had a specific impact on
transcription of a variety of subsets of cellular genes. Among affected genes was a group of genes
involved in DNA-damage repair — DDR pathway, such as BRCA1, ATM, FANCDZ2, and FANCI. If the DDR
genes are affected by depletion of CDK12-cyclin K, then the impact on the maintenance of genomic
stability should be noticeable. When different DNA-damaging agents, etoposide and camptothecin,
were applied to the cells, strong and dose-dependent sensitivity of cells to double-strand breaks were
detected. When CDK12 and cyclin K were down-regulated in cells, the decreased level of DDR genes
was determined by RT-gPCR or nuclear run-on assays, and the occupancy of active Ser2-RNAPII was

evaluated by ChIP with specific antibodies.

All these data implied the novel function of CDK12-cyclin K complex and established that the
depletion of CycK/Cdk12 does not affect global transcriptional rates, but CycK/Cdk12 is the limiting
factor that affects the transcription of a small subset of genes, such as DDR genes [78]. In summary, we
demonstrated that CycK-Cdk12 regulates resistance of cells to the exogenous DNA-damaging agents
and is essential for maintaining genomic stability in various cellular models of cancer or primary cells
(Fig. 5), adapted Appendix 6 [78]. Over the past years, the CDK12 and CDK13 were demonstrated to
participate in diverse cellular processes including transcription of DDR genes, splicing and pre-mRNA

processing, DNA replication and initiation of translation of mRNA subgroups (Fig. 5) [1-6].
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with cyclin K
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Figure 5: Function of CDK12 and CDK13 in various cellular
processes. Both kinases CDK12 and CDK13 actively
participate in regulation of transcription of DDR genes,
splicing and pre-mRNA processing, DNA replication and
initiation of translation of MmRNA subgroups. Especially,
regulation of transcription of DNA damage genes by CDK12
was novel concept.

Our seminal observation connecting CDK12 with cyclin K to DDR was inspirational for many research
groups and led to identifying CDK12 as a promising target for patient treatment (Fig. 7). Mutations of
CDK12 were identified in several cancers, but probably the most striking involvement of CDK12 was
demonstrated for high-grade serous ovarian cancer and castrate resistant prostate cancer. Over the
years, loss of CDK12 function was recognized as the vulnerability of cancer cells due to their impaired
homologous recombination - HR, since CDK12 regulates the expression of many factors involved in the
HR process, BRCA1 in particular, since it is one of the genes whose expression depends on intact CDK12
activity [77]. The breast cancer-associated gene 1 — BRCA1, is a tumor suppressor and is vital to HR-
mediated DNA damage repair, cell cycle checkpoints, and transcriptional regulation [79, 80]. The loss
of BRCA1, caused by homozygous mutations, reduces the ability of cells to carry out HR-mediated DNA
repair, resulting in cellular genomic instability mostly imposed by double-stranded breaks. Interestingly,
BRCA1 mutations are mutually exclusive with CDK12 mutations, which suggests that CDK12 belongs to
the same HR-mediated DNA damage repair pathway as BRCA1 [81].

Importantly, homologous recombination deficiency provides an opportunity for cancer
treatment, and tumors with loss of BRCA1 or BRCA?2 are sensitive to inhibitors of PARP1/2, a protein
involved in DDR. The Poly (ADP-ribose) polymerase 1 — PARP1, are DNA damage sensors and they
primarily attached branched poly(ADP-ribose) chains on target proteins at the sites of damaged DNA
at single strand DNA breaks preferentially [82]. PARP1 is also involved in DDR pathways, such as the

single-strand break repair and nonhomologous-end joining - NHEJ pathways. If HR is compromised, for
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example, due to loss of BRCA1 or CDK12, the cells employ additional mechanisms to repair damaged
DNA, the error-prone NHEJ, typically [83]. Among other factors involved in DDR is the check kinase 1 —
CHK1, which responds to DNA damage by activating ATR to block cell cycle, by regulating the G2/M
checkpoint by phosphorylation of DDR factors [84, 85]. Since the loss of BRCA1 compromises DDR and
leads to replication stress and DNA damage, we hypothesized that BRCA1- or CDK12-deficient cells will

extensively rely on the S-phase-related kinase activity of CHK1 for survival [86].

We therefore directly intervened the catalytic activity of CHK1 by specific inhibitors,
SCH900776 and LY2603618 and we tested their effect on the cell survival in the presence or absence
of BRCA1, CDK12 or CDK13, Appendix 7 [87]. The level of specific protein was downregulated by siRNAs,
and a proliferation assay with or without inhibitors was carried out in HCT116 cells with wild-type or
mutated TP53. As expected, CDK13 had no measurable effect on proliferation, but silencing BRCA1 and
CDK12 sensitized HCT116 cells to CHK1 inhibitors (Fig. 6). Then we assessed the DNA damage marker
yH2AX and CHK1 autophosphorylation at serine 296. Importantly, the yH2AX signal, which reflects the
amount of endogenous DNA damage, was increased after SCH900776 treatment. This effect was
exacerbated in CDK12- and BRCA1-depleted cells, but not in CDK13-depleted cells. Further we focused
to validate progression through the cell cycle by measuring protein level of endogenous CDK inhibitor
p21 (Cip1l/Waf1) which blocks progression through the cell cycle and was known to be induced by
inhibition of CHK1 catalytic activity [88]. The p21 levels increased proportionally to the concentration
of CHK1 inhibitor in BRCA1-depleted cells in comparison to strong induction in CDK12-depleted cells,
even without the CHK1 inhibitor (Fig. 6). Since BRCA1 deregulation is a common characteristic of
ovarian and breast cancers, we also evaluated whether BRCA1 deficiency can sensitize relevant cancer
cells to inhibition of CHK1 kinase [89]. Two cell lines of triple-negative breast cancer cells, MDA-MB-
231, with stable expression of shRNA against BRCA1 — shBRCA1, were generated and used in survival
assay, clonogenic assay, cell cycle status and activation of DDR pathway. We noticed severe reduction
in cell viability after treatment with SCH900776, reduced colony size in both shBRCA1 cell lines
accompanied by decrease in cell counts, prominent increase in the S-phase of cell cycle in shBRCA1
clones suggestive of major proliferative arrest and activation of DDR as demonstrated by induction of
YH2AX in comparison to parental cell line. Finally, we assessed the in vivo therapeutic effects of CHK1
inhibitors by employing a mouse orthotopic xenograft model of the MDA-MB-231 clones in the fat pads
of immunocompromised mice. Treatment with a CHK1 inhibitor did not significantly affect the size of
the tumors when compared to tumors from control animals. On the other hand, shBRCA1 MDA-MB-
231 cells gave rise to slightly bigger tumors, and treatment with a CHK1 inhibitor significantly decreased

their size, Appendix 7. Based on these data, we conclude that the enhanced cytostatic effect of CHK1
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inhibition in CDK12- or BRCAl-depleted context results from increased DNA damage followed by a

robust induction of p21 and delayed cell cycle progression.
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Figure 6: Impact of CDK12 and BRCA1 downregulation on DDR, apoptosis, and cell cycle. (A) The effective
knockdown of various proteins after siRNA transfection, CHK1 inhibition, and DNA damage induction was
assessed by Western blot analysis. HCT116p53+/+ cells were transfected with control or specific siRNAs (Ctrl,
CDK12, CDK13, and BRCA1), and 2 days post-transfection, cells were treated with 0, 0.3, or 1 uM CHK1 inhibitor
SCH900776 for an additional 96 h. The protein levels of the studied proteins were elucidated by Western blot
with the indicated antibodies. The protein level of Cyclin T1 was used as a loading control. (B) Status of cellular
factors participating in the regulation of apoptosis and the cell cycle. The protein levels of PARP, a marker of
late apoptosis, tumor suppressor p53, and the cell-cycle regulating proteins p21, p27, pRb, and pRB-pSer780
were elucidated by Western blot with the indicated antibodies. The protein level of Cyclin T1 was used as a
loading control, adapted from Appendix 7 [87].

We therefore proposed that simultaneous inhibition of CDK12 with CHK1 or inhibition of CHK1 in the
presence of a loss-of-function mutation of the CDK12 gene is beneficial for the patients [90]. Recently,
Petropoulos group demonstrated that synthetic lethality of PARP inhibitors in cells with HR deficiency
results from transcription replication conflicts — TRC and not from PARP trapping on DNA at the sites of
DNA damage [91, 92]. It was previously proposed that PARP inhibitors trap PARPs on DNA, and these
trapped complexes block replisome progression, leading to the formation of DNA double-strand breaks
that require HR for repair [93]. Notably, the TRC-dependent synthetic lethality was achieved only in
BRCA2-/- cells due to the fact that these cells accumulate DNA damage in S-phase. The inhibition of
transcription at the early S phase induced resistance of HR-deficient cells to PARP inhibitor, and
depletion of PARP1 restored synthetic lethality in HR deficient cells [91]. Thus, developing novel
therapeutic agents that selectively inhibit PARP1 without causing PARP trapping could be a promising
direction to exploit HR-deficient tumors. Recently, a published manuscript reported that intact CDK12
prevents TRCs and the activation of cytotoxic replicative stress upon upregulation of the MYC
oncogene. Depletion of CDK12 enhanced TRCs in MYC-overexpressing cells and led to the accumulation
of double-strand DNA breaks [94]. Other publication reported that inactivation of CDK12 mediates
genomic instability by inducing TRC in a model of castration-resistant prostate cancer subtype [95].

Therefore, the synergic effect we detected between CDK12 and CHK1 could be at least partially a result
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of aberrant TRC. Recently, it was demonstrated that tumors with extrachromosomal DNA - ecDNA
intensively rely on CHK1 to manage DNA damage, and that CHK1 inhibition could trigger preferential

cell death in ecDNA-containing tumor cells [96].
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Figure 7: Role of CDK12 in cancer. CDK12 loss-of-function mutations lead to decreased expression of HR genes,
resulting in genomic instability and tumorigenesis. CDK12 loss or inhibition sensitizes tumor cells to PARP1/2
inhibitors. CDK12 has oncogenic properties. CDK12 amplification might lead to increased expression of various
oncogenes and consequently participate in tumorigenesis. Therefore, targeting CDK12 with specific inhibitors
in these tumors could be beneficiary for patient treatment.

CDK12 mutations and amplification have been reported in various types of malignancies, covering loss-
of-function mutations in high-grade serous ovarian carcinomas or castration-resistant prostate cancer
subtype, and that has led to assumption that CDK12 is a tumor suppressor. On the contrary, CDK12
overexpression was documented in Her2 positive breast carcinomas and additional tumors suggesting
the possibility that CDK12 has oncogenic properties, similarly to other transcription-associated kinases.
Thus, recently developed CDK12 inhibitors or specific degraders constitute not only powerful research
tools but also offer promising anti-cancer drugs for patient therapy. CDK12 inhibitor monotherapy
could be useful for patients with tumors overexpressing activated CDK12. In addition, CDK12 inhibition
increases sensitivity of cells to PARP1/2 inhibitors, thus presenting a potential strategy for targeting
PARP1/2-resistant tumors. The overview of CDK12 loss-of-function or gain-of-function on tumor

progression is summarized in Fig. 7, adapted from Appendix 8 [90].
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4 TMPACT OF TRANSCRIPTION KINASES
AND THEIR ASSOCIATED CYCLINS IN
DEVELOPMENTAL PROCESSES

4.1 Cyclin T2 and its role in early development

Function of CDKs in the regulation of transcription has been studied over three decades, primarily in
cancer cell lines, but a limited number of studies utilized primary cells or animal models to describe
the roles of transcription CDKs and their cyclins during physiological processes such as development.
We were among the first groups to examine the impact of loss of CDKs or their cyclins on the regulation
of transcription during mouse development. Embryonic development is a complex process by which
plants and animals grow and develop from single fertilized eggs to fully grown organisms. The gene
regulatory networks - GRN orchestrate diverse cellular and developmental processes such as cell
proliferation, differentiation, and morphological movements during embryonic development [98]. The
action of GRN is primarily regulated at the level of transcription mediated by RNA polymerase Il. As
described earlier, the transition between particular phases of transcription is orchestrated by

phosphorylation of the CTD of RNAPII by transcription CDKs complexes [31].

Initially, we concentrated on examining the physiological role of CDK9 associating cyclins. For
this purpose, we generated three mouse strains with genetically inactivated genes for cyclin T1, Cent1,

cyclin T2, Cent2, and cyclin K, Ccnk, which were all thought to associate with CDK9. When Ccnt2 or Ccnk
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Figure 8: Genes regulated by CycT1 and CycT2 in mouse ES
cells. (A) Specific siRNAs were used to decrease the expression
of CycT1 and CycT2 in ES cells and western blotting against | and extraembryonic tissues. When the
CycT1, CycT2, and Cdk9 detected the levels of these proteins.
(B) Mouse whole-genome RNA expression profiles between ES
cells with siRNA species against CycT1 and CycT2. Forty-nine
and 43 differentially expressed genes are depicted by pie charts
for CycT1 and CycT2 knockdowns, respectively. The black and | stem cells - ESc, among the most affected
white slices denote shared and unique categories of proteins,
respectively, adapted from Appendix 9 [97].

for the formation of all three germ layers

protein level of Ccnt2 was downregulated

utilizing specific siRNAs in embryonic

were genes essential for early

embryogenesis, including transforming growth factor B, Notch, Wnt signaling, and autophagy (Fig. 8).
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In contrast, when cyclin T1 was downregulated, genes involved in glucose metabolism, cytokines, cell

communication, and cell cycle were decreased.

4.2 |Ineffective selection of autoreactive T cells in the absence of
cyclin T1

One could conclude that CDK9-cyclin T1 or CDK9-cyclin T2 are mostly redundant in their transcription
regulation, but there are subsets of genes which are specifically under the control of either CycT1 or
CycT2, some of which are also critical for the early mouse embryonic development. In case of genetic
inactivation of the Ccntl gene, we failed to prepare a complete knock-out allele, thus only a
hypomorphic Ccntl mouse model was generated, Appendix 10 [99]. Nevertheless, this hypomorphic
model allowed us to uncover a rather intriguing role of cyclin T1 during negative selection of
autoreactive T lymphocytes in the thymus. The autoimmune regulator - AIRE is a transcriptional
activator that mediates central tolerance in the thymus [100]. AIRE is expressed primarily in the
subpopulations of medullary thymic epithelial cells - mTECs. The function of mTECs is to ectopically
express various tissue-restricted, peripheral, antigens, which allow identification of autoreactive T cells.
When AIRE is depleted from the mTEC cells it leads to autoimmunity in periphery manifested by
infiltration of autoreactive T cells in periphery tissues, mainly endocrine glands, and production of
autoreactive antibodies [101]. In case of a hypomorphic Ccnt1 allele, lower expression of cyclin T1 led
to insufficient selection of autoreactive clones of T lymphocytes in the thymus, leading to the

appearance of inflammatory foci in salivary glands (Fig. 9).
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Figure 9: CycT1 mice do not express AIRE-responsive
genes in the thymus and display lymphocytic
infiltration of lacrimal and salivary glands. (A)
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and salivary glands. Hematoxylin and eosin staining
of formalin-fixed sections of lacrimal and salivary
glands from 5- to 7-month-old WT and CycT1/mice is
presented. Arrows point to lymphocytic infiltrates in
these organs, adapted from Appendix 10 [99].
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In conclusion, improper negative selection was due to impaired function of transcription factor AIRE,
which was responsible for spatio-temporal activation of expression of peripheral epitope antigens,
which are presented by antigen-presenting cells during negative thymocyte selection. Of note, the

organ with the highest expression of cyclin T1 was the thymus. It is likely to envision that the complete
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knock-out of the Ccnt1 gene would recapitulate the fate of Ccnt2 or Ccnk knock-out mouse models. At
the moment, there is no publication addressing the Ccntl complete gene knock-out; the only
information retrieved from the search is available from the database of the International Mouse
Phenotyping Consortium, where the impact of cyclin T1 on mouse development was assessed

(www.mousephenotype.org). Surprisingly, knock-out for the Ccntl gene expressed only mild

phenotypic alterations in homeostasis, hematopoietic, and immune systems. The observed phenotype
could be attributed either to an inefficient knock-out strategy based on the CRISPR/Cas9 system in
comparison to the insertion of a trap vector in the case of Ccntl1, Ccnt2, and CcnK, or by the virtue of
an incomplete truncated form of cyclin T1 as a product of CRISPR/Cas9-mediated mutagenesis. It is also
possible that intact cyclin T2 substituted for cyclin T1. In case of the Cdk9 gene, several significantly
impacted phenotypes are reported, among them embryonic lethality prior organ formation, which
partially recapitulates phenotypes observed in Ccnt2 and Ccnk mice, yet without detectable

preimplantation embryonic lethality in mouse embryos.

The early development is regulated by a very delicate balance of signaling stimuli mediated by
prototypical morphogens. The mechanism of action of these morphogens starts with activation of the
appropriate receptor and activation of specific signaling pathways, all converging in the modulation of
transcription [31]. It has been demonstrated that transcription of many developmental genes is paused
just right after initiation of synthesis, tens of nucleotides, and awaits activation by P-TEFb [44]. This
type of regulation allows a very quick response to morphogenetic stimuli because phosphorylation of
CTD by P-TEFb triggers release from the pause and initiates the productive elongation phase of
transcription instantly. This type of regulation is well illustrated from our experiments in embryonic
stem cells with down-regulated cyclin T2, when most of the genes with aberrant upregulated or
downregulated expression were transcription factors responsible for developmental cues,
morphogens, signaling molecules, or signaling pathways. Several research groups supported our
observation by identifying specific developmental factors that are dependent on the kinase activity of
CDK9-cyclin T2 rather than CDK9-cyclin T1 [44]. In my opinion, the CDK9-cyclin T1 axis is utilized by cells
to regulate transcription of genes responsible for basal cellular processes, ranging from replication,
movement, to cell division. On the other hand, CDK9-cyclin T2 controls transcription of genes not only

implemented in basal cellular processes but also during development.

4.3 Impact of CDK13 loss on development
During our attempt to generate a CDK12 knock-out mouse model, a group of prof. Fann from Taipei,

Taiwan, published work describing the impact of CDK12 deficiency on mouse development [102].
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Similarly to the cyclin K knock-out model, the early embryonic lethality prior to the preimplantation
stage was reported [77]. The ablation of CDK12 induced massive apoptosis in the morula blastocyst
transition due to hyperactivated DDR [102]. Observed phenotype recapitulated the earlier described
mechanism of CDK12-DDR axis in cancer cells described by our and other research groups. Thus, we
shifted our attention to developing the CDK13 knock-out model and to exploring the role of CDK13

during mouse development.

The system of gene-trap technology was chosen to generate a knock-out allele of the Cdk13
gene in the mouse. The gene-trap technology is based on the use of special viral vectors containing the
LacZ gene under a very weak promoter. Only if the vector integrates into a genomic locus that provides
a functional upstream promoter is the LacZ gene expressed. In addition, the vector contains unique
homology sequences specific to the intron and exon of the Cdk13 gene, providing navigation to the
genomic locus. Once the vector is delivered to the cell, it integrates into the Cdk13 gene as a result of
a homologous recombination. Upon integration, the new allele Cdk13'™ is generated, which blocks
productive transcription due to the presence of two strong PolyA sites in the gene-trap vector. The
embryonic stem cells bearing the Cdk13'™ allele were injected into the recipient blastocyst, which was
transferred to the pseudopregnant female mouse. The newborn mice were screened for the presence
of founder animals, in which the Cdk13™! allele was present in the germ line. Once we acquired F1

generations of heterozygous Cdk13™9 animals, the breeding of heterozygous animals was initiated.

The newborn mice were obtained, but no knock-out animal with the Cdk13tmia/tmia
combination was observed, Appendix 11 [103]. However, the residual expression of Cdkl1l3 was
detected in the embryonic brain of Cdk13t™/tmi@ mijce, suggesting generation of a hypomorphic allele
of Cdk13, a situation similar to the Ccntl gene [99]. Nevertheless, the embryonic lethality of
Cdk13tmie/tmia moyse was recognized at 16.5 days of embryonic development — E, with numerous visible
morphological abnormalities. Apart from later discussed organ abnormalities the loss of Cdk13 caused
growth retardation and developmental delay at each stage of gestation. On average, the Cdk13mie/tmia
embryos appeared to be one embryonic day behind in comparison to their littermate controls as
evidenced by the shallow indentation of the footpad at E13.5 in comparison to wild-type littermates
exhibiting deep indentations between the developing toes which are characteristic of embryos at

E14.5.

The analysis of craniofacial area revealed defective palatal shelves development in several
Cdk13tmie/tmia empryos, resulting in their insufficient horizontal growth and the formation of the cleft
palate at E15.5, yet the severity among Cdk13-deficient animals was variable. In addition, the

Cdk13tmie/tmia empryo exhibited nuchal edema and pericardial effusion, most likely caused by

19



dysfunction of the heart. The heart is one of the first organs to form during mammalian development,
and its organ morphology and organization reflect the increasing need of growing embryos for nutrition
and oxygen supply. Interestingly, we found that the heart wall of Cdk13"%t™% mice embryos was less
compact, with an apparent disruption of tissue architecture, and a reduction of myocardium compared
to wild-type embryos. In support of our observation, several miRNAs targeting Cdk13 mRNA were
recently recognized during the acute myocardial infarctions [104]. Recently, a group of prof. Loughna,
Nottingham reported that homozygous and heterozygous animals with nonfunctional Cdk13 allele in
heart exhibited a range of congenital heart disease including ventricular septal defects, bicuspid aortic
valve, double outlet right ventricle and atrioventricular septal defects accompanied by down-regulation
of two genes known to be participating in heart development endotelin 1 and endotelin A receptor in

E12.5 Cdk13 mutant embryos [105].

All these data reflect CDK13 as a strategic molecule for optimal heart function. The brains of
Cdk13tmie/tmie embryos appeared developmentally delayed as demonstrated by reduced size as
compared to littermate controls, probably due to a decrease in the number of proliferating cells in
Cdk13t™19/tm1@ embryos in comparison to Cdk13 wild-type littermates. When a genome-wide screen was
performed to identify factors involved in the formation of the nervous system in Drosophila, cyclin K
was retrieved [106]. CDK12 and CDK13 kinases were shown to regulate activity of CDK5 and thus
participate during the axonal elongation, supported by described function of CDK12 in process of
embryonic neural development [107, 108]. Thus, studying CDK12 and CDK13 in the brain development

appears as an exciting direction for our further research.

Since all described abnormalities resulted from the hypomorphic Cdk13™1 allele, we decided
to generate a Cdk13 allele with a nonfunctional variant of CDK13 to assess the impact of the complete
loss of Cdk13 gene. Therefore, Cdk13'™ mice were crossed with Flp-deleter mice and Cre-deleter mice
to acquire the Cdk13'™ allele with deleted exons 3 and 4. Mice bearing the Cdk13™ allele displayed
undetectable Cdk13 protein in the developing brain, with severely downregulated protein levels in
heterozygous Cdk13™ mice compared to wild-type littermates. Mice carrying Cdk13™ alleles
exhibited more severe defects in the craniofacial area with profound midline facial cleft, since the
prevalence of the midline orofacial deficiency was 60.5% in Cdk13"¢ homozygous mice at E12.5-E14.5
in comparison to wild-type littermates with a prevalence of 3% (Fig. 10). In conclusion, Cdk13tmd/tmid
embryos exhibited smaller body with visible growth retardation, prevalent hypoplasia of midfacial
structures, smaller undeveloped hearts with severe ventricle, smaller liver with abrogated liver lobes
arrangement and abrogated right left symmetry in kidney (Fig. 10). Overall, the developmental

abnormalities were similar in animals with complete inactivation of Cdk13 in comparison to mice with
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a hypomorphic allele, yet with a more pronounced phenotype, especially in the case of the

development of craniofacial structures.

Cdk13"" Cdk]3miatmia Cdk]3midmid

Figure 10: Comparison of Cdk13"™° and Cdk13'™¢ mice at E13.5. High-contrast differentiation resolution by
X-ray computed microtomography, where Lugol’s staining was used to visualize the soft tissues. The
Cdk13tmia/tmla  cfjeq3tmid/iimid gnd thejr littermate controls, Cdk13%C, were analyzed at E13.5. (A-D) Overall
view of Cdk13%<, Cdk13tmie/tmia qnd Cdk13t™9/t™id empryos. Both mutants exhibited smaller body size, with
severe growth retardation in Cdk13t™9/tmd qnimals. (A’~D’) 3D reconstruction of heart (red color), kidney
(violet color), and liver (light pink color) in right side view of embryo, with embryo outlined in gray, where
segmentation of serial sections was used for the reconstruction. Livers in Cdk13t™%/tma gqnd Cdk13tmid/tmid
embryos were smaller than in Cdk13%C embryos. (E-H’) Frontal view of embryos with 3D reconstruction of
heart, kidneys, and liver. A clear deficiency in the development of midfacial structures in Cdk13™91 empryos,
in contrast to Cdk13¢ animals, was observed. (I-L) 3D reconstruction of the heart. The hearts of Cdk13tm1ie/tmla
and Cdk13t™19/tmid empryos were smaller in comparison to control mice, with severe ventricular deficiency
detected in Cdk13t™9/™1d qnimals. (M—P) 3D reconstruction of the liver. Generally, smaller livers were observed
in Cdk13tmia/tmia gqnd Cdk13t™1%tmid empryos in comparison to Cdk13%C littermate control mice. Liver in
Cdk13tmi9tmid mice exhibits abrogated liver parts arrangements. (Q—T) 3D reconstruction of kidneys. Kidneys
are smaller with abnormal shape in Cdk13™™%/tm1@ qnd Cdk13t™1%t™1d empryos. Scale bar (A—H) = 1,5 mm, Scale
bar (I-L) = 350 mm, scale bar (M,P) = 500 mm, and scale bar (Q—T) = 250 mm, adapted from Appendix 11 [103].

4.4 Role of CDK13 in cranial neurogenesis

The phenotypic appearance of Cdk13'™? and Cdk13"¢ homozygous mice recapitulated symptoms of
patients with heterozygous mutation of the CDK13 gene [109—-111]. These patients exhibit a plethora
of developmental abnormalities such as delayed development, intellectual disorders, heart and kidney
defects, and craniofacial anomalies, features that — together — have been recognized as congenital
heart defects, dysmorphic facial features, and intellectual development disorder - CHDFIDD. Therefore,

we focused to examine mechanism regulating development of craniofacial structures and analyzed
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early embryonic stages in CHDFIDD mouse models, with one model comprising a hypomorphic allele
in Cdk13 and exhibiting cleft lip/palate, and another model comprising knockout of Cdk13, featuring a
stronger phenotype including midfacial cleft, Appendix 12 [112]. Detailed morphological analyses

revealed split facial prominences and, thus, a widely opened face in Cdk13tm9/tmd embryos (Fig. 11).

Figure 11: Cdk13-deficient embryos
display severe craniofacial clefting. (A-
D”) Microscopy images showing
external craniofacial phenotypes of WT
Cdk13**, hypomorphic Cdk13tmie/tmia
and knockout Cdk13'™%tmid  moyse
embryos at different embryonic stages
(E11.5-E14.5). Development of cleft lip
is typical for hypomorphic
Cdk13tmie/tmia empryos, as shown in A’-
D’. Development of midfacial cleft is
typical for knockout Cdk13tmid/tmid
embryos, as shown in A”-D”, adapted
from Appendix 12 [112].
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Measurements of distances between individual facial prominences identified a significantly greater
ratio of nasal pits distances and head width in maxillary prominence and lateral nasal prominence levels
in both mutant genotypes (Fig. 11). Since the heads of mutant mice were smaller, we decided to
validate the protein level of cyclin D1, a cell proliferation marker. The expression of mRNA of cyclin D1
was upregulated in almost all tissues isolated from facial prominences at E11.5 and E12.5 of Cdk13-
deficient embryos, but no significant changes were detected in the palatal shelves of E12.5 or E14.5
Cdk13-deficient embryos. We knew that the development of the craniofacial region is closely
associated with the development of cranial nerves, mainly the trigeminal nerve [113]. Interestingly,
outgrowth alterations of several cranial nerves were detected in both Cdk13-deficient embryos,
manifested by reduced length and obvious hypoplasia of maxillary, mandibular, and ophthalmic nerves.
The expression profile of 84 neurogenesis-specific genes previously connected to neurogenesis during
palatogenesis was evaluated in Cdk13t™!/tm1¢ embryos at E12.5 and E14.5. In both tested embryonic
stages, gene expression was generally downregulated in the caudal compared to the rostral region,
whereas in the rostral region, both up- and downregulation of gene expression were detected.
Significant changes in the expression of genes involved in neurogenesis (Ache, Dcx, Mef2c, Neurogl,
Ntnl, Poudf1) within the developing palatal shelves were observed, along with changes in the

expression pattern of other key face-specific genes (Fgf8, Foxd1l, Msx1, Meis2 and Shh). Aberrant
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expression of these genes, including their downstream targets, led to similar facial clefts or reduced

growth of facial nerves [114-116].

Observed morphological changes might be a result of insufficient development of the neural
crest cells (NCCs, which could be the case since we confirmed reduced protein expression of the NCC
marker Sox9 in facial prominences of Cdk13-deficient animals. Significantly, conditional
downregulation of Mef2c in NCCs was associated with craniofacial anomalies and neonatal lethality
[117]. Conditional downregulation of Mef2c in neural crest cells - NCC, resulted in craniofacial and
neonatal lethality, which resembles our observation with significant downregulation of Mef2c in all the
palatal shelve regions [117]. CDK12 and CDK13 kinases were shown to regulate activity of CDK5 and
thus participate during the axonal elongation, supported by described function of CDK12 in process of
embryonic neural development [107, 108]. In support of this CDK13-CDKS5 functional axis, we detected
significant downregulation of genes encoding CDK5 regulatory subunits, such as of Cdk5rap2 and
Cdk5r1, in the caudal palatal shelves at E14.5 embryos supporting previous observation with in vitro
neural cell lines [107, 108]. We also employed the trigeminal ganglia explant - TG ex vivo system in
combination with THZ531, a specific inhibitor of CDK12 and CDK13 kinase activity. Increasing
concentration of THZ531 led to a significant reduction in the formation of neurite outgrowths in TGs.
Since the cells with neurite outgrowth did not exhibit noticeable DDR due to inactive CDK12, CDK13

likely participates in this process.

Collectively, these data demonstrate a key role of CDK13 in regulating craniofacial
morphogenesis. To address the effect of CDK13 depletion on transcription, we performed chromatin
immunoprecipitation - ChIP with an antibody against RNAPII for two genes Poudf1 and Ntn1 selected
from the PCR. The relative expressions for Pou4f1 and Ntnl were downregulated and upregulated,
respectively. Slight decrease of RNAPII was observed for the Pou4fl promoter in contrast to higher
occupancy of RNAPII at the Ntn1 promoter in Cdk13!™%tmd MEFs when compared with WT MEFs. Even
though the statistical analyses did not prove statistically significant, the pattern of bound RNAPII

correlated with different expressions of these genes evaluated by qPCR experiments.

The inactivation, even partial of Cdk13, led to embryonic lethality at later stages of mouse
development due to multiple organ failures, which is in complete contrast with preimplantation
lethality due to deregulated expression of DNA-damage repair genes leading to enhanced genomic
instability reported for Cdk12 deficient mice [102]. This observation nicely correlates with our data
describing the same lethal phenotype at the blastocyst stage for mice with inactivated CcnK [77]. Cyclin
K is abundantly expressed in mouse embryonic stem cells, gonocytes and spermatogonial stem cells

during neonatal spermatogenesis [118, 119]. Interestingly, genetic depletion of Cdk12 in the mouse
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resulted in early developmental lethality at the blastocyst stage due to deregulated expression of DDR
genes, leading to enhanced genomic instability [102]. When CDK13 was down-regulated in HCT116
cells, gene ontology analysis showed enrichment of genes connected to various extracellular and
growth signaling pathways [120, 121]. Based on these observations, it is highly possible to propose that
CDK13 controls transcription of unique sets of genes, which are necessary for specific developmental
processes orchestrated by versatile signaling pathways and cellular processes such as growth,

adhesion, migration, etc.

The expression of Cdk13 was evaluated first by RNAScope and gPCR, and its physiological
expression was found to be highly expressed in craniofacial structures, such as the forebrain, nasal
epithelium, and maxillary mesenchyme. Cdk13 is considered to localize in the nucleus, but limited
information exists regarding the detection of Cdk13 in the cytoplasm. We therefore employed indirect
immunofluorescence and uncovered localization of Cdk13 in the nuclear area and the cytoplasm
around the nucleus, with a transparent signal for CDK13 within cellular outgrowths where it colocalized
with actin filaments. The presence of CDK13 in the cytoplasm was next evaluated by cellular
fractionation followed by western blot. As expected, CDK13 was detected in the nuclear fraction of
primary MEF cells; however, significant levels of CDK13 were also detected in the cytoplasmic fraction.
A similar nuclear versus cytoplasm distribution was proven in the mouse fibroblast cell line NIH3T3.
This somewhat puzzling observation seems inconsistent with our understanding of the cellular function
of CDK13, but CDK13 was found in the cytoplasm of various cancer cells, and CDK13 phosphorylated

the intracellular domain of the transmembrane protein SERINC5 within the cytoplasm [122, 123].

4.5 Function of CDK12 during the oogenesis

For an oocyte to become a fully competent and mature egg, it must undergo through extensive growth
and cytoplasmic extension characterized by the synthesis and storage of maternal RNA and proteins in
the cytoplasm [124]. During the growth and maturation periods, the oocyte acquires meiotic and
developmental competence, which is the ability to orchestrate and maintain early embryonic
development [125]. The transcription of RNA throughout oocyte development, fertilization, and the
preimplantation stage is orchestrated at the level of posttranslational modification of RNAPII, mainly
phosphorylation. The growth of oocytes is accompanied by an extensive transcription burst defined by
the active hyperphosphorylated form of RNAPII. The transcription is silenced from the fully grown
oocyte, during meiotic maturation, fertilization, and first cell division, manifested by
hypophosphorylation of RNAPII [126, 127]. Reactivation of transcription is initiated at the transition

from one to two-cell mouse embryo, a process known as zygotic gene activation — ZGA, defined by
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massive de novo hyperphosphorylation of RNAPII [128]. The hyperphosphorylated form represents
phosphorylated CTD at Ser2, Ser5, and Ser7. The CDK9 was demonstrated to play a key role during
transcription elongation phase at the 2-cell stage [129]. Thus, the Ser2 phosphorylation of RNAPII by
CDK9 in the two-cell stage embryo is crucial for ZGA, nevertheless, the impact of related transcription

kinases CDK12 or CDK13, Ser2 phosphorylating kinases, was not examined in growing oocytes.

To elucidate the role of CDK12 in growing and mature oocytes, we generated Cdk12” by
crossing a conditional Cdk12** mouse with the ZP3Cre strain, in which Cre-recombinase expression is
driven by the oocyte-specific zona pellucida glycoprotein 3 - Zp3 promoter. To explore the requirement
of CDK12 in female fertility, we performed a series of experiments using a conditional CDK12 knockout
(cKO) mouse model, Appendix 13 [130]. Immunoblot analysis confirmed the absence of Cdk12 protein
in the CDK12”* germinal vesicle - GV oocytes, supported by the absence of Cdk12 in the nucleus, while
Cdk12 was present in the WT oocytes. Breeding experiments demonstrated that females lacking CDK12
in their oocytes were completely sterile, suggesting female sterility in CDK127 animals. The oocytes
undergo series of developmental stages before fully meiotically competent and prepare for fertilization,
if any of the developmental stage is compromised the female sterility emerges. To understand the main
cause of infertility in CDK12”- females, we analyzed the quality of ovaries and oocytes. The ovaries of
CDK127- females were significantly smaller compared to WT females, and their further histological
analysis revealed a reduced number of primary follicles and almost no antral follicles, which could be

the reason for the observed premature ovarian failure - POF phenotype.

As introduced in previous sections, the CDK12 regulates the activity of RNAPII, and since
transcription drives oocyte growth, the impact of CDK12 on transcription was examined. To assess
overall transcription, the newly synthesized RNA was labeled with 5-ethynyluridine, and the CDK127
oocytes exhibited a 71% decrease in 5-ethyluridine staining compared to CDK12** oocytes.
Importantly, the phosphorylation of Ser2 within the CTD of RNAPII was reduced by 39% in CDK12”
oocytes. These results suggest that the synthesis of RNA is impaired due to abnormal transcription
caused by CDK12 deficiency during oogenesis. Next, we examined the expression of developmentally
relevant classes of mRNAs encoding translational factors and markers associated with POF.
Interestingly, a significant 3.5-fold increase in mRNA of the translational repressor eukaryotic
translation initiation factor 4E binding protein 1 - 4E-BP1 was observed while other tested mRNAs,
including POF, were significantly decreased in CDK127 oocytes. Importantly, the mRNAs of Cdk12 and
Cdk13 were significantly decreased in CDK127- oocytes, whereas the mRNAs of CcnK, Polll, and Hprt
were equally expressed in control and CDK12”7- groups. The same results were obtained when
immunoblotting of selected proteins was carried out. When the expression of Cdk12 was restored by

microinjection of mRNA carrying mouse Cdk12, the level of 4E-BP1 was reduced to the same degree as

25



in WT oocytes, and importantly, the Ser2 mark of active RNAPII was reestablished. The stabilization of
4E-BP1 translational repressor in Cdk12”- oocytes led to a 23 % reduction in global protein synthesis

compared to WT oocytes.

Considering the effect of CDK12 on RNA polyadenylation, we examined polyadenylation of the
mMRNA encoding 4E-BP1 [131, 132]. The Poly-A-length assay detected a visible poly(A) shift of the 3'UTR
tail of 4E-bp1 mRNA in CDK12”- oocytes, while the poly(A) tail remained unchanged for control Cnot7
MRNA, which is translated after completion of meiosis . Moreover, no difference was detected for
global polyadenylation by RNA FISH between CDK12** and CDK12”- oocytes. The results demonstrate
that Cdk12 deficiency leads to a phenotype resembling premature oocyte failure due to aberrant

oocyte growth because of impaired maternal transcription and translation.

The 69% decrease in global transcription is the most dramatic effect of CDK12 depletion on
transcription previously documented by other research groups (Fig. 12). When both kinases were
genetically depleted or chemically inhibited in various cellular systems, the transcription was
downregulated by at most 15%. The most likely explanation is that the ablation of CDK12 led to a severe
decrease of CDK13 as well, which is normally not detectable in cancer cells. If it is the case, then the
CDK12 and CDK13 are major CDKs governing transcription program during oogenesis, and the residual
level of transcription in growing oocytes was due to the activity of CDK9, since Ser2 phosphorylation of
CTD, the mark of active transcription, was present. Apart from the effect on transcription the depletion
of CDK12 led to stabilization of 4E-BP1, which is factor blocking initiation of translation, thus the

stabilization of 4E-BP1 could explain 23% reduction in global protein synthesis in KO oocytes (Fig. 12).

>“"< Figure 12: The absence of CDK12 in oocytes

bl leads to complete female sterility. The fully

/ X developed oocytes capable of completing
TR — meiosis | are absent from the ovaries.

Mechanistically, CDK12 regulates RNAPII activity
in growing oocytes and ensures the maintenance
e of the physiological maternal transcriptome,

h . ) t"'\/l which is essential for protein synthesis that drives
e il further oocyte growth. Notably, CDK12-deficient
\ V. growing oocytes exhibit a 71% reduction in

transcriptional activity. Furthermore, impaired
oocyte development disrupts folliculogenesis,
leading to premature ovarian failure without
terminal follicle maturation or ovulation. In

s conclusion, our findings identify CDK12 as a key

| e master regulator of the oocyte transcriptional
& v @ o program and gene expression, indispensable for
WEON o oocyte growth and female fertility, adapted from

Failure of cocyte development

Appendix 13 [130].
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The connection between the activity of CDK12 and the activity of 4E-BP1 was demonstrated by the
Kathrine Jones group [2]. The CDK12 phosphorylates 4E-BP1 on Ser65 and Tyr70 and promotes
translation of specific mMRNA of factors involved in mitotic spindle regulation and chromosome
segregation (Fig. 13). The same mechanism could be applicable for the regulation of translation in
growing oocytes. In addition, CDK13 can also phosphorylate 4E-BP1 and promote protein synthesis of
tumor progression-associated factors [122]. If the phosphorylation of Thr46 by CDK13 is a prerequisite
to phosphorylation by CDK12, the absence of CDK13 potentiates a profound decrease in global
translation in CDK12”" oocytes (Fig. 13). The dynamic changes in phosphorylation status of 4E-BP1 are
well characterized during the transition between GV and MI, MIl oocytes [133]. Therefore, the
modaulation of phosphorylation status of 4E-BP1 by CDK12 and CDK13 most likely works as a regulatory

circuit in the growing oocytes to drive translation of developmentally unique mRNAs.

The connection of CDK12 and CDK13 with translation was recognized earlier, yet only recently
have we started to appreciate their role in the control of translation of bona fide oncoproteins and their
protein stability. In Saccharomyces cerevisiae the Rps2, a member of the small 40S ribosomal subunit,
is phosphorylated by Ctk1, the yeast ortholog of CDK12 and CDK13 [6, 134]. Ctk1 thus participates in
the initiation and elongation phases of translation. Previously we mentioned direct phosphorylation of
Ser-65 and Thr-70 in negative translation factor 4E-BP1 by CDK12 converging in translation of many
mMRNAs which are target of mTOR pathway [2, 6]. This observation was further expanded by the
synergistic effects of EGFR and CDK12/13 inhibitors, Gefitinib and THZ531, respectively, on inhibition

of translation of oncogenic proteins [5].

The effect was primarily mediated
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that phosphorylation of Thr-46 by
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reported effect [122]. All this data

supports a unique role of CDK12

and CDK13 in the regulation of

Figure 13: A schematic of the two-step phosphorylation model for
4E-BP1. The mTORC1 facilitates subsequent CDK13 phosphorylation
of Thr-46 in 4E-BP1 followed by CDK12 phosphorylation at two stability and thus are a valuable
consensus Ser—Pro sites S65 and T70. The coordinated
phosphorylation of 4E-BP1 then drives translation of specific mRNAs | target for cancer treatment.
and thus controls expressions of specific genes like oncoproteins and
regulatory factors, adapted from [2, 122].

translation-coupled  oncoprotein

Indeed, dual inhibition of both

27



kinases led to the discovery of cancer-relevant genes in high-grade serous ovarian cancer presenting

CDK12 and CDK13 as valuable therapeutic targets for tumor intervention [135].

5 SUMMARY AND FUTURE DIRECTIONS

Even though we have been learning a great deal of biology related to transcription-associated CDKs,
there is still more to discover. It is apparent that CDKs are not connected only to the regulation of cell
cycle or transcription, but atypical CDKs participate in many functionally diverse cellular processes,
likely CDK12 and CDK13 as well. Both kinases phosphorylate the CTD of RNAPII and modulate the
initiation of the elongation phase, splicing, alternative splicing, exon skipping, termination, and
assembly of the export complex. Orchestrating the transcription of distinct sets of genes, they actively
participate in DDR, replication competence, differentiation, immunity, viral infection, morphogenesis,
and apoptosis. It was also demonstrated that CDK12 and CDK13 can phosphorylate additional

substrates among them proteins of translation machinery.

The most intriguing and relevant to our future research directions, in my opinion, is discovered
function of CDK12 and CDK13 in the regulation of translation mediated by phosphorylation of 4E-BP1.
The concept of regulation of translation through the phosphorylation of 4E-BP1 is very exciting because
it offers a very elegant way to synchronize several signaling pathways at once by activities of CDKs,
situation similar to mTOR signaling pathway. The ability to restrict translation of distinctive classes of
mRNA during physiological processes such as oocyte growth, or carcinogenesis by stabilization of
oncoproteins mMRNA makes they valuable candidates not only as experimental models to study diverse
roles of CDK12 and CDK13 but also as valuable targets of patient mono- or combined therapy for

medical interventions.
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Transcription elongation of eukaryotic genes by RNA
polymerase II depends on the positive transcription elon-
gation factor b (P-TEFb). When sequestered into the large
complex, P-TEFb kinase activity is inhibited by the coor-
dinate actions of 7SK small nuclear RNA (7SK snRNA) and
hexamethylene bisacetamide (HMBA)-induced protein 1
(HEXIM1). We found that the basic region in HEXIM1
directs its nuclear import via two monopartite and two
bipartite nuclear localization sequences. Moreover, the
arginine-rich motif within it is essential for its binding
to 7SK snRNA, P-TEFb, and inhibition of transcription.
Notably, the basic region interacts with the adjacent acidic
regions in the absence of RNA. The removal of the positive
or negative charges from these regions in HEXIM1 leads
to its sequestration into the large complex and inhibition
of transcription independently of the arginine-rich motif.
Finally, the removal of the negative charges from HEXIM1
results in its subnuclear localization into nuclear speckles.
We propose a model where the interplay between 7SK
snRNA and oppositely charged regions in HEXIM1 direct
its binding to P-TEFb and subcellular localization that
culminates in the inhibition of transcription.
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sj.embo0j.7600883; Published online 15 December 2005
Subject Categories: chromatin & transcription; RNA
Keywords: HEXIM1; nuclear speckles; P-TEFb; transcription
elongation; 7SK snRNA

Introduction

The transcription of eukaryotic genes by RNA polymerase II
(RNAPII) is coordinated tightly at many levels, including
those of transcription elongation (Sims et al, 2004). Shortly
after promoter clearance, the negative transcription elonga-
tion factor (N-TEF) forms a paused complex with RNAPIIL.
The transition to robust transcription elongation depends on
the positive transcription elongation factor b (P-TEFb), which
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is required for the expression of the human immunodefi-
ciency virus (HIV) and most cellular protein-coding genes
(Chao and Price, 2001; Barboric and Peterlin, 2005). It con-
sists of heterodimers between a catalytic subunit, the cyclin-
dependent kinase 9 (Cdk9), and one of the four C-type cyclin
regulatory subunits, CycT1, CycT2a, Cyc2Tb, or CycK. When
recruited to paused transcription complexes, P-TEFb phos-
phorylates serines at position 2 in the C-terminal domain
(CTD) of the Rpb1 subunit of RNAPII and subunits of N-TEF,
resulting in the efficient elongation and cotranscriptional
processing of nascent pre-mRNA molecules.

Besides the active, heterodimeric form, P-TEFb exists in a
larger, catalytically inactive complex in cells in which the 7SK
small nuclear RNA (7SK snRNA) was found initially (Nguyen
et al, 2001; Yang et al, 2001). In addition to P-TEFb and 7SK
snRNA, this large complex contains the hexamethylene bis-
acetamide (HMBA)-induced protein 1 (HEXIM1) (Michels
et al, 2003; Yik et al, 2003) that has been identified previously
as a protein whose expression is induced by HMBA in
vascular smooth muscle cells (Kusuhara et al, 1999).
Growing body of evidence suggests that the coordinated
actions of 7SK snRNA and HEXIM1 result in the inhibition
of P-TEFb (Yik et al, 2003; Michels et al, 2004). In a proposed
model, 7SK snRNA binds the basic region in HEXIM1 (BR),
which is the prerequisite for the interaction between the
C-terminus of HEXIM1 and CycT1, culminating in the inacti-
vation of P-TEFb (Michels et al, 2004; Li et al, 2005; Schulte
et al, 2005). Notably, another HEXIMIl-related protein,
HEXIM2, binds and inhibits P-TEFb in the presence of 7SK
snRNA (Byers et al, 2005; Yik et al, 2005). Moreover, the
assembly of the large complex is facilitated due to the homo-
and hetero-oligomerization of HEXIM1 and HEXIM2 (Dulac
et al, 2005; Li et al, 2005; Yik et al, 2005). Finally, the ratio
between active and inactive P-TEFb complexes controls cell
growth. For example, several growth signals release P-TEFb
from the inactive complex in cardiac hypertrophy in mice, a
disease characterized by the enlargement of cardiac myocytes
due to a global increase in mRNA and protein contents (Sano
et al, 2002).

In addition to binding 7SK snRNA, the BR is required for
the nuclear import of HEXIM1 (Ouchida et al, 2003). In
principle, nucleocytoplasmic transport occurs through the
nuclear pore complexes (NPCs) and is carried out by karyo-
pherins, which include importins and exportins (Weis, 2003).
Most karyopherins bind the topogenic sequences for protein
transport directly. For example, importin B translocates the
HIV-1 regulatory proteins Tat and Rev by binding their
arginine-rich nuclear localization sequences (NLSs) directly
(Truant and Cullen, 1999). In contrast, importin  can also
bind the classical, lysine-rich, NLS-containing cargos via an
adaptor protein, importin «. This latter mechanism constitu-
tes the classical nuclear import pathway, in which importin o
binds the NLS and importin B docks the ternary complex at
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the NPC. Classical NLSs are typified by either a single basic
cluster (monopartite NLS) or two interdependent basic clus-
ters separated by 10-12 amino-acid linker region (bipartite
NLS). The proposed consensus sequences for monopartite
NLS comprises KKxK, whereas the consensus sequence for
the bipartite NLS is KRx;o.;,KRxK, in which the shorter basic
cluster precedes the longer one (Weis, 2003).

At present, little is known about the detailed mechanisms
that govern the nuclear import of HEXIM1. Moreover, the
requirement for 7SK snRNA in turning HEXIM1 into a P-TEFb
inhibitor is understood poorly. In this study, we present a
comprehensive analysis of the central region in HEXIM1 that
consists of oppositely charged BR and adjacent acidic region
(AR). Based on our findings, we propose a scenario in which
the interplay between 7SK snRNA and the oppositely charged
regions dictate nuclear localization of HEXIM1 and binding to
P-TEFD, leading to its inactivation and thus inhibition of
transcription elongation.

Results

BR in HEXIM1 contains multiple predicted NLSs
Primary structure analysis of HEXIM1 showed that 14% of
the protein consists of basic and 21% of acidic residues.
In total, 54 % of the former and 63 % of the latter are clustered
in several regions with high probability of low structural
complexity, among which one is especially rich in basic and
another in acidic residues, thus constituting BR and AR,
respectively (Figure 1A). We first focused on the BR in
HEXIM1 from positions 150 to 177, which includes BR1 and
BR2, and determined that it is conserved among HEXIM
proteins from different species (Figure 1B). Of note, the
BR2 from positions 175 to 177 in HEXIM1 is conserved in
the mouse ortholog but absent in other HEXIM proteins.
Next, we analyzed the BR in detail and identified nearly
perfect consensus sequences for two monopartite and two
bipartite NLSs (Figure 1C).

Two monopartite and two bipartite NLSs in the BR

of HEXIM1 direct its nuclear import

To understand the nuclear import of HEXIM1, we disrupted
the predicted NLSs by constructing a series of FLAG epitope-
tagged HEXIM1 (f.Hex1) proteins, in which the selected basic
clusters (B1-6) were replaced with alanines individually or in
combination (Figure 1D), and determined their subcellular
localizations by using indirect immunofluorescence visua-
lized by confocal microscopy in transiently transfected
HeLa cells (Figure 2). In agreement with a previous report
(Ouchida et al, 2003), we observed a nuclear localization for
f.Hex1, which was converted into a cytoplasmic one upon the
deletion of the BR (f.Hex1ABR; Figure 2A, compare images 2
and 3). Critically, only when we disrupted all four selected
basic clusters at the same time (f.Hex1mB1256) did we
observe a cytoplasmic localization, similar to the localization
of the mutant f.Hex1ABR protein (Figure 2A, compare image
4 with images 2 and 3). Thus, four distinct NLSs in HEXIM1
direct its nuclear import.

To decode monopartite and bipartite NLSs, we next exam-
ined subcellular localizations of mutant f.Hex1 proteins with
individual, double, or triple disruptions of the basic clusters.
All of these proteins were nuclear (Figure 2A, images 5-7 and
data not presented), except for the mutant f.Hex1mB256
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AA==AAA==A==== == e mcmc——————— Hex1mB123
AA-=AAA-=A=-======cc==o=== AAA Hex1mB1236
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Figure 1 BR in HEXIMI contains multiple predicted NLSs.
(A) HEXIM1 protein is presented as a white rectangle. Black
boxes represent two basic (BR; BR1 and BR2) and two acidic (AR;
AR1 and AR2) regions and the encircled signs above them represent
the charge of these regions. The sequence numberings correspond
to the N-terminus, the boundaries of the BRs and ARs, and the
C-terminus, respectively. (B) Alignment of the BRs of human,
mouse, chicken, zebrafish, and fish HEXIM1 and HEXIM2 proteins.
Reverse type indicates basic amino-acid identity whereas shaded
boxes indicate basic amino-acid similarity. (C) Predicted monopar-
tite and bipartite NLSs within the BR in HEXIMI is presented.
(D) HEXIM1 proteins used in the first part of the study. Hexl
represents the primary amino-acid sequence of the BR in
HEXIM1, which was a subject to site-directed mutagenesis.
Numbers above this sequence indicate a disruption of the corre-
sponding basic cluster. The names of wild-type and mutant Hex1
proteins are presented on the right-hand side of the panel. A capital
letter B symbolizes basic cluster, whereas small letter m symbolizes
the replacement of corresponding basic clusters with alanines.

protein, whose nuclear localization was reduced modestly
(Figure 2A, image 8). Thus, the mutant f.Hex1mB156 and
f.Hex1mB126 proteins still contain functional first and sec-
ond predicted monopartite NLSs, respectively, whereas in the
mutant f.HexImB256 protein, the first predicted monopartite

©2005 European Molecular Biology Organization
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Figure 2 Four distinct NLSs direct nuclear import of HEXIML1. (A, B) f.Hex1 proteins (green) that were expressed in HeLa cells are indicated
above and below the microscopic images. Cell nuclei were visualized by propodium iodide (PI; red). The images depict the merge of the f.Hex1
and PI images. (C) HeLa cell lysates, which expressed f.Hex1 or f.Hex1mB1256 from corresponding plasmid effectors (10 pg), were incubated
with h6.x.Impa as indicated. Arrows to the left indicate bound f.Hex1 proteins (pd) and 10% inputs (i) of the proteins used in the assay,
respectively. (D) YFP (image 1) and Hex1.YFP (images 2 and 3) proteins (green) were expressed in HeLa cells. The panel marked Hex1.YFP/
C23 depict the merge of the Hex1.YFP (green) and C23 (red) images. (E) BR.YFP proteins (green) that were expressed in HeLa cells are
indicated above the microscopic images. Where indicated, the images depict the merge of the respective BR.YFP (green) and C23 (red) images.
Lower parts of the panels D and E indicate the cell nuclei of which the DNA was counterstained by DAPI (blue).

NLS was disrupted partially. Similarly, when contrasted to
the nuclear localization of the mutant f. Hex1mB126 protein,
the partially cytoplasmic localization of the mutant
f.Hex1mB1236 protein (Figure 2A and B, compare images 6
and 3, respectively) confirms the presence of the second
predicted monopartite NLS. Next, the nuclear localizations
of the mutant f.Hex1mB125 protein and the cytoplasmic
localization of the mutant f.Hex1mB1256 protein indicate
the activity of the first predicted bipartite NLS, which com-
prises the basic clusters B34 and B6, separated by a spacer of
14 residues. To address further the importance of the basic
cluster B6 and thus the existence of the second predicted
bipartite NLS, we constructed another series of mutant f.Hex1
proteins and determined their subcellular localizations
(Figure 2B). Indeed, the nuclear localization of the mutant
f.Hex1mB123 protein was affected greatly by the disruption
of the basic cluster B6 (Figure 2B, compare images 2 and 3),
suggesting the activity of the second predicted bipartite NLS.
Finally, we observed a partial cytoplasmic localization of the
mutant f. Hex1mB12345 protein (Figure 2B, image 4), demon-
strating that the basic cluster B6 is not a monopartite NLS. We
conclude that two monopartite and two bipartite NLSs in
HEXIM1 direct its nuclear import. Moreover, the basic clus-
ters B1, B45, and B6 do not constitute fully functional
monopartite NLSs. Rather, the former two are part of both
monopartite NLSs whereas the latter form the second basic
cluster of the two bipartite NLSs.

©2005 European Molecular Biology Organization

The first step in the classical nuclear import pathway is the
interaction between importin o and the classical monopartite
or bipartite NLSs (Weis, 2003). To examine if HEXIM1 binds
importin a in vitro and whether this binding depends on its
NLSs, we purified bacterially expressed importin o as a Hisg-
Xpress epitope-tagged protein (h6.x.Impa) and incubated it
with HeLa cell lysates, which contained the f.Hex1 or mutant
f.Hex1mB1256 proteins. The wild-type f.Hex1 protein bound
h6.x.Impa efficiently whereas the mutant f.Hex1mB1256
protein did not (Figure 2C, compare lanes 1 and 2). Also,
the inputs of f.Hex1 proteins and h6.x.Impa were comparable
in the binding reactions (Figure 2C, lower panel). Thus,
HEXIM1 binds importin a via its NLSs in vitro.

Two monopartite and two bipartite NLSs of HEXIM1
direct the nuclear import of the enhanced yellow
fluorescent protein

To confirm the identification of the four distinct NLSs in
HEXIM1, we used a heterologous system, in which we fused
the cDNAs of HEXIM1 and a plethora of the wild-type or the
mutated BRs described above to the N-terminus of the
enhanced yellow fluorescent protein (YFP). Subcellular loca-
lizations of these chimeras were determined by using
immunofluorescence microscopy of transiently transfected
HeLa cells (Figure 2D and E). In these experiments, DAPI
staining of the DNA was employed throughout to visualize
the nuclei of the cells. As expected, the fusion between the
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HEXIM1 and YFP proteins (Hex1.YFP) resulted in the nuclear
localization of the Hex1.YFP chimera, whereas the YFP
protein itself displayed a nuclear and cytoplasmic localization
(Figure 2D, compare images 1 and 2). Notably, since it failed
to colocalize with the nucleolar marker C23, the Hex1.YFP
protein was excluded from nucleoli and was present exclu-
sively in the nucleoplasm (Figure 2D, image 3).

Finally, we examined the subcellular localizations of the
BR.YFP fusion proteins. Localizations of these chimeras
correlated entirely with the ones in which the BR was part
of the f.Hex1 proteins (Figure 2D and E and Supplementary
Figure 1). As expected, only the wild-type BR.YFP but not
the mutant BRmB1256.YFP chimera was imported into the
nucleus efficiently (Figure 2E, images 1 and 2). Interestingly,
the presence of the evolutionary conserved arginine-rich
motif (ARM) (position 154-156 in HEXIMI; basic cluster
B2) within the BR.YFP protein caused a predominantly
nucleolar localization whereas its disruption led to a nucleo-
plasmic localization (Figure 2E, images 3 and 4 and

Supplementary Figure 1). Thus, the four distinct NLSs func-
tion fully when fused to the heterologous protein. Taken
together, we conclude that two monopartite and two bipartite
NLSs within the evolutionary conserved BR direct the nuclear
import of HEXIM. Moreover, when present in the BR.YFP
chimera, an intact ARM constitutes a nucleolar localization
sequence (NoLS) that was not observed functional within the
Hex1.YFP chimeric protein, which was localized in the
nucleoplasm.

ARM in the BR1 is essential for the binding of HEXIM1
to 7SK snRNA

The binding between 7SK snRNA and the BR in HEXIM1 is a
prerequisite for its ability to inhibit P-TEFb (Michels et al,
2004; Yik et al, 2004). To map the surfaces on HEXIM1 critical
for binding 7SK snRNA, we took advantage of the mutant
HEXIM1 proteins with disrupted basic clusters (B1, 2, 5, 6;
see Figure 1D) and performed electrophoretic mobility shift
assays (EMSAs; Figure 3A). For these experiments, we pur-

A[ GsTHex1 + B peeTAR
GSTHex1(181-359) +
GST.Hex1mB1 + =
GST.Hex1mB2 + %
GST.Hex1mB5 + %
GST.Hex1mB6 E
GSTHex1ABR §
GSTHex1mB1256 + s
7SK snRNA + |+ +][+]+]+]+ +
Gad.CycT1 |+ |+ |+ |+ | + | +
. f.Hex1 +
fHex1mB1 +
ESSKT s;'nezqm: e - f.Hex1mB2 +
. . ¥ . f.Hex1mB5 +
f.Hex1mB6 F

f_}-lex1—>| -————-—j
1 2 3 4 5 6
C IP: aFLAG

vector +
f.Hex1 +
f.Hex1mB1 +
f.Hex1mB2 +
f.Hex1mB5 +
f.Hex1mB6 +

7SKsnRNA—>. . ' 'q
1 2 3 4 5 6 7 8 8

CycT1 —»|

e I e —
1 2 3 4 5 6

. — -——]

Figure 3 The disruption of the ARM in HEXIM1 disables its binding to 7SK snRNA in vitro and inhibition of transcription and binding to
P-TEFb in vivo. (A) Chimeric GST.Hex1 proteins are indicated above the autoradiograph. o-*P-labeled 7SK snRNA was present in all reactions.
Arrow to the left indicates the free 7SK snRNA probe and the presence of 7SK snRNA:GST.Hex1 RNA-protein complexes is bracketed. (B) HeLa
cells expressed plasmid reporter pG6TAR (0.4 pg; bars 1-6). Proteins that were coexpressed from corresponding plasmid effectors (Gal4.CycT1,
0.6 nug; f.Hex1, 0.8 ug) with the plasmid reporter are presented below CAT data. The lower panels present the expression of f.Hex1 proteins as
indicated by the arrow. (C) f.Hex1 proteins that were expressed in HeLa cells from corresponding plasmid effectors (10 ng; lanes 2-6) and
immunoprecipitated by anti-FLAG M2 beads are indicated above the Western blots. Arrows to the left indicate the bound P-TEFb and the

amounts of immunoprecipitated f.Hex1 proteins, respectively.
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ified bacterially expressed chimeric GST.HEXIM1 (GST.Hex1)
proteins and incubated them with the in vitro transcribed
and o->?P-labeled 7SK snRNA. As expected, the wild-type
GST.Hex1 chimera bound 7SK snRNA efficiently and the
N-terminal deletion mutant of GST.Hexl (GST.Hexl
(181-359)) or the GST.Hex1ABR fusion proteins did not,
confirming the requirement of the BR for this binding
(Figure 3A, compare lane 2 with lanes 3 and 8).
Importantly, the mutant GST.Hex1mB2 chimera, where the
ARM was disrupted, failed to bind 7SK snRNA (Figure 3A,
lane 5). In contrast, the bindings between 7SK snRNA and the
mutant GST.Hex1mB1 and GST.Hex1mB5 chimeras, respec-
tively, decreased slightly when compared to the wild-type
GST.Hex1 fusion protein, whereas the mutant GST.Hex1mB6
chimera retained the ability to bind 7SK snRNA fully
(Figure 3A, lanes 4, 6, and 7). Predictably, when all four
basic clusters were disrupted, the mutant GST.Hex1mB1256
chimera did not bind 7SK snRNA (Figure 3A, lane 9). We
conclude that the ARM in the BR1 is essential for its binding
to 7SK snRNA and that the basic clusters B1 and B5 con-
tribute to these protein-RNA interactions whereas the basic
cluster B6 does not.

ARM in the BR1 is essential for HEXIM1 to inhibit
transcription and bind to P-TEFb

To extend our in vitro binding studies presented in Figure 3A,
we addressed the importance of the ARM for the ability of
HEXIM1 to bind and inhibit P-TEFb in cells. We performed
transcriptional assays followed by binding studies using
transiently transfected HeLa cells (Figure 3B and C). To
monitor the transcriptional activation by P-TEFb and the
inhibitory effects of HEXIM1 proteins on this activation, we
used the system, consisting of a plasmid reporter pG6TAR,
which contains six Gal4 DNA-binding sites positioned
upstream of the HIV-1 long terminal repeat (HIV LTR),
followed by the CAT reporter gene, and the chimeric
Gal4.CycT1 protein. Its recruitment to the pG6TAR promoter
activates transcription that depends on the kinase activity of
P-TEFb (Taube et al, 2002).

When we expressed Gal4.CycT1 chimera together with
PGG6TAR in HeLa cells, the levels of CAT activity increased
28-fold over the basal levels, whereas the coexpression of the
wild-type f.Hex1 protein decreased this activity to nine-fold
(Figure 3B, compare bars 1 and 2). Critically, the disruption
of the ARM rendered the mutant f. Hex1mB2 protein largely
inactive (Figure 3B, bar 3). Moreover, the disruptions of the
basic clusters B1, B5, and B6 had no effect, since the
corresponding mutant f.Hex1 proteins inhibited the activa-
tion of transcription by the Gal4.CycT1 chimera similarly to
the wild-type f.Hex1 protein (Figure 3B, bars 3, 5, and 6). We
observed the same results when we monitored effects of these
mutant f.Hex1 proteins on Tat transactivation of the HIV LTR
(data not presented). Also, levels of the f.Hex1 proteins were
comparable (Figure 3B, lower panel). Thus, the ARM in the
BR1 of HEXIMI1 is critical for its inhibition of transcription
in cells.

To address the requirements of the basic clusters for its
binding to P-TEFb, we performed immunoprecipitation
assays (Figures 3C). We again employed the wild-type or
mutant f.Hex1l proteins tested in Figure 3B and found
predictably that the wild-type f.Hex1 protein bound P-TEFb
in cells (Figure 3C, lane 2). In contrast, the mutant
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f.Hex1mB2 protein bound P-TEFb poorly, whereas the dis-
ruptions of basic clusters B1, B5, and B6 had only modest to
no effects on the binding (Figure 3C, lanes 3-6). Also, levels
of the f.Hexl proteins in the immunoprecipitations were
comparable (Figure 3C, lower panel). Overall, we conclude
that the ability of HEXIMI1 to inhibit transcription and bind
P-TEFb depends on its ARM.

BR and AR mediate the interaction between the N- and
C-terminal regions of HEXIM1 in the absence of RNA
Thus far, our findings suggested that the BR performs two
functions, nuclear import and 7SK snRNA binding,
which results in P-TEFb binding and inhibition of transcrip-
tion. However, as presented in Figure 1A, the BR is followed
by AR, consisting of ARl and AR2. Owing to the close
proximity of BR and AR, their high likelihood of low struc-
tural complexity and opposite charge, we hypothesized that
they might interact with one another and thus lead to an
autoinhibitory conformation of HEXIM1 that would be
refractory to P-TEFb binding. Moreover, we postulated that
this conformation could be changed by the interaction
between the BR and 7SK snRNA, resulting in a conformation
of HEXIM1 that would allow the binding and inhibition of
P-TEFb.

To address this hypothesis, we examined if the N- and
C-terminal regions of HEXIMI interact in vitro and whether
this interaction is mediated by the BR, AR, and the presence
of RNA (Figure 4). For these binding experiments, we used
the mutant HEXIM1 proteins that either contain or lack the
BR and AR, respectively (Figure 4A). The two bacterially
expressed C-terminal deletion mutant HEXIM1 proteins were
purified as GST chimeras and the three N-terminal deletion
mutant HEXIM1 proteins were expressed as Hisg-Xpress
epitope-tagged (h6.x.Hex1) chimeras in vitro using the rabbit
reticulocyte lysate.

First, we asked whether the N- and C-terminal regions
of HEXIMI1 interact (Figure 4B). Indeed, the mutant
GST.Hex1(1-180) and h6.x.Hex1(181-359) proteins bound
each other in the presence of RNase A (Figure 4B, lanes 3
and 4). In contrast, the mutant GST.Hex1(1-150) chimera,
which lacked the BR, failed to bind the mutant
h6.x.Hex1(181-359) protein in the presence of RNase A
(Figure 4B, lanes 1 and 2). Also, the inputs of the mutant
h6.x.Hex1(181-359) protein were comparable in the binding
reactions (data not presented). Thus, the interaction between
the N- and C-terminal regions of HEXIM1 in vitro is mediated
by the BR and occurs in the absence of RNA.

Moreover, we addressed the importance of the adjacent AR
for the binding between the N- and C-terminal regions of
HEXIM1 (Figure 4C). We performed the binding between the
mutant GST.Hex1(1-180) chimera with the intact BR and the
series of the N-terminal deletion mutant h6.x.Hex1 proteins
as described above. Predictably, the mutant GST.Hex1(1-180)
chimera bound the mutant h6.x.Hex1(181-359) protein in the
presence of RNase A (Figure 4C, lanes 1 and 2). Critically, the
mutant GST.Hex1(1-180) chimera failed to bind the mutant
h6.x.Hex1(255-359) protein, which lacked the AR (Figure 4C,
lanes 5 and 6). In contrast, the binding was not affected with
the mutant h6.x.Hex1(206-359) protein, which still retained
the AR (Figure 4C, lanes 3 and 4). Also, the inputs of the
mutant h6.x.Hex1 proteins were comparable in the binding
reactions (Figure 4C, lanes 7-9). Overall, we conclude that
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Figure 4 The interaction between the BR and AR within HEXIM1 in vitro is abolished in the presence of RNA. (A) The mutant GST.Hex1 and
h6.x.Hex1 proteins are presented as white rectangles. Black boxes depict BR and AR as in Figure 1A. The numberings above the schematic
correspond to the N- and/or C-terminal boundaries of the proteins. The names of the proteins are presented on the left-hand side of the panel.
(B, C) Chimeric GST.Hex1 proteins were incubated with the mutant h6.x.Hex1 protein in the presence or absence of RNase A as indicated
above the Western blot. Arrow to the left in panel B indicates the bound h6.x.Hex1 protein. In the panel C, the h6.x.Hex1 proteins are
bracketed. Left part of the panel (lanes 1-6) represents the bound h6.x.Hex1 proteins, whereas the right part of the panel (lanes 7-9) represents
the 20% inputs of the proteins used in the assay. Numbers to the right indicate relative molecular mass markers (in kDa).

the interaction between the N- and C-terminal regions of
HEXIM1 in vitro depends on the BR and AR and that the
presence of RNA prevents this binding.

Disruption of the BR in HEXIM1 renders the ARM
dispensable for inhibition of transcription

To this end, we established that the BR and AR bind each
other in the absence of RNA. These observations support our
hypothetical model, where 7SK snRNA binds the ARM within
the BR to alter a conformation of HEXIM1 that would lead to
the binding and inhibition of P-TEFb. Thus, one could predict
that the removal of either a positive charge from the BR or the
negative charge from the AR would result in this changed
conformation, thus mimicking artificially the requirement for
7SK snRNA for the inhibition of P-TEFb.

To test this prediction, we first took advantage of the
mutant Hex1mB1256 protein, in which the majority of the
positive charge within the BR was removed (Figure 1C) and
asked whether it could bind and inhibit P-TEFb in cells
(Figure 5). To do so, we used the same strategy as employed
in Figure 4B. Since the mutant f.Hex1mB1256 protein loca-
lizes in the cytoplasm (Figure 2A, image 4), we fused the NLS
of the SV-40 large T antigen to its N-terminus to create the
mutant f.NLS.Hex1mB1256 chimera, which resulted in its
nuclear localization (Figure 5B, compare images 1 and 2).
Strikingly, the mutant f.NLS.Hex1mB1256 chimera inhibited
the activation of transcription by the Gal4.CycT1 chimera
equivalently to the wild-type f.Hex1 protein, whereas the
mutant f.Hex1mB1256 protein had no effect, most likely
due to its cytoplasmic localization (Figure 5A, compare bar
4 with bars 1-3). Levels of the mutant f.Hex1 proteins were
comparable (Figure 5A, lower panel). Next, we performed
immunoprecipitation assays as described in Figure 3C and
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found that the mutant f.NLS.Hex1mB1256 chimera bound
P-TEFDb in cells (Figure 5C, lane 3). Notably, the mutant
GST.Hex1mB1256 chimera did not bind 7SK snRNA in vitro
(Figure 3A, lane 9).

Collectively, these results suggested that the mutant
f.NLS.Hex1mB1256 chimera gets sequestered into the
large complex independently of ARM and that the 7SK
snRNA is not required for this event in cells. To test these
notions, we performed a glycerol gradient sedimentation
analysis to observe the small and large P-TEFb complexes
in cells (Figure 5D). Indeed, we observed two distinct pools
of endogenous P-TEFb and HEXIM1 complexes in HeLa
cells (Figure 5D, panels a and b). As expected, the wild-
type f.Hex1 protein was sequestered into the large complex
efficiently whereas the mutant f HexImB2 with a disrupted
ARM was not (Figure 5D, panels ¢ and d). Importantly,
the additional removal of positive charge from the BR of
the mutant f.Hex1mB2 rescued the sequestration into
the large complex, since we detected the mutant
f.NLS.Hex1mB1256 chimera in it (Figure 5D, panel e).
Critically, the destruction of 7SK snRNA by RNase A
did not result in a disappearance of the mutant
f.NLS.Hex1mB1256 chimera from the large complex, which
occurred in the case of the wild-type f.Hexl protein
(Figure 5D, panels f and g). Thus, the removal of positive
charge from the BR in HEXIM1 alleviates the requirement for
the ARM to bind and inhibit P-TEFb. The fact that
the sequestration of the mutant f.NLS.Hex1mB1256 protein
was insensitive to RNase A treatment suggests that this
mutant HEXIM1 protein inhibits P-TEFb independently of
7SK snRNA. Overall, we conclude that the interaction
between the 7SK snRNA and the BR in HEXIM1 via the
ARM is critical for the HEXIM1 inhibitory function.
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Figure 5 The disruption of the BR in HEXIM1 enables the ARM-independent inhibition of transcription and binding to P-TEFb in vivo.
(A) HeLa cells expressed plasmid reporter pG6TAR (0.4 pg; bars 1-6). Proteins that were coexpressed from corresponding plasmid effectors
(Gal4.CycT1, 0.6 ug; f.Hex1, 0.8 pg) with the plasmid reporter are presented below CAT data. The lower panel presents the expression of f.Hex1
proteins as indicated by the arrow. (B) f.Hex1 proteins that were expressed in HeLa cells from corresponding plasmid effectors (1 pg) are
indicated above and below the microscopic images. f.Hex1 proteins (green) and nuclei (red) were visualized by laser confocal microscopy.
(C) f.Hex1 proteins that were expressed in HeLa cells from corresponding plasmid effectors (10 ug; lanes 1-3) and immunoprecipitated by anti-
FLAG M2 beads are indicated above the Western blots. Arrows to the left indicate bound P-TEFb and the amounts of immunoprecipitated
f.Hex1 proteins, respectively. (D) Total cell lysates of untransfected HeLa cells and those that expressed the indicated f.Hex1 proteins were
subjected to glycerol gradient (10-30%) sedimentation analysis. The lysates were mock or RNase A treated as indicated above the Western
blots. Arrows to the right indicate the presence of endogenous CycT1 and HEXIM1 (Hex1) proteins, and f.Hex1 proteins that were expressed
from corresponding plasmid effectors (6 pg). Numberings below the Western blots correspond to particular fractions obtained from the

sedimentation analysis. SC and LC indicate fractions containing the small and large complexes, respectively.

Moreover, this dependency on the 7SK snRNA could be
overcome by disrupting the BR, suggesting that the postu-
lated autoinhibitory conformation of HEXIM1 is changed into
the one that could bind and inhibit P-TEFb.

Disruption of the AR1 in HEXIM1 renders the ARM
dispensable for inhibition of transcription

To substantiate this model further, we addressed the signifi-
cance of the AR for the inhibition of P-TEFb in cells
(Figure 6). We analyzed the AR in detail and determined
that the AR1 from positions 211 to 219 is conserved among
HEXIM1 and HEXIM2 proteins from different species,
whereas the AR2 from positions 234 to 249 is absent from
human and mouse HEXIM2 proteins (Figure 6A). Next, we
designed a reciprocal experiment to the one presented in
Figure 5 by constructing a series of mutant f.Hex1 proteins, in
which the selected acidic clusters (A1-3) were disrupted by
alanines individually or in combination (Figure 6A, lower
panel) in the context of the wild-type f.Hex1 and the mutant
f.Hex1mB2 proteins. We argued that the removal of the
negative charge from the AR could alleviate the requirement
for the ARM and thus 7SK snRNA binding, turning the

©2005 European Molecular Biology Organization

inactive mutant f. Hex1mB2 protein into a P-TEFb inhibitor.
First, we tested the ability of these mutant f.Hex1 proteins to
inhibit transcriptional activation by P-TEFD in cells using the
same strategy as presented in Figures 3 and 5. Indeed, when
we removed the negative charge from the ARI1, the inhibitory
activity of the mutant fHex1lmB2 protein was restored
(Figure 6B, bars 1-3). However, the individual disruptions
of the acidic clusters Al and A2 within the ARI or the
disruption of the entire AR2 had no effect (Figure 6B, bars
4-6). Importantly, the alanine mutagenesis of the AR1 and
AR2 in the context of the wild-type f.Hex1 protein had no
effect since both mutant proteins inhibited transcriptional
activation by the Gal4.CycT1 chimera (Figure 6B, bars 7-9).
Also, the levels of the f.Hexl proteins were comparable
(Figure 6B, lower panel). Thus, similar to the removal of
positive charge, the absence of the negative charge in the
evolutionary conserved ARI1 alleviates the need for the ARM
and turns the mutant f.HexImB2 protein into a transcrip-
tional inhibitor.

To explore further the mechanism by which the mutant
f.HexImB2A12 protein with a disrupted AR1 inhibited tran-
scription, we tested whether the disruption of ARs would
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Figure 6 The disruption of the AR1 in HEXIM1 enables the ARM-
independent inhibition of transcription. (A) Alignment of human,
mouse, chicken, zebrafish, and fish HEXIM1 and HEXIM2 proteins
and f.Hex1 proteins used in the study. The sequence numberings
correspond to the boundaries of the ARs in HEXIM1. Reverse type
indicates acidic amino-acid identity, whereas shaded boxes indicate
acidic amino-acid similarity. The lower panel represents the pri-
mary amino-acid sequence of the AR in HEXIM1, which was a
subject to site-directed mutagenesis. Numbers above this sequence
indicate a disruption of the corresponding acidic cluster. The names
of Hex1 proteins are presented on the right-hand side of the panel.
A capital letter A symbolizes acidic cluster, whereas a small letter m
symbolizes the replacement of corresponding acidic clusters with
alanines. (B) HeLa cells expressed plasmid reporter pG6TAR (0.4 pg;
bars 1-9). Proteins that were coexpressed from corresponding
plasmid effectors (Gal4.CycT1, 0.6 ng; f.Hexl, 0.8pug) with the
plasmid reporter are presented below CAT data. The lower panel
presents the expression of f.Hex1 proteins as indicated by the arrow.

affect 7SK snRNA binding (Figure 7A). We expressed
and purified the wild-type and the mutant GST.Hex1 proteins
from Escherichia coli and performed EMSAs as described
in Figure 3A. Predictably, whereas all the mutant GST.Hex1
chimeras with intact ARM in HEXIM1 bound 7SK snRNA,
those with the disrupted ARM failed to bind 7SK snRNA
similarly (Figure 7A, lanes 1-7). Next, we asked whether
the disrupted acidic clusters alleviate the requirement for the
ARM in HEXIM1 to bind P-TEFb (Figure 7B). We performed
a GST pull-down assay in which we took advantage of
the GST.Hex1 chimeras and used them to pull down P-TEFb
from a total cell lysate of HeLa cells that were treated with
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actinomycin D to release P-TEFb from the 7SK snRNA-
bound HEXIM1. Whereas the mutant GST.Hex1mB2 failed
to bind P-TEFb efficiently, the mutant GST.Hex1 proteins
with the disrupted AR1 and AR2 bound P-TEFb similarly
to the wild-type GST.Hex1 chimera (Figure 7B, lanes 1-4).
Also, the input levels of the GST.Hex1 and P-TEFb proteins
in the binding reactions were comparable (Figure 7B,
lower panel). Since the mutant f.HexImB2A12 protein
bound P-TEFb and inhibited transcription in cells without
the ability to bind 7SK snRNA in vitro, we asked whether
it gets sequestered into the large complex in cells in the
ARM- and 7SK snRNA-independent manner. We again
employed the glycerol gradient sedimentation analysis
(Figure 7C). Indeed, we found that the disruptions of
both AR1 and AR2 restored the ability of the mutant
f.Hex1mB2 protein to be sequestered into the large complex
(Figure 7C, panels a and b). Importantly, this sequestration
was not affected by the destruction of 7SK snRNA by RNase
A (Figure 7C, panels c and d). Finally, we found that the
disruptions of ARs within the mutant f.Hex1 and f.Hex1mB2
proteins did not affect their oligomerization properties
(Supplementary Figure 2 and data not presented). Overall,
we conclude that the removal of negative charges from
the ARs renders the ARM in HEXIM1 dispensable for its
incorporation into the large complex and the binding to
P-TEFb. However, only the disruption of the AR1 leads to
the inhibitory function of f.Hex1mB2.

Disruption of the AR1 in HEXIM1 leads to its localization
into nuclear speckles

To address the latter phenomenon, we lastly turned our
attention to subcellular localizations of the HEXIM1 proteins
with the disrupted ARs (Figure 8). We fused the correspond-
ing cDNAs to the N-terminus of the YFP protein and per-
formed a subcellular localization analysis of these chimeric
proteins as described in Figure 2. As expected, the localiza-
tion of the mutant Hex1mB2.YFP chimeric protein that has
the disrupted ARM was nucleoplasmic (Figure 8A, image 1).
Surprisingly, the disruption of the AR1 led to the speckled
nuclear localization of the mutant HexImB2A12.YFP protein,
whereas the disruption of the AR2 had no effect (Figure 8A,
images 2 and 3). In addition, the same phenotype was
observed when we disrupted the ARs in the context of the
wild-type Hex1.YFP chimeras (data not presented). Thus,
these findings correlate nicely with the inhibitory properties
of the mutant f.Hex1mB2 proteins that have disrupted AR1
and AR2 and suggest that subnuclear localization influences
their function.

To disclose the identity of the Hex1mB2A12.YFP speckled
localization, we next attempted to colocalize it with several
markers of distinct subnuclear structures (Figure 8B).
Speckled localization was highly reminiscent of a sub-
nuclear structure called nuclear speckles (Lamond and
Spector, 2003), which is enriched in pre-mRNA processing
components and could be identified by the SC-35 antibody.
Indeed, Hex1mB2A12.YFP colocalized extensively with the
nuclear speckles (Figure 8B, images 1-3). In contrast, it failed
to colocalize with two other subnuclear structures, promye-
locytic leukemia (PML) nuclear bodies and nucleoli
(Figure 8B, images 4-9), which were identified by antibodies
directed against the PML and C23 proteins, respectively.
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Notably, the C-terminal deletion mutant protein of the
Hex1mB2A12.YFP chimera, which lacked the P-TEFb-binding
domain (Hex1(1-286)mB2A12.YFP) retained its localization
in nuclear speckles (Figure 8C, images 1-3). However, the
presence of this C-terminal deletion mutant protein in nuclear
speckles per se was not sufficient for inhibiting transcription
(Figure 8D). Similar to the mutant f.Hex1 protein which failed
to bind and inhibit P-TEFb in cells (f.Hex1(1-286); Schulte
et al, 2005), the mutant f.Hex1mA12 and fHexImB2A12
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proteins did not inhibit the activation of transcription by
the Gal4.CycT1 chimera (Figure 8D, bars 1-5). Levels of
these f.Hex1 chimeras were comparable (Figure 8D, lower
panel). Overall, we conclude that AR does not only bind the
BR to constitute an inhibitory conformation in HEXIM1. It
also mediates HEXIM1 subnuclear localization, since the
disruption of AR1 leads to its localization into nuclear
speckles, which is a necessary prerequisite for inhibiting
transcription.

Discussion

By targeting P-TEFb, HEXIM1 inhibits the transcription by
RNAPIIL In this study, we conducted a comprehensive analy-
sis of the BR and AR in HEXIM1 and provide evidence that
these charged regions regulate its function. First, we found
that the two monopartite and two bipartite NLSs within the
BR in HEXIM1 direct its nuclear import. Second, the evolu-
tionary conserved ARM within the BR1 was essential for the
binding between HEXIM1 and 7SK snRNA in vitro and for the
binding to P-TEFb and inhibition of transcription in cells.
Third, BR and AR mediated the interactions between the
N- and C-terminal regions of HEXIM1 in the absence of RNA.
In addition, the removal of positive or negative charges from
these regions alleviated the requirement for the ARM
for sequestration of these mutant HEXIM1 proteins into
the large complex and their inhibition of transcription.
Finally, by removing the negative charges from the ARI
in HEXIMI1, its subnuclear localization changed into
nuclear speckles. Thus, the interplay between 7SK snRNA
and oppositely charged regions in HEXIM1 direct its binding
to P-TEFb, subcellular localization, and inhibition of tran-
scription.

Detailed analysis of the BR in HEXIM1, which encom-
passes only 28 residues, led us to identify four functionally
independent NLSs. Since HEXIM1 bound importin o in
vitro and the monopartite and bipartite NLSs are of the
classical type, the HEXIM1 protein is likely to be translocated
into the nucleus via the importin o-dependent pathway.
However, the presence of ARM within the first monopartite
NLS could constitute an arginine-rich NLS, which would bind
importin B directly. Such a high number of NLSs in HEXIM1
could ensure its nuclear import in various tissues and organs,
since the expression levels of various isoforms of importin
o vary in different tissues. Alternatively, various importins
may occupy different NLSs at once, leading to a more efficient

Figure 7 The disruption of the AR in HEXIM1 enables the ARM-
independent binding to P-TEFb. (A) Chimeric GST.Hex1 proteins
that were used in EMSAs are indicated above the autoradiograph.
a->2P-labeled 7SK snRNA was present in all reactions. Arrows to the
left indicate the free 7SK snRNA probe and the presence of 7SK
snRNA:GST.Hex1 RNA-protein complexes. (B) HeLa cell lysates,
which were treated with ActD, were incubated with the chimeric
GST.Hex1 proteins as indicated. Arrows to the left indicate bound
GST.Hex1 proteins (pd) and 20% inputs (i) of the proteins used in
the assay, respectively. (C) Total cell lysates of HeLa cells that
expressed the indicated f.Hex1 proteins were subjected to glycerol
gradient (10-30%) sedimentation analysis. The lysates were mock
or RNase A treated as indicated above the Western blots. Arrows to
the right indicate the presence of f.Hexl proteins that were ex-
pressed from corresponding plasmid effectors (6 pg). Numberings
below the Western blots correspond to particular fractions obtained
from the sedimentation analysis. SC and LC indicate fractions
containing the small and large complexes, respectively.
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Figure 8 The disruption of the AR1 in HEXIM1 leads to its localization into nuclear speckles. (A) Hex1.YFP proteins that were expressed in
HeLa cells are indicated above the microscopic images. (B) HeLa cells expressed Hex1mB2A12.YFP (green) (images 1-9). The panels marked
with SC-35, PML, and C23 (red) represent the images of nuclear speckles, PML nuclear bodies, and nucleoli, whereas the panels marked with
merge depict the merge of the Hex1mB2A12.YFP and SC-35, PML, and C23 images, respectively. (C) Hex1.YFP proteins (green) that were
expressed in HeLa cells are indicated above the microscopic images. The panel marked Hex1(1-286)mB2A12.YFP/C23 depict the merge of the
Hex1(1-286)mB2A12.YFP (green) and C23 (red) images. (D) HeLa cells expressed plasmid reporter pG6TAR (0.4 pg; bars 1-5). Proteins that
were coexpressed from corresponding plasmid effectors (Gal4.CycT1, 0.6 pg; f.Hex1, 0.8 ug) with the plasmid reporter are presented below CAT
data. The lower panel presents the expression of f.Hex1 proteins as indicated by the bracket.

nuclear import. Interestingly, when part of the BR.YFP
chimera, the ARM constitutes a NoLS. Since nucleoli are
dynamic structures with which proteins can associate tran-
siently and under specific metabolic conditions, this finding
raises the possibility that the wild-type HEXIM1 protein that
resides in the nucleoplasm of HeLa cells under steady-state
conditions could be translocated into the nucleolus as well.
This is a rather attractive scenario due to the fact that the
nucleoli are also sites of RNA modifications (Carmo-Fonseca,
2002), which if operating could regulate its binding to 7SK
snRNA.

Recent work demonstrated the critical role for the KHRR
motif within the BR in HEXIM1 for its interaction with 7SK
snRNA and binding to P-TEFb (Michels et al, 2004). Likewise,
our EMSAs indicate that the evolutionary conserved ARM is
essential for the binding between HEXIM1 and 7SK snRNA

4300 The EMBO Journal VOL 24 | NO 24 | 2005

in vitro. Moreover, the intact ARM is also required for the
inhibition of transcription and binding to P-TEFb. On the
other hand, we found that the 7SK snRNA interacting surface
overlaps with the NLSs and possibly NoLS. This observation
is reminiscent of the situation in certain viral RNA-binding
proteins. For example, the ARMs in the Tat and Rev proteins
of HIV-1, as well as in the Rex protein from the human T-cell
leukemia virus type 1, function as effective NLSs and NoLSs
(Palmeri and Malim, 1999; Truant and Cullen 1999). Rather
than dedicating two separate locations within the protein
sequences, HEXIM1 and the viral proteins evolved the same
region for these distinct biological functions. Since the bind-
ings to corresponding RNA molecules and importins operate
in different locations within cells, namely, in the nucleus and
cytoplasm, respectively, these functions are not mutually
exclusive. This notion is supported by the mirror image
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from the studies investigating the hepatitis delta virus (HDV)
antigen (HDAg). One of the biological functions of HDAg is to
translocate the HDV RNA genome from the cytoplasm to the
nucleus. Beautifully, since both the binding to HDV RNA and
importins occur in the cytoplasm, the ARMs and the NLS of
the HDAg protein evolved in two separate locations (Chou
et al, 1998).

How does 7SK snRNA turn HEXIM1 into a P-TEFb
inhibitor? Recent reports suggested that 7SK snRNA binds
the BR in HEXIM1 to relieve its N-terminal autoinhibitory
domain, thus enabling P-TEFb binding (Michels et al, 2004;
Li et al, 2005). Our findings led us to propose a model in
which the BR does not only direct the nuclear import of
HEXIM1 and its 7SK snRNA binding but could also be
involved in establishing an autoinhibitory conformation
within the central region of HEXIMI1 via its electrostatic
interactions with the adjacent AR. According to this scenario,
such conformation would be unable to bind P-TEFb unless
the 7SK snRNA engaged the BR. Collectively, both models are
not mutually exclusive and could therefore operate in con-
cert. For example, we envision a situation where 7SK snRNA
would disrupt initially the autoinhibitory conformation in
HEXIM1 governed by the centrally located BR and AR,
followed by a further conformational change which would
reposition the N-terminal autoinhibitory domain and unmask
the P-TEFb-binding site. Importantly, both models are con-
sistent by suggesting that the 7SK snRNA releases an auto-
inhibition of HEXIM1 and that it plays a structural role for the
assembly of the inactive complex, rather than contributing
directly to P-TEFb inhibition. Notably, by binding the BR, 7SK
snRNA facilitates oligomerization of HEXIM1 (Blazek et al,
2005). Thus, it is tempting to speculate that this RNA-protein
interaction represents a rate-limiting step that could be
regulated by at present unknown mechanism and might
signify an important checkpoint in determining levels of
active and inactive P-TEFb complexes in vivo.

Additionally, our study provides exciting observations
about the subnuclear localization of HEXIM1 protein.
Besides the above-mentioned role of AR in binding the BR
and thus disfavoring P-TEFb binding in the absence of 7SK
snRNA, we found that the disruption of AR1 within the
mutant Hex1.YFPmB2 did not only restore its inhibitory
properties by sequestering it into the large complex but also
caused its relocalization into nuclear speckles. Consequently,
this finding suggests that inhibition of P-TEFb takes place in
these subnuclear structures. In support of this conclusion,
active transcription does not seem to be associated with
nuclear speckles (Cmarko et al, 1999). Moreover, a consider-
able overlap between nuclear speckles and P-TEFb has been
documented (Herrmann and Mancini, 2001). Thus, the de-
termination of the subnuclear localization of endogenous
components of the complex between 7SK snRNA, HEXIMI,
and P-TEFb would be of great interest. Possible perturbations
of these localizations, which could result after exposing the
cells to various stress-related agents or physiological signals,
would provide us further clues about the regulation of this
inhibitory complex.

In summary, our study highlights how a plethora of
mutually dependent mechanisms meet in a centrally located
region in HEXIM1, which in concert with 7SK snRNA directs
the sequestration of P-TEFb into the large complex and
consequently its catalytic inactivation. In addition, it indi-
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cates the importance of intricate subcellular and subnuclear
localizations of HEXIM1 that are necessary determinants
for exerting its function. Future functional and structural
studies will clarify our understanding of HEXIM proteins
and uncover the physiological significance of their negative
regulation of transcription elongation.

Materials and methods

Cell culture

HeLa cells were grown at 37°C with 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal calf serum, 100 mM
L-glutamine, and 50 pg each of penicilin and streptomycin per ml.

Plasmid DNAs

Plasmid reporter pG6TAR and a plasmid coding for the Gal4.CycT1
chimera were described (Taube et al, 2002). Plasmids coding for
the f.Hex1, f.Hex1(181-359), f.Hex1ABR, GST.Hex1l, GST.Hexl
(1-180), and h6.x.Impo proteins were gifts from Dr Zhou, Dr
Tanaka, and Dr Weis, respectively. Plasmid coding for 7SK snRNA
was described (Michels et al, 2004). Plasmids coding for the wild-
type and mutant f.Hex1l, h6.x.Hexl, GST.Hexl, Hex1.YFP, and
BR.YFP proteins were generated as described in detail in
Supplementary data 3.

Immunoreagents and chemicals

The anti-C23 (nucleolin) (Cat. No. sc-8031, sc-17826), anti-CycT1
(Cat. No. sc-8127), and anti-PML (Cat. No. sc-5621) antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The
anti-FLAG M2 (Cat. No. F3165), anti-splicing factor SC-35 (Cat. No.
S4045) antibodies, and the anti-FLAG M2 beads (Cat. No. FLAGIPT-
1) were purchased from Sigma-Aldrich Corp. (St Louis, MO). The
anti-Xpress antibody (Cat. No. R910-25) was purchased from
Invitrogen (Carlsbad, CA). The secondary anti-mouse or anti-rabbit
antibodies conjugated with Alexa fluor 568 or Alexa-flour 488,
respectively, were purchased from Invitrogen (Cat. No. A-11019,
A-11008; Molecular probes, Carlsbad, CA). The rabbit anti-HEXIM1
antibody was generated against HEXIM1 epitope LHRQQER-
APLSKFGD and obtained from Antibody Solutions (Mountain View,
CA). Actinomycin D (Cat. No. A 1410) was purchased from Sigma-
Aldrich Corp (St Louis, MO).

Transient transfection and CAT reporter gene assay

HeLa cells were seeded into six-well plates or 100-mm-diameter
petri dishes approximately 12 h prior to transfection and transfected
with FUENEG6 reagent (Cat. No. 1 815 091; Roche Applied Science,
Indianapolis, IN). CAT enzymatic assays were performed as
described (Taube et al, 2002). Fold transactivation represents the
ratio between the Gal4.CycTl-activated transcription and the
activity of the reporter plasmid alone. Error bars give standard
errors of the mean.

Immunoprecipitation assay and Western blotting

HeLa cells were lysed in 0.8 ml of lysis buffer A (10 mM Tris-HCI
(pH 7.4), 150mM NaCl, 2mM EDTA, 1% NP-40, 0.1% protease
inhibitor) for 1h at 4°C 36h post-transfection. The lysates were
immunoprecipitated with the anti-FLAG M2 beads and the bound
proteins were separated on SDS-PAGE electrophoresis. Western
blotting was performed according to the standard protocols.

Glycerol gradient sedimentation analysis

HeLa cells were lysed in 0.6 ml of lysis buffer B (20 mM HEPES (pH
7.9), 0.3M KCl, 0.2mM EDTA, 0.1% NP-40, 0.1% protease
inhibitor) containing either 0.5% RNase inhibitor or RNase A
(100 pg/ml) for 1h at 4°C 36 h post-transfection. The lysates were
subjected to ultracentrifugation in a SW41 Ti rotor (Beckman) at
38000r.p.m. for 16 h in a 10 ml glycerol gradient solution (10-30%)
containing buffer B. Fractions were collected and analyzed as
described (Yik et al, 2005).

Protein purification

Chimeric h6.x.Impa and GST.Hex1 proteins were expressed in the
BL21(DE3)pLysS strain of E.coli (Novagen, Madison, WI) after a4 h
induction with 1 mM IPTG and purified from total cell lysates by
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using Ni-NTA agarose (Qiagen, Chatsworth, CA) and glutathione-
Sepharose beads (Amersham Biosciences Corp., Piscataway, NJ),
respectively. For EMSAs, purified GST.Hex1 proteins were eluted
from the beads by using 20 mM glutathione and 150 mM NacCl in
50mM Tris-HCl (pH 8.0) and subjected to dialysis against a
HGKEDP buffer containing 20 mM HEPES (pH 7.6), 15% glycerol,
50 mM KCI, 0.1 mM EDTA, 1 mM DTT, and 0.1% protease inhibitor.
The purity of eluted proteins was determined by silver staining.

In vitro binding assays

For the binding assay between the f.Hex1 proteins and h6.x.Impa,
HeLa cells expressed indicated proteins and were lysed in 0.5 ml of
lysis buffer A for 1h at 4°C. Total cell lysates were incubated with
equal amounts of the h6.x.Impa protein, coupled to the Ni-NTA
agarose beads for 2 h at 4°C. For the GST-pull down assay between
GST.Hex1 and h6.x.Hex1 chimeras, the GST.Hex1 proteins were
expressed and purified as described above and the mutant
h6.x.Hex1 proteins were transcribed and translated in vitro using
the TNT-T7 Coupled Reticulocyte Lysate System (Cat. No. L4610;
Promega Corp., Madison, WI). Each binding reaction was
performed in 250l of the binding buffer C (20mM HEPES (pH
7.9), 150 mM KCl, 0.7% B-mercaptoethanol, 0.2% BSA, 0.5% Igepal
CA-630 (Cat. No. I-3021; Sigma-Aldrich Corp, St Louis, MO), 1%
Triton X-100, 0.1% protease inhibitor) containing either 0.5%
RNase inhibitor or RNase A (100 pg/ml) for 2 h at 4°C. For the GST-
pull down assay between GST.Hex1l chimeras and P-TEFb, the
GST.Hex1 proteins were expressed and purified as described above
and P-TEFb was obtained from total HeLa cell lysates which were
prepared by treating the HeLa cells with actinomycin D (ActD; 1 pg/
ml) for 1.5h prior to lysis in the lysis buffer D (10 mM HEPES (pH
7.9), 1.5 mM MgCl,, 10 mM KCl, 200 mM NacCl, 0.2 mM EDTA, 0.5%
NP-40). Each binding reaction was performed in 300pl of the
buffer D.

EMSA
Reactions (12 pl final) were carried out in 25 mM HEPES (pH 7.6),
15% glycerol, 60 mM KCl, 0.1 mM EDTA, 0.01% NP-40, and 1pg
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ABSTRACT

Transcriptional elongation of most eukaryotic genes
by RNA polymerase Il requires the kinase activity
of the positive transcription elongation factor b
(P-TEFb). The catalytically active P-TEFb complex
becomes inactive when sequestered into the large
complex by the cooperative actions of 7SK snRNA
and HEXIM1. In this study, we report that HEXIM1
forms oligomers in cells. This oligomerization is
mediated by its predicted coiled-coil region in the
C-terminal domain and 7SK snRNA that binds a
basic region within the central part of HEXIM1.
Alanine-mutagenesis of evolutionary conserved
leucines in the coiled-coil region and the digestion
of 7SK snRNA by RNase A treatment prevent this
oligomerization. Importantly, mutations of the
N-terminal part of the coiled-coil region abrogate
the ability of HEXIM1 to bind and inhibit P-
TEFb. Finally, the formation of HEXIM1 oligomers
via the C-terminal part of the coiled-coil or basic
regions is critical for the inhibition of transcription.
Our results suggest that two independent regions in
HEXIM1 form oligomers to incorporate P-TEFb into
the large complex and determine the inhibition of tran-
scriptional elongation.

INTRODUCTION

Transcription of eukaryotic protein-coding genes by RNA
polymerase II (RNAPII) is tightly regulated at numerous
levels, which include the assembly of preinitiation com-
plexes, transcription initiation, promoter clearance, pausing,
elongation and termination (1). Studies of the regulation of the

human immunodeficiency virus (HIV) gene expression have
uncovered primarily the mechanisms that govern transcription
pausing and elongation (2). The transition to productive
elongation requires the positive transcription elongation factor
b (P-TEFb), which consists of heterodimers between a cata-
lytic subunit, the cyclin-dependent kinase 9 (Cdk9) and one of
the four C-type cyclin regulatory subunits, CycT1, CycT2a,
CycT2b or CycK (3). Upon its recruitment to the paused
RNAPII, P-TEFb phosphorylates serines at position 2 in the
C-terminal domain of the Rpbl subunit of RNAPII, and
components of the negative transcription elongation factor
(N-TEF), which inactivates N-TEF and facilitates pre-
mRNA processing (1-4). P-TEFb is critical not only for pro-
ductive HIV gene expression, but is a general transcription
factor that is recruited to several cellular promoters and is
required for proper gene expression of most protein-coding
genes in human cells (5,6).

Recently, important aspects of the regulation of P-TEFb
have been revealed (2). Notably, P-TEFb exists in two
major forms in cells. The small complex (SC) is a heterodi-
meric complex and is catalytically active. In contrast, the large
complex (LC) is inactive and contains 7SK small nuclear RNA
(snRNA) and HEXIM1 or HEXIM2 (7-13). The inhibition of
P-TEFb is achieved by the cooperative actions of 7SK snRNA
and HEXIM1 or HEXIM2 (8,13). The binding between the
first 175 nt of 7SK snRNA and the evolutionary conserved
basic region (BR) in HEXIM1 via its KHRR motif leads to
the interaction between the C- and N-terminal regions of
HEXIMI1 and CycTl or CycT2, respectively, resulting in
the inactivation of P-TEFb (8,9). The assembly of P-TEFb
into the LC can be prevented by disrupting the conserved
PYNT motif in HEXIM1 and HEXIM2 (7,8). On the other
hand, several stress-inducing agents and cardiac hypertrophic
signals disassemble the LC in cells (10,11,14,15). Interest-
ingly, diminution of HEXIM1 in HeLa cells results in the
incorporation of an otherwise free form of HEXIM?2 into
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the large complex, demonstrating the dynamic and tightly
regulated nature of the assembly and disassembly of the
large complex (7,12).

Although several studies revealed aspects of the complex
assembly of the LC (7-9,12,13), and we presented data on
HEXIM1 homodimers and binding between the C-terminus in
HEXIM1 and CycT1 in vitro (16), no comprehensive analysis
of these RNA—protein and protein—protein interactions or their
functional correlates in vivo has been presented. To these ends,
we embarked on an extensive mutagenesis of HEXIMI,
defined surfaces that form oligomers in the presence and
absence of 7SK snRNA as well as those that bind CycT1
and assemble the LC in cells. In addition, functional studies
of these mutant HEXIM1 proteins were performed on a plas-
mid target that depends uniquely on active P-TEFb complexes
(17). A model of the assembly of the LC is presented.

MATERIALS AND METHODS
Cell culture and cell lines

HeLa cells were grown in DMEM containing 10% fetal calf
serum at 37°C with 5% CO,.

Plasmids

The plasmid reporter pG6TAR and plasmid encoding
Gal.CycT1 protein were described (17). Plasmids coding
for f.Hex1, f.Hex1(1-278), f.Hex1(1-314) were a gift from
Dr H. Tanaka (18) and Q. Zhou (13). Plasmid f.HexImBR (as
well as other Heximl mutants carrying mBR) contains the
sequence of the SV-40 NLS at its N-terminus and was
described previously (19). To construct plasmids encoding
the mutant f.Hexl proteins, the pFLAG-CMV2HEXIMI1
plasmids were subjected to site-directed mutagenesis with
the QuickChange II XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA). The plasmid encoding
f.Hex1mBR(1-315) was prepared according to the procedure
described previously (20). The plasmid coding for x.Hex1 was
made by cloning the cDNA of HEXIMI into Kpnl and Apal
restriction sites of vector pcDNA3.1HisB (Invitrogen, Carls-
bad, CA). Hex1.CFP and Hex1.YFP constructs were created
by cloning of the wild-type HEXIM1 into pECFP-N1 and
pEYFP-N1 expression vectors (Clontech). To prepare plas-
mids encoding the mutant Hex1.CFP and Hex1.YFP proteins,
the Hex1.CFP and Hex1.YFP constructs were subjected to
site-directed mutagenesis with the QuickChange II XL Site-
Directed Mutagenesis Kit (Stratagene). All plasmids coding
for Hex1.CFP and Hex1.YFP and carrying mB2 mutation
contain the sequence of the SV-40 NLS at its N-terminus
and were prepared as described previously (20).

Immunoprecipitation assay and western blot analysis

HeLa cells were grown on 100 mm plates. A total of 12 pg of
plasmids were co-transfected by the FuGENEG reagent (Roche
Applied Science, Indianapolis, IN). After 40 h, HeLa cells
were harvested and lysed in 0.75 ml of lysis buffer [1%
NP-40, 10 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2 mM
EDTA, 0.1% protease inhibitor and either 0.5% RNase inhib-
itor (Roche, Indianapolis, IN) or RNase A (100 pg/ml final
concentration) (Qiagen, Hilden, Germany)] for 1 h at 4°C. The
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lysates were immunoprecipitated with anti-FLAG M2
beads for 2-4 h at 4°C and bound proteins were separated
by SDS-PAGE electrophoresis and analyzed by immunoblot-
ting with appropriate antibodies.

Transient transfection and CAT assay

HeLa cells were grown on 60 mm plates. Subsequently 0.3 ug
of the pG6TAR reporter plasmid, 1 pg of Gal.CycT1 and
2.7 ug of appropriate f.Hexl plasmid were co-transfected
by the FuGENEG6 reagent. A CAT assay was performed as
described previously (17). In all transfections, the amount of
DNA was equilibrated with an empty vector. Fold transactiva-
tion represents the ratio between the Gal.CycT1 activated
transcription and the activity of the empty reporter plasmid
alone, which was given as one.

Immunoreagents

The mouse monoclonal anti-FLAG M2 antibody was obtained
from Sigma—Aldrich Corp. (St Louis, MO), the mouse mono-
clonal anti-Xpress antibody from Invitrogen and the goat poly-
clonal anti-CycT1 antibody (sc-8127) from Santa Cruz
Biotechnology (Santa Cruz, CA).

The rabbit anti-HEXIM1 antibody was generated against
HEXIM1 epitope LHRQQERAPLSKFGD and obtained
from Antibody Solutions (Mountain View, CA).

Coiled-coil prediction

The prediction of coiled-coil was performed on programs
available at the following addresses http://www.ch.embnet.
org/software/COILS_form.html and http://2zip.molgen.mpg.
de/cgi-bin/2zip.pl (21).

Fluorescence resonance energy transfer
(FRET) microscopy

HeLa cells were plated onto culture dishes containing a 25 mm
coverglass, transfected with the indicated expression plasmid
DNAs and subjected to fluorescence microscopy 24 h post
transfections as described previously (22). Briefly, the fluor-
escence images were acquired using an inverted IX-70 Olym-
pus microscope using an Olympus x40 Plan Apochromat
objective lens (Olympus Corp., Lake Success, NY). For
each cell, three fluorescence channels were collected. The
donor channel consisted of CFP excited with 431-440 nm
light and CFP fluorescence collected at 455485 nm, the
acceptor channel consisted of YFP excited with 496-505
nm light and YFP fluorescence collected at 520-550 nm,
and the FRET channel consisted of CFP excited with 431—
440 nm light and YFP fluorescence collected at 520-550 nm.
Image collection and data analyses were conducted with Meta-
morph imaging software (Universal Imaging Corp.).

Glycerol gradient centrifugation

Glycerol gradients (10-30%) were established by pippeting
2 ml of each of the glycerol fractions (10, 15, 20, 25 and 30%
v/v) in buffer A (20 mM HEPES, pH 7.9, 0.3 M KCI, 0.2 mM
EDTA, 0.1% NP-40) into centrifugation tubes (Beckman, Palo
Alto, CA), catalog number 331372. Gradients were formed by
standing for 6 h at 4°C. HeLa cells either transfected with the
corresponding plasmids or not transfected were lysed in 0.5 ml
of buffer A containing 0.1% protease inhibitor and either 0.5%
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RNase inhibitor or RNase A (100 png/ml final concentration)
for 30 min at 4°C. The lysates were centrifuged at 10000 g
for 10 min and the supernatants were loaded into tubes with
the preformed glycerol gradients. Protein complexes were
then fractionated by centrifugation in an SW 41Ti rotor
(Beckman) at 38 000 r.p.m. for 21 h. Ten fractions (1 ml)
were collected, precipitated with trichloracetic acid and
finally analyzed by immunoblotting with the appropriate
antibodies (12).

RESULTS

Prediction of an evolutionary conserved CR in
the C-terminal domain of HEXIM1

To obtain further insight into the function of HEXIM, we first
performed multiple sequence alignments between human
HEXIMI1 and HEXIM1 and HEXIM?2 proteins from different
species. While the N-termini of HEXIM1 and HEXIM2 pro-
teins differ, the conserved regions include the centrally located
basic region (BR; positions 150 to 177 in the human HEXIM1
protein) and the C-terminal domain of the protein (Figure 1A).
We further analyzed C-terminal region in greater detail and
found that it contains several conserved clusters of amino acids
from position 279 to 339 in the human HEXIMI protein
(Figure 1B). Among these, the consensus sequence indicated
a high number of conserved leucines. Notably, the leucines are
assembled in heptad repeats, which is the hallmark of coiled-
coil and oligomer-forming regions (23). Indeed, a prediction
program suggested a high probability for a coiled-coil in the
C-terminal domain of HEXIMI from positions 279 to 352
(Figure 1C). Moreover, this analysis further indicated that
this CR could be composed of two parts. Its N-terminal
part from positions 279 to 315 could form a leucine zipper
and its C-terminal part from positions 319 to 352 could
constitute a coiled-coil. The highly conserved nature of the
C-terminus of HEXIMI suggests its functional importance.
Finally, since it contains a predicted CR, we hypothesized
that HEXIM1 could form oligomers.

HEXIMI1 forms oligomers in living cells

To test this hypothesis, we first examined whether HEXIM 1
proteins can interact with each other in living cells (Figure 2).
For these experiments, we used FRET microscopy. The effect-
ive energy transfer between cyan (CFP) and yellow fluorescent
protein (YFP) fluorophores requires the two proteins to be 1-5
nM apart which typically corresponds to direct interaction of
proteins tagged with YFP and CFP. Thus, FRET imaging
provides the ability to monitor protein—protein interactions
in living cells and has also been recently used to detect protein
oligomerization (24-26). We fused the YFP and CFP to the
C-termini of different human HEXIM1 proteins, which resul-
ted in the construction of the hybrid Hex1.YFP and Hex1.CFP
proteins. Next, we expressed these chimeras individually or in
combination in HeLa cells and performed FRET microscopy.
When we co-expressed both chimeras, energy transfer resulted
in an increased FRET signal at the expense of the donor
emission (FRET/donor) relative to the cells expressing the
donor alone (Figure 2A, compare image i with ¢ and f). Resid-
ual signal in the FRET channel of the images c and f represents

A
hiex1 150 279 319
177 315 352
1 [ BR | CR1 [CR2) L
basic region coiled-coil region
B
279 287 294 315

DIINNRIMRLES————— hHex1
DIANN mHex1
DIRINNRIMRME S————— gHex

[EI¥NNWIBRHVRRNPESPAD dHex
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LQ sKQELi eYLeLEk 1S E E L consensus
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*
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Figure 1. Prediction of CR1 and CR2 in the C-terminal domain of HEXIM1.
(A) Schematic depiction of human HEXIMI1 protein (hHex1). White box
represents the BR. CR1 and CR2 are represented by black and gray boxes,
respectively. The numbering above the boxes defines the boundaries of the
regions. (B) Alignment of human (hHex 1), mouse (mHex1), chicken (gHex1),
zebrafish (dHex1), fish (tHex1) HEXIMI and human (hHex2) and mouse
(mHex2) HEXIM?2 proteins. Black boxes indicate amino acid identity while
shaded boxes the amino acid similarity. The numbering above the alignment
corresponds to the boundaries of the predicted CR1 and CR2. Also, the num-
bered leucines, which are marked by an asterisk, were mutated to alanines. The
consensus sequence is indicated below the alignment. (C) The graph indicates
the probability of coiled-coil for the human HEXIM1 protein as predicted by the
coils prediction program. The line below the graph corresponds to the sequence
of hHex1 and the boxes indicate regions with high probability of coiled-coil
(black box) and leucine zipper (white box) as predicted by the coils software.

bleedthrough of the donor and acceptor channels to the FRET
channel, respectively. Similarly, when we plotted the FRET/
donor against the acceptor/donor ratios, we observed an
increase in the FRET signal with increasing amounts of
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Figure 2. HEXIM1 oligomerizes in the nucleus of cells. (A) Representative
images of Hex1.YFP and Hex1.CFP chimeras, which were expressed alone or
together in cells. Amounts of nuclear fluorescence were quantified in the
yellow, cyan and FRET channels. Energy transfer resulted in an increased
FRET at the expense of donor emissions (FRET/donor) in the co-expressing
cells relative to the cells containing the donors alone. (B) FRET/donor ratio
increased proportionally with the amount of the acceptor relative to the donor in
cells co-expressing Hex1.YFP and Hex1.CFP chimeras. The slope of the graph
represents the extent of FRET at normalized acceptor/donor levels. There was
no FRET between Hex1.CFP proteins expressed alone.

acceptor relative to donor, whereas no FRET signal was
observed in cells that expressed the donor alone (Figure 2B).
Also, the levels of Hex1.YFP and Hex1.CFP proteins
were comparable and these fusion proteins inhibited
P-TEFb similarly to the wild-type HEXIMI protein (data
not shown). As a negative control we used an irrelevant
protein, the class II transactivator (CIITA), fused to CFP
and Hex1.YFP. Co-expression of both chimeras resulted in
no FRET signal and no increase in the FRET signal
when we plotted the FRET/donor against the acceptor/
donor ratios (data not shown). Thus, HEXIM1 proteins interact
with each other in living cells and consequently can form
oligomers.
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Figure 3. The C-terminal domain and 7SK snRNA mediate the oligomerization
of HEXIMI. (A) Schematic diagram of Hex1 proteins used. The signs at their
N-termini depict the respective tags. (B) HEXIMI forms oligomers. The
x.Hex1 and f.Hex1 proteins were either expressed alone (lanes 4 and 1, 2, 3,
8, respectively) or f.Hex 1 was co-expressed with x.Hex1 in HeLa cells (lanes 5—
7 and 9) as indicated. Lysates were co-immunoprecipitated with anti-FLAG
agarose beads and immunoprecipitates of x.Hex1 were identified as presented
on the upper western blot (WB). The middle and lower WB contain 10% of input
proteins for immunoprecipitations (IP). Wild-type and mutant HEXIM1 pro-
teins are identified by arrows. (C) 7SK snRNA and the C-terminal domain of
HEXIMI1 mediate the oligomerization of HEXIMI1. x.Hex1 was expressed
alone (lanes 1 and 2) or with the indicated f.Hex1 proteins (lanes 3-8). IP were
performed as in (B) and were treated with RNase A where indicated.

The C-terminal domain of HEXIM1 and the 7SK
snRNA-bound BR direct HEXIM1 oligomerization

To define the regions that might form oligomers, we per-
formed immunoprecipitation assays (Figure 3). For these stud-
ies, we constructed a series of FLAG epitope-tagged HEXIM 1
(f.Hex1) proteins, in which their C-termini were shortened
progressively (Figure 3A). While the mutant f.Hex1(1-314)
protein lacked the CR2, the mutant f.Hex1(1-278) and
f.Hex1(1-150) proteins lacked the entire CR. Also, except
for the mutant f.Hex1(1-150) protein, the rest of the proteins
contained the BR. Finally, we constructed an Xpress epitope-
tagged HEXIM1 (x.Hex1) protein. Next, we expressed the
f.Hex1 and x.Hex1 proteins in HeLa cells, immunoprecipit-
ated them from the total cell lysates using anti-FLAG agarose
beads and followed their binding by western blotting with
antibodies directed against the Xpress epitope. Consistent
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with the results obtained in Figure 2, the wild-type f.Hexl
protein bound x.Hex1 protein in cells (Figure 3B, lane 5).
The same result was obtained with the mutant f.Hex1(1—
314) protein (Figure 3B, lane 6). Surprisingly, the mutant
f Hex1(1-278) protein retained the ability to bind x.Hexl
whereas the mutant f.Hex1(1-150) protein did not
(Figure 3B, lanes 7 and 9). Since the wild-type x.Hex1 protein
was not present in the anti-FLAG immunoprecipitations in the
absence of f.Hexl protein (Figure 3B, lane 4) the binding
results were specific. These results suggest that in the absence
of the C-terminal domain of HEXIMI1, BR is critical for the
formation of oligomers in HEXIM1. Furthermore, since 7SK
snRNA binds the BR in HEXIM1, we predicted that the BR
could mediate the oligomerization via 7SK snRNA.

To address this prediction directly and to assess the require-
ments of the C-terminal domain for HEXIM1 oligomerization,
we repeated the experiments described in Figure 3B and addi-
tionally performed parallel experiments in which we digested
7SK snRNA by treatment of the total cell lysates with RNase
A (Figure 3C). The wild-type f.Hex1 protein bound x.Hex1
protein in the presence of RNase A (Figure 3C, lanes 3 and 4).
This result corresponds with the recent findings that the full-
length HEXIM1 protein association does not change signific-
antly upon RNase A treatment (12). In contrast, RNase A
treatment disrupted the ability of the mutant f.Hex1(1-314)
and f.Hex1(1-278) proteins to bind x.Hex1 (Figure 3C, lanes
5-8). Also, levels of the f.Hex!l and x.Hex1 proteins in cell
lysates were comparable (Figure 3C, lower panel). Thus, the
oligomerization of HEXIM1 depends on the intact C-terminal
domain and the 7SK snRNA-bound BR.

Combined disruptions of the CR and 7SK snRNA
abolish HEXIM1 oligomerization

Next, we wanted to elucidate the importance of the predicted
CR in mediating HEXIM1 oligomerization (Figure 4). Since
the leucines within the heptad coiled-coil repeats are critical
for the coiled-coil structure and for the formation of oligomers
(21,23), we mutated a series of conserved leucines to alanines.
Alanine-mutagenesis was employed since non-polar alanines
maintain an o-helical structure of the region but prevent its
oligomerization capacity, which is mediated by the hydropho-
bic side chain methyl groups of the leucines. We mutated the
leucine doublets at positions 287 and 294 within the CR1 and
at positions 332 and 339 within the CR2 in the C-terminus of
HEXIMI individually or in combination (Figure 4A). In this
way, we constructed the mutant proteins f.HexImCRI,
f.Hex]ImCR2 and f.HexImCRI12, respectively. Next, we
tested the ability of the wild-type and these mutant f.Hex1
proteins to oligomerize with the x.Hex1 protein by immuno-
precipitation in the presence or absence of RNase A as
described above. The wild-type and the mutant f.Hex1 pro-
teins bound x.Hex1 in the absence of RNase A (Figure 4B,
lanes 6, 8, 10 and 12). In contrast, the mutant f. HexImCR12
protein, in which both parts of the predicted CR were disrup-
ted, failed to bind x.Hexl in the presence of RNase A
(Figure 4B, lane 7). However, the mutant f.Hexl proteins
with individually disrupted coiled-coil parts bound x.Hex1
under the same conditions (Figure 4B, lanes 9 and 11).
Also, levels of the f.Hex1 and x.Hex1 proteins in cell lysates

were comparable (Figure 4B, lower panel). Thus, these results
indicate that the predicted CR directs HEXIM1 oligomeriza-
tion. Since the CR1 and CR2 mediate the formation of the
HEXIMI1 oligomers by themselves in the context of the entire
C-terminus of HEXIM1, these two sequences could in prin-
ciple serve different functions.

To confirm the results observed in immunoprecipitation
experiments, we decided to analyze oligomerization properties
of HEXIM1 mutants in living cells by FRET microscopy. We
constructed mutants of Hex1.YFP and Hex1.CFP with disrup-
ted oligomerization regions in the BR and in the C-terminal
domain of the protein. Mutants in the BR, where arginines
154-156 were mutated to alanines, were designated mB2
and represent the situation, where 7SK snRNA does not
bind to HEXIM1 (19). We prepared mutant HexImB2,
Hex1.mB2CRI1 and Hex1.mB2CR12 as YFP and CFP fusion
proteins, where the 7SK snRNA binding site was disrupted
alone or in combination with disrupted CR1 and CRI2,
respectively. Furthermore, we constructed Hex1.CR12 YFP
and CFP fusion proteins with disrupted CR but intact BR.
Next, we examined the ability of these mutant Hex1.CFP/
YFP proteins to interact with each other in living cells by
analyzing the FRET signal. Combined co-expression of
YFP and CFP fusion mutants, which carried at least one intact
oligomerization region resulted in a FRET signal (Figure 4C,
images c, f and i1). In contrast, mutant Hex1.mB2CR12YFP/
CFP proteins with no functional oligomerization region
showed no FRET signal (Figure 4C, image 1). Also, when
we plotted the FRET/donor against the acceptor/donor
ratios we observed an increase in the FRET signal with
increasing amounts of acceptor relative to donor with
mutant proteins with at least one functional oligomerization
region, but not with mutant proteins where all oligomerization
regions were disrupted (data not shown). We conclude that
combined disruptions of the CR and the 7SK snRNA binding
site abolish completely HEXIM1 oligomerization and that at
least one functional oligomerization domain is sufficient to
mediate the formation of HEXIM1 oligomers in cells.

CR1 in HEXIM1 is required for its binding to P-TEFb
and inhibition of transcription

To explore the possibility that the CR1 and CR2 could be
functionally separable, we asked whether their individual dis-
ruptions could affect the binding to P-TEFb and thus inhibit
transcription differently (Figure 5). To accomplish this goal,
we first expressed the wild-type f.Hexl and the mutant
f.HexImCRI1 and f.Hex]ImCR2 proteins in HeLa cells and
performed immunoprecipitation assays as described above.
The presence of P-TEFb in the immunoprecipitations was
followed by western blotting with antibodies directed against
the endogenous CycT1 subunit of P-TEFb. As expected,
the wild-type f.Hex1 protein bound P-TEFb (Figure 5A,
lane 1) and the same was true for the mutant f.Hex1mCR2
protein (Figure 5A, lane 3). In contrast, the mutant
f.HexImCRI1 protein decreased considerably its ability to
bind P-TEFb (Figure 5A, lane 2). Also, levels of f.Hexl
proteins were comparable (Figure 5A, lower panel). We
conclude that CR1 in HEXIMI is critical for binding to
P-TEFb.
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Figure 4. Combined disruptions of the CR and BR abolish HEXIM1 oligomerization. (A) Schematic diagram of Hex1 proteins used. The sign at their N-termini
depicts the FLAG tag. The asterisks within the CR1 and CR2 indicate the mutations of leucines to alanines. The numbering indicates the positions of the mutated
leucines in f.Hex 1 proteins. (B) HEXIM1 with the disrupted CR does not oligomerize in the absence of 7SK snRNA. Proteins with the disrupted CR1 or CR2 (lanes 9—
12) or CR (lanes 7 and 8) were co-expressed with x.Hex 1 in HeLa cells. The lysates were treated with RNase A where indicated, immunoprecipitated with anti-FLAG
agarose beads and immunoprecipitates were subjected to SDS-PAGE and WB (upper panel). Lower panels represent 10% input of proteins. (C) Combined
disruptions of the CR and the 7SK snRNA binding site abolish completely HEXIM1 oligomerization in cells. FRET analysis was performed as in Figure 2.
Representative images of the nuclei in which Hex 1. YFP and Hex 1.CFP mutant proteins were co-expressed are presented. The amounts of nuclear fluorescence were
quantified in the yellow, cyan and FRET channels.
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Figure 5. CR1 in HEXIM1 is required for its binding to P-TEFb and inhibition
of transcription. (A) Disruption of the CR1 abrogates P-TEFb binding. f.Hex1
proteins were expressed in HeLa cells (6 pg, lanes 1-3) and immunoprecipi-
tated with anti-FLAG agarose beads. Amounts of bound endogenous CycT1 is
presented by WB (upper panel). The amounts of f.Hex 1 proteins are indicated in
WB below (lower panel). (B) f.HexImCR1 does not inhibit transcription. HeLa
cells expressed pG6TAR (0.3 pg), Gal.CycT1 (1 pg) and f.Hex1 (2.7 ug) as
depicted. Bars correspond to CAT values and the lower panel presents expres-
sion (WB) of f.Hex! as indicated by the arrow.

To extend our binding studies, we assessed the ability of
these f.Hex1 proteins to inhibit P-TEFb in a transcriptional
assay in HeLa cells (Figure 5B). We employed a system
consisting of a plasmid reporter pG6TAR, which contained
six Gal4 DNA-binding sites positioned upstream of the HIV
long terminal repeat, followed by the CAT reporter gene, and
a plasmid effector coding for the chimeric Gal.CycT1 protein.
Its recruitment to pG6TAR promoter activates transcription
and can be measured by the CAT reporter assay (17). When we
co-expressed the Gal.CycT1 chimera with pG6TAR, levels
of CAT activity increased 27-fold over basal levels whereas
co-expression of the wild-type f.Hexl protein decreased
this activity to 9-fold (Figure 5B, compare bars 1 and 2).
Strikingly, when we co-expressed the mutant f.Hex1mCR1
protein, this inhibitory function was lost (Figure 5B, bar 3).
In contrast, the mutant f. Hex1mCR2 protein inhibited P-TEFb
similarly to the wild-type f.Hex1 protein (Figure 5B, bar 4).
Levels of f.Hex1 proteins were comparable (Figure 5B, lower
panel). Also, the subcellular localization of both f.Hexl
mutants was the same as the wt f.Hexl protein (data not
shown). Thus, it can be concluded that CR1 and CR2 are
functionally separable and only the CR1 in HEXIMI is
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Figure 6. Oligomerization of HEXIMI1 via its BR or CR2 is required for the
inhibition of transcription. (A) Schematic diagram of Hex1 proteins used. The
BR, CR1 and CR2 regions participating in the oligomerization are depicted.
The wild-type and the mutated residues of the BR are depicted above and below
the diagram, respectively. The mutated BR is indicated by asterisk. The sche-
matic picture represents the f.Hex1 and mutant f.Hex1(1-314), f. HexImBR and
f.HexImBR(1-315) proteins used. (B) HEXIM1 without the BR and the CR2
does not oligomerize. The x.Hex1 and f.Hex1 proteins were co-expressed as
depicted. Lysates were treated with RNase A where noted and IP was performed
as described. Upper panel represents WB with the immunoprecipitated x.Hex 1
proteins, whereas the middle and lower panels show 10% input of proteins used
for IP. (C) HEXIM1 without the BR and the CR2 does not inhibit P-TEFb. Bars
represent CAT data obtained by co-transfection of HeLa cells with pG6TAR
(0.3 pg), Gal.CycT1 (1 ug) and indicated f.Hex1 plasmids (2.7 ng). The lower
panel presents the expression of f.Hex1 proteins.

required for the binding to P-TEFb, resulting in the inhibition
of its transcriptional activity.

Oligomerization of HEXIMI1 via BR or CR2 is required
for the inhibition of transcription

To examine the functional importance of HEXIM1 oligomers,
we asked whether the ability of HEXIMI1 to inhibit P-TEFb
depends on its oligomerization (Figure 6). We used the series
of f.Hexl proteins presented in Figure 6A. The mutant
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f.Hex1(1-314) and the wild-type f.Hex1 proteins, which pos-
sess one or two regions that form oligomers, respectively, were
described above. Two additional mutant f.Hex1 proteins were
constructed. The mutant f.Hex1mBR protein, in which most of
the basic residues in the BR were mutated to alanines, contains
a disrupted BR. It does not bind 7SK snRNA in vitro, but
inhibits P-TEFb in transcriptional assays (19). Finally, the
mutant f.HexImBR(1-315) has a disrupted BR and CR2.
Both of these mutant proteins also contain the SV-40 NLS,
which enables their nuclear localization. To examine the oli-
gomerization of these f.Hex 1 proteins, we performed immuno-
precipitation assays in the presence or absence of RNase A
(Figure 6B). As already presented in Figure 3 and in the recent
report (12), the RNase A treatment did not change consider-
ably the binding between the wild-type f.Hex1 and x.Hex1
proteins (Figure 6B, lanes 3 and 4) but it prevented the binding
with the mutant f.Hex1(1-314) protein (Figure 6B, lanes 5 and
6). Predictably, the mutant f.HexImBR protein with the intact
CR bound x.Hexl independently of RNase A treatment
(Figure 6B, lanes 9 and 10). In contrast, the mutant
f.Hex]1mBR(1-315), which lacks the CR2 and the BR, failed
to bind x.Hexl in the presence or absence of RNase A
(Figure 6B, lanes 7 and 8). Levels of f.Hexl and x.Hexl
proteins in cell lysates were comparable (Figure 6B, lower
panel). The result in Figure 6B, lane 5, may seem to contradict
the result obtained with the immunoprecipitation of mutant
f.Hex1mCR2 under RNase A treatment where oligomers were
observed (Figure 4B, lane 11). However, it is important to note
that in the mutant f.Hex1mCR2 protein just two C-terminally
located leucines were mutated in comparison with the deletion
of the entire CR2 in the f.Hex1(1-314).

Finally, to determine whether the oligomerization of
HEXIMI1 correlates with its inhibitory function, we assessed
the abilities of these f.Hex1 proteins to inhibit P-TEFb by
using transcriptional assays in HeLa cells (Figure 6C). We
employed the same system as described in Figure 5. The
wild-type f.Hex1 protein decreased the activity of the Gal.-
CycT1 chimeric protein from 29- to 9-fold over the basal
levels (Figure 6C, compare bars 1-3). Similarly, the mutant
f.Hex1(1-314) and f.HexImBR proteins inhibited P-TEFb
equivalently to the wild-type f.Hexl protein (Figure 6C,
bars 4 and 5). Critically, the mutant f.HexImBR(1-314) pro-
tein, which could not form oligomers, failed to inhibit P-TEFb
(Figure 6C, bar 6). Thus, the separate disruption of two oli-
gomerization domains does not affect the abilities of these
mutant HEXIM1 proteins to inhibit P-TEFb. Rather, the com-
bined disruption of the BR and the CR2 prevents not only the
formation of oligomers, but also the inhibition of transcrip-
tional activity of P-TEFb. We conclude that the ability of
HEXIMI1 to inhibit P-TEFb requires its oligomerization.

Oligomerization of HEXIM1 via BR or CR2 is required
for the incorporation of HEXIM1 into the LC

To confirm these results, we correlated the inhibitory function
of f.Hex1 proteins with their ability to bind P-TEFb and to
incorporate into the LC (Figure 7). We hypothesized that
mutant f.Hex1 proteins, which do not inhibit P-TEFb, also
do not bind it. For this purpose, we expressed our mutant
f.Hex1 proteins and performed immunoprecipitation assays
as described (Figure 7A). The presence of P-TEFb in the
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Figure 7. Oligomerization of HEXIM1 via BR or CR2 is required for the
incorporation of HEXIMI into the LC of P-TEFb. (A) HEXIM1 with disrupted
BR and CR2 does not bind P-TEFb. HeLa cells were either mock transfected
(lane 1) or transfected with f.Hex1 plasmids (6 pg, lanes 2-5). The f.Hex1
proteins were immunoprecipitated with anti-FLAG agarose beads. Amounts of
bound endogenous CycT1 is presented by WB (upper panel). The amounts of
f.Hex! proteins are indicated in WB below (lower panel). (B) HEXIM1 with
disrupted BR and CR2 does not incorporate into the LC. Lysates from either
mock or f.Hex1 plasmids transfected cells were divided into ten fractions by
glycerol gradient centrifugation. Amounts of endogenous HEXIM1 proteins in
each fraction were analyzed by immunoblotting as shown on the panels. The
numbers below and above panels depict the glycerol fractions and arrow
indicates increasing glycerol gradient (from 10 to 30%). SC and LC stand
for small complex and large complex of the P-TEFb, respectively.

immunoprecipitations was followed by western blotting with
antibodies directed against the endogenous CycT1 subunit of
P-TEFb. The wild-type f.Hexl protein bound P-TEFb
(Figure 7A, lane 2) and the lysate from the mock transfected
cell did not (Figure 7A, lane 1). As predicted, the mutant
f.Hex1(1-314) and f.Hex1mBR proteins with only one disrup-
ted oligomerization region, which inhibited P-TEFb, also
bound P-TEFb (Figure 7A, lanes 3 and 4), although
f.Hex]ImBR shown reduced binding in comparison with
f.Hex1. In contrast, the mutant protein f.Hex]ImBR(1-315)
did not interact with P-TEFb at all, which corresponds well
with its abrogated inhibitory function (Figure 7A, lane 5). The
levels of f.Hex1 proteins were comparable (Figure 7A, lower
panel). Thus, the loss of the inhibitory function of the mutant
Hex1 protein with the combined disruption of BR and CR2 is
due to its inability to bind P-TEFb.

Part of the P-TEFb in HeLa cells is incorporated into func-
tionally inactive LC. The rest of P-TEFb is catalytically active
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and forms SC (8,9,13,27). On the basis that HEXIM1 with the
combined disruption of BR and CR2 neither inhibits nor binds
P-TEFb, we hypothesized that these two regions are critical
for the incorporation of HEXIM1 into the LC. To prove this
assumption, we employed glycerol gradient centrifugation of
lysates from HeLa cells that expressed different mutant f.Hex 1
proteins and analyzed the ability of these mutants to form LC
with endogenous P-TEFb (Figure 7B). As a control, we
observed endogenous HEXIM1 proteins in SC and LC in
lysates of the mock transfected cells (Figure 7B, upper two
panels). Upon treatment with RNase A, HEXIM1 was released
from the LC and was found only in the free form. Sub-
sequently, we expressed wild-type and mutant f.Hex 1 proteins
with either separately disrupted BR and CR2 or in combina-
tion. As expected, the wild-type f.Hex1 and mutant f.Hex(1-
314) and f.Hex1mBR proteins, which oligomerize and inhibit
P-TEFb, were also incorporated into the LC. In contrast, the
mutant f.Hex]mBR(1-315) protein existed only in the free
form and failed to be incorporated into the LC (Figure 7B,
compare four lower panels), which is consistent with its inab-
ility to inhibit P-TEFb. Thus, we conclude that the BR and
CR?2 regions are required for oligomerization and incorpora-
tion of HEXIM1 into the LC to direct the inhibition of P-TEFb.

DISCUSSION

In this study, we investigated mechanisms dictating the assem-
bly of the 7SK snRNA:HEXIM1:P-TEFb complex that inhib-
its transcriptional elongation. First, a predicted CR was found
in the C-terminus of HEXIM1. Second, HEXIM1 forms oli-
gomers via this CR and BR that binds 7SK snRNA in cells.
Third, in the presence of 7SK snRNA, the CR1 binds P-TEFb
whereas the CR2 mediates HEXIM1 oligomerization. Finally,
we determined that the oligomerization of HEXIMI is a pre-
requisite for its incorporation into the LC and thus binding and
inhibition of P-TEFb in cells.

This work extends our earlier observations that the C-
terminus of HEXIM1 forms homodimers and also binds
CycT1 in vitro (16). However, in that study, HEXIM1 dimers
were not stable in the presence of CycT1, most likely because
7SK snRNA and its binding site on HEXIM1 were not pro-
vided. Notably, these findings are consistent with previous
reports on the C-terminus of HEXIMI, in which the N-
terminal 274 amino acids of HEXIMI1 did not interact with
P-TEFD in the yeast two-hybrid assay, but the inclusion of
additional 26 residues to position 300 partly restored this bind-
ing (8,9). However, the precise mapping of the surfaces
involved in these protein—protein interactions and the role
of 7SK snRNA in this process had not been addressed. For
these reasons, we elected to move all our experiments into the
physiological setting of the cell, where we could examine our
mutations for binding and function in the same context and
correlate them to what has been surmised largely from bio-
chemical analyses. Importantly, our study provided further
details on surfaces involved in these interactions and presented
a kinetic picture of how the LC could be assembled. Namely, it
demonstrated the critical contribution of 7SK snRNA to the
formation of the stable LC. Combining deletions and clustered
point mutations also defined these surfaces precisely, so that
we could distinguish between the oligomerization of HEXIM 1

via CR2 and its binding to CycT1 and thus P-TEFb via CR1.
Since HEXIM1 oligomers do not bind P-TEFb in the absence
of 7SK snRNA, it is possible that the entire CR dictates their
self-association. In this scenario, the presence of 7SK snRNA
then provides the decisive oligomerization function, which
exposes CRI1 for binding to CycT1, thus leading to the assem-
bly of the LC and P-TEFb inhibition. Importantly, our binding
studies were complemented with functional data, where we
examined wild-type and mutant HEXIM1 proteins for their
ability to block transcription directed by P-TEFb. First, we
used a plasmid target that depends uniquely on P-TEFb and
then we targeted P-TEFb to the promoter via a heterologous
DNA-tethering of CycT1 (17). Previously, we demonstrated
that this reporter and target are blocked by dominant negative
CdkO9 protein as well DRB or flavopiridol, which are two ATP
analogs that inhibit the kinase activity of P-TEFb (17). Thus,
the assay depends critically on the catalytically active Cdk9
protein. In this way, we could distinguish directly between
HEXIMI1 proteins that can and cannot inhibit P-TEFb and
correlate the formation of the LC with its functional con-
sequences in vivo.

A recent report demonstrated the formation of homo- and
hetero-oligomers between HEXIM1 and HEXIM?2 proteins,
which were thought to be independent of 7SK snRNA (12).
Notably, our findings suggest that 7SK snRNA is pivotal in
directing the incorporation of HEXIM1 and HEXIM2 proteins
into the LC. These LCs with the homo- or hetero-oligomers of
HEXIM1/2 could subserve different physiological functions,
which would reflect different expression levels of these pro-
teins in various tissues and cells (7,12). This situation would be
reminiscent of transcription factors with basic region-leucine
zippers (b/ZIP), where homo- and hetero-dimerizations via
coiled-coil regions modulate their transcriptional properties
(28,29). Although we refer to HEXIM1 oligomers throughout,
in vitro data (16) and glycerol gradient sedimentation analyses
(10) favor strongly the notion of HEXIM1 dimers. In addition,
the BR in HEXIM1 that resembles the arginine-rich motif in
Tat (27) could bind the top of the first stem loop in 7SK snRNA
that resembles the transactivation response (TAR) region in
HIV-1. In TAR, Tat and CycT1 bind the 5’ bulge and central
loop as a heterodimer (30). Analogously, Tat from the equine
infectious anemia virus (EIAV) and equine CycT1 bind the
central loop in TAR from EIAV as a heterodimer (31). More-
over, the coat protein of bacteriophage MS2/R17 binds the
central loop of the operator as a homodimer, which gives it
greater affinity and specificity (32,33). From these considera-
tions, we propose that HEXIMI1 also forms homodimers on
7SK snRNA. These conclusions are supported by the calcu-
lated molecular mass of the LC, which is ~500 kDa (10). This
size would encompass one molecule of 7SK snRNA, two
HEXIMI1, two CycTl and two Cdk9 proteins, for a final
ratio of these subunits of 1:2:2:2.

When this manuscript was in preparation, two papers
describing HEXIM1 oligomerization were published (34,35).
In agreement with our conclusions, the oligomeric (most prob-
ably dimeric) nature of HEXIM1 was reported for free and
7SK snRNA-bound HEXIM1 in vitro and in vivo. Further-
more, the mutations of leucines at positions 287 and 294
were found to be sufficient for the disruption of HEXIM1
dimerization using native gel electrophoresis in the absence
of 7SK snRNA in vitro (35). This discrepancy with our data
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Figure 8. A model how the oligomerization of HEXIM1 via 7SK snRNA and
CR directs the incorporation of P-TEFb into the LC. In the absence of 7SK
snRNA, free HEXIM1 proteins are oligomers (two ovals, step 1). This oligo-
merization is mediated solely by the CR1 and CR2 (black and gray rectangles,
respectively) in the C-terminal domain of HEXIMI1. The BR is depicted as a
white rectangle. The small complex of P-TEFb (white oval) is active. In con-
trast, when 7SK snRNA (hairpin) binds the BRs in HEXIMI, it facilitates the
second oligomerization event. Subsequently, P-TEFb is incorporated into the
LC, leading to its inactivation (black ovals, step 2). In this complex, the CR1
in HEXIM1 mediates the binding to P-TEFb, whereas the CR2 facilitates
HEXIMI1 oligomerization.

could be explained by the usage of different leucine mutants in
our studies. Their mutations of leucines to positively charged
arginines could have more severe effects on dimer stability
than our mutations of leucines to non-polar alanines. Interest-
ingly, although their in vitro kinase assay revealed only minor
decreases in the inhibitory function of the mutant HEXIM1
L287, 294R protein, their analysis of this mutant protein in SC
and LC by glycerol gradient centrifugation clearly indicated its
absence from the LC in vivo (35). This finding corresponds
better to the decreased binding of our mutant f.Hex I mCRI
protein to CycT1 and disruption of its inhibitory function in
our in vivo experiments.

Finally, our study suggests a very dynamic picture for the
assembly and disassembly of the LC that dictates the overall
transcription in the cell (7-13). Moreover, the balance between
the LC and SC is important to the organism as evidenced by
the genetic inactivation of HEXIMI in the mouse that leads to
embryonic lethality due to cardiac hypertrophy (36). Addition-
ally, levels of HEXIM1 and P-TEFb are likely to play import-
ant roles in cellular activation, proliferation and
differentiation. These conclusions are revealed also by the
drug hexamethylene-bis-acetamide (HMBA), which is one
of the most potent differentiation agents, possibly due to its
effects on increased expression of HEXIM1 (12,18,37). More-
over, P-TEFb and HEXIMI1 have now been implicated
in several cancers and their metastatic potential (38—41).
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However, more studies are needed to define the precise
roles of these RNA—protein and protein—protein interactions
in these diseases. Thus, it is of great importance to determine
not only how LC and SC form but their dynamic interplay in
cells. To these ends, our study revealed the complex steps in
the assembly of the LC, which require 7SK snRNA to coord-
inate the oligomerization of HEXIMI1 proteins and the correct
alignment of their C-termini so that they can bind P-TEFb,
resulting in its inhibition (Figure 8). Finer details of these
structures and the mechanism of P-TEFb inhibition will
come from NMR or crystallographic approaches. At the
same time, future studies will reveal the post-translational
modifications of the respective components that affect the
transition between the LC and SC.
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The class Il transactivator (CIITA) is the master integrator of
expression of MHC class Il genes. It interacts with variety of basal
transcription factors to initiate and elongate transcription of these
genes. Among others, it recruits positive transcription elongation
factor b (P-TEFb) to MHC class Il promoters. In cells, P-TEFb is found
in small active or large inactive complexes. The large complex is
composed of P-TEFb, 7SK small nuclear RNA, and hexamethylene
bisacetamide-inducible protein 1 (Hexim1). The present study iden-
tifies Hexim1 as a potent inhibitor of CIITA-mediated transcription.
Not only the exogenously expressed but also IFN-y-induced CIITA
was inhibited by Hexim1. This inhibition did not result from an
association between Hexim1 and CIITA but depended on the intact
Cyclin T1-binding domain in Hexim1. Importantly, Hexim1 seques-
tered P-TEFb from CIITA, as documented by binding competition
and ChlIP assays. Conversely, the depletion of Hexim1 from cells by
siRNA increased CIITA-mediated transcription. Thus, modulating
ratios between active and inactive P-TEFb complexes is an addi-
tional mechanism of regulating transcriptional activators such as
CIITA.

75K small nuclear RNA

HC class II are glycoproteins presenting exogenous anti-

gens to helper T lymphocytes to initiate adaptive immune
responses. Constitutive expression of MHC class II genes is
restricted to professional antigen-presenting cells, macrophages,
dendritic cells, B cells, medullary thymic epithelial cells, and
activated T cells (1). Other somatic cells types lack MHC class
II molecules, but their expression can be induced by the exposure
to certain cytokines, e.g., IFN-vy (2, 3).

The class II transactivator (CIITA) is the coactivator orches-
trating the transcription of MHC class II genes (4). Three
different isoforms of CIITA are expressed from three different
promoters in certain cell types (5). Whereas the CIITA isoform
1 (CIITA.IF1) is expressed in dendritic cells and macrophages,
the CIITA isoform 3 (CIITA.IF3) is present constitutively in B
cells but can also be induced by IFN-y in melanomas, glioblas-
tomas (6—8) and HeLa cells (9). CIITA isoform 4 (CIITA.IF4)
is the primary IFN-y-inducible isoform in nonhematopoietic
cells (10).

Promoters of all MHC class II genes contain a specific DNA
element, which contains the S, X1/2, and Y boxes. This sequence
is first recognized and occupied by RFX and NFY proteins and
subsequently by CIITA. CIITA recruits general transcription
factors, histone acetyl transferases (p300, CBP, and PCAF), and
chromatin remodeling complexes (BRG1) leading to the initia-
tion phase of transcription (11). Early after initiation, RNA
polymerase II (RNAPII) is paused by the action of negative
transcription elongation factors (NTEF), such as the negative
elongation factor and 5,6-dichloro-1-B-D-ribofuranosylbenzimi-
dazole (DRB)-sensitivity-inducing factor (12). To overcome this
block, CIITA recruits the positive transcription elongation factor
b (P-TEFb) to MHC class II promoters. P-TEFb then phosphor-

www.pnas.org/cgi/doi/10.1073/pnas.0603079103

ylates the C-terminal domain of RNAPII and NTEF, allowing
RNAPII to elongate and generate mature mRNA species.

P-TEFb is a heterodimer composed of the cyclin-dependent
kinase 9 and one C type cyclin, cyclin T1 (CycT1), cyclin T2, or
cyclin K. In cells, P-TEFb is found in two distinct molecular
complexes (13, 14). Catalytically active P-TEFb forms a small
complex. However, P-TEFb is inactive in a large complex (LC),
where it associates with the 7SK small nuclear RNA (7SK
snRNA) and hexamethylene bisacetamide (HMBA) inducible
protein 1 (Hexim1) (15, 16). In the current view, the binding of
7SK snRNA to the basic region (BR; amino acids 150-177) in
Hexim1 leads to the exposure of the CycT1-binding domain
(TBD) in its C terminus (17-19). This change allows for the
binding between CycT1 and Hexim1 and results in the formation
of the LC.

In addition to its role in the inactivation of P-TEFb, Hexim1
can also inhibit the transcriptional activity of a variety of
activators, such as the p65 subunit of NF-«kB, glucocorticoid
receptor and estrogen receptor a (ERa) (20-22). In these cases,
Hexim1 binds these activators by its BR and interferes with their
function. Moreover, even when Hexim1 binds ER«, this inter-
action is not sufficient to inhibit completely its activity in cells.
Rather, the competition between ERa and Heximl for the
binding to CycT1 is responsible for decreased ERa-mediated
transcription (22).

In this study, we demonstrated that the ability of CIITA to
activate transcription of MHC class II genes is inhibited by
Heximl1. Indeed, Hexim1 blocked the activity of CIITA by its
CycT1-binding domain, even in the absence of its BR. Also, data
from in vitro binding experiments and ChIP analyses demon-
strated that Hexim1 competes with CIITA for the binding to
CycT1. In support of this notion, the depletion of Hexim1 from
cells led to the increased activity of CIITA and the induction of
CIITA-dependent genes.

Results

Hexim1 Decreases the Transcriptional Activity of CIITA on the HLA-
DRA Promoter. To test the hypothesis that increased levels of
Hexim1 lead to the inhibition of CIITA, HeLa cells expressed
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Hexim1 decreases the transcriptional activity of CIITA isoforms on the HLA-DRA promoter. (a) Increased levels of Hexim1 block ClITA-mediated

ITA.IF1 (0.1 ng) were coexpressed with increasing amounts of f:Hex1 (0.1, 0.5, and

1 ng), and CAT assays were performed. CAT activity of the plasmid reporter alone was given as 1 (open bar). The filled bar represents fold activation by CIITA,

and hatched bars depict fold activation of CIITA in the presence of increasing
and Hexim1 (f:Hex1) proteins were assessed by Western blotting (WB) (below

amounts of Hexim1. Total amounts of Flag epitope-tagged CIITA.IF1 (f:CIITA.IF1)
the bar graph). Levels of endogenous GAPDH were determined by WB to validate

input for each sample (Bottom). Results are representative of three independent CAT assays. Error bars give standard errors of the mean. (b) Hexim1 inhibits

transcriptional activity of ClITA induced by hIFN-vy. Expression of CIITA.IF3 and

CIITA.IF4 was induced by hIFN-vy (500 units/ml) in HeLa cells expressing pDRASCAT

and increasing amounts of f:Hex1 (0.1, 0.5, and 1 ng). CAT assays were done as in a. Protein levels for f:Hex1 and GAPDH were determined by WB (Bottom).
Endogenous mRNA for CIITA.IF3 (open bars) and CIITAIF4 (filled bars) were measured by Q-PCR (Right). Samples were normalized to GAPDH mRNA, and values
obtained from samples treated only with hIFN-y were set at 100%. Results are representative of three independent experiments, and error bars give standard

errors of the mean.

transiently the target HLA-DRA promoter linked to the chlor-
amphenicol acetyltransferase (CAT) reporter gene (pDRAS-
CAT) and the Flag epitope-tagged CIITA isoform I (f:CI-
ITA.IF1) alone or with increasing amounts of the Flag epitope-
tagged Hexim1 (f:Hex1). When CIITA was expressed alone, the
CAT activity increased 35-fold (Fig. 1a; compare lanes 1 and 2).
However, when the same amount of f:Hex1 was coexpressed,
CAT activity decreased to 25-fold (Fig. la, lane 3). With
increasing amounts of f:Hex1 to CIITA (ratios of 1:5 to 1:10), the
activity of CIITA decreased progressively to 5-fold (Fig. 1a, lanes
4 and 5). To exclude the possibility that f:Hex1 led to decreased
expression of CIITA, levels of f:CIITA.IF1 and f:Hexl were
assessed by Western blotting (Fig. la Top and Middle below the
bar graph). As a control, the input levels of GAPDH were also
determined by Western blotting (Fig. la Bottom). Because the
expression of f:Hex1 did not change considerably the expression
of f:CIITA.IF1, the decrease in CAT activity was not because of
changes in f:CIITA.IF1 levels.

To determine whether other isoforms of CIITA are also
sensitive to Hexim1, the expression of CIITA.IF3 and CIITA.IF4
was induced by human IFN-y (hIFN-vy) in HeLa cells (9, 23).
HeLa cells coexpressed pPDRACSAT and increasing amounts of
f:Hex1 at the same ratios as in Fig. la. Twelve hours later,
hIFN-y was added to the medium (500 units/ml) for another
36 h. hIFN-vy alone increased CAT activity 28-fold (Fig. 1b on the
left, compare lanes 1 and 2). However, when increasing amounts
of f:Hex1 were coexpressed, CAT activities decreased dramat-
ically to 5-fold (Fig. 1b, compare lanes 3, 4, and 5). Western
blotting under the bar graph depicts total amounts of f:Hex1 and
GAPDH in HelLa cells (Fig. 1b, below the bar graph). To assure
that the expression of f:Hex1 did not interfere with the induction
of mRNA levels for CIITA isoforms after IFN-y treatment,
quantitative real-time PCR (Q-PCR) was performed with prim-
ers specific for these two isoforms of CIITA (Fig. 1b, on the
right). Indeed, levels of mRNA for CIITA.IF3 upon hIFN-vy did
not change considerably in the presence of increasing amounts
of f:-Hex1 and varied from 100% to 105% (Fig. 1b, open bars;
compare lane 7 to lanes 8—10). Interestingly, levels of mRNA for
CIITA.IF4 went up from 100% to 114% in the presence of the
same amounts of f:Hexl (Fig. 1b, filled bars, lanes 7-10).

17350 | www.pnas.org/cgi/doi/10.1073/pnas.0603079103

Relative amounts of these isoforms of CIITA were normalized
to the level of GAPDH transcript in each sample. In conclusion,
Hexim1 suppresses transcriptional activities of all studied iso-
forms of CIITA, and this block is downstream of CIITA-
mediated transcription.

Hexim1 Lacking BR Blocks the Transcriptional Activity of CIITA. To
address the possibility that the binding between the BR of
Hexim1 and CIITA is responsible for the inhibition of CIITA,
several deletion mutant Flag epitope-tagged Hexim1 proteins
were prepared (Fig. 2a). First, the localization of all truncated
forms of f:Hex1 was determined by immunocytochemistry per-
formed with aFlag antibodies, and all truncated forms of f:Hex1
demonstrated a nuclear localization as f:Hex1 (Fig. 6 and
Supporting Text, which are published as supporting information
on the PNAS web site). Then, CAT assays with mutant f:Hex1
proteins were carried out as in Fig. 1la. The mutant f:Hex1(1-
200) protein with the BR but no TBD had no effect on
CIITA-mediated transcription (Fig. 2b; compare lane 2 with
lanes 3-5). In contrast, the mutant f:Hex1(150-359) protein with
BR and TBD inhibited CIITA (Fig. 2b, lanes 6-—8). Surprisingly,
the mutant f:NLS.Hex1(181-359) protein without the BR but
containing the TBD inhibited CIITA equivalently (Fig. 2b, lanes
9-11). Levels of f:CIITA.IF1, truncated f:Hexl proteins, and
GAPDH were assessed by Western blotting (Fig. 2b, below the
bar graph). Contrary to previous reports, these data suggest an
additional mechanism of how Hexim1 modulates transcriptional
activity of CIITA, which does not depend on the BR in Hexim1.
Indeed, in control experiments where RelA, a subunit of NF-«B,
was coexpressed with its target plasmid reporter and increasing
amounts of Hexim1 proteins, RelA activity was considerably less
inhibited by the mutant f:NLS.Hex1 (181-359) protein than
CIITA (Fig. 7 and Supporting Text, which are published as
supporting information on the PNAS web site). Thus, the BR of
Heximl is not necessary for the inhibition of transcriptional
activity of CIITA; rather, the intact TBD in Hexim1 is sufficient
for this inhibition.

Hexim1 Competes with CITA for the Binding to CycT1 in Vitro. To
examine whether Hexim1, instead of binding to CIITA, removes

Kohoutek et al.
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Fig. 2. The CycT1-binding domain, but not BR, in Hexim1 inhibits CIITA-
mediated transcription. (a) Deletion mutant Hexim1 proteins used in CAT
assays. Numbers to the right mark boundaries of wild-type and mutant
Hexim1 proteins. The white box represents the BR, the gray box marks the
TBD, and the white oval depicts the nuclear localization signal (NLS). (b)
Hexim1 with the intact TBD represses the activity of CIITA. Experiments were
performed as in Fig. 1a, with the same amounts of pDRASCAT (lane 1),
f:CIITA.IF1 (lane 2), and deletion mutant Hexim1 proteins. f:Hex1(1-200)
(lanes 3-5), f:Hex1(150-359) (lanes 6-8), and f:NLS.Hex1(181-359) (lanes
9-11). Images below the bar graph represent expression of f:CIITA.IF1, trun-
cated Hexim1 proteins, and GAPDH as determined by Western blotting.

P-TEFb from CIITA to inactivate its activity, we performed in
vitro competition assays. The chimera between GST and CycT1
(GST.CycT1) was expressed in Escherichia coli and purified by
GST affinity chromatography. f:Hex1 and f:CIITA.IF1 proteins
were transcribed and translated by using the rabbit reticulosyte
lysate in vitro, and their expressions were determined by Western
blotting by using aFlag antibodies. Then, ratios between these
proteins were calculated based on densitometric measurements.
The GST.CycT1 chimera was incubated with f:CIITA.IF1 and
f:Hex1 alone or in combination. f:CIITA.IF1 and f:Hex1 bound
the GST.CycT1 chimera protein (Fig. 3, lanes 1 and 2). However,
when f:CIITA.IF1 was incubated with a 7-fold excess of f.Hex1,
the binding of f:CIITA.IF1 to the GST.CycT1 chimera disap-
peared almost completely (Fig. 3, lane 3). Lanes 4 and 5
represent input of f:CIITA.IF1 and f:Hex1 for each lane (Fig. 3,

Input
GST.CycT1 + + +
f:.CIITA.IF1 + + 3
f:Hex1 + + +

FCHTAIFT — -

— -
1 2 3 4 5

f:Hex1 —

Fig.3. Hexim1 competes with the CIITA for the binding to CycT1in vitro. The
GST.CycT1 chimera was expressed in E. coli and purified from the lysate.
f:CIITA.IF1 together with f:Hex1 were synthesized as described in Materials
and Methods. f:CIITA.IF1 and f:Hex1 were incubated alone with GST.CycT1
chimera (lanes 1 and 2) or in combination, with a 7-fold excess of f:Hex1 (lane
3).Lanes4 and 5representinput for f:CIITA.IF1 and f:Hex1 used in competition
assays.
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lanes 4 and 5). Additionally, f:CIITA.IF1 and f:Hex1 did not bind
GST-agarose beads alone (data not presented). Thus, Hexim1
and CIITA compete for the binding to CycT1.

Hexim1 Sequesters P-TEFb from CIITA on Endogenous MHC Class Il
Promoters. Thus far, our data indicated clearly that the block in
CIITA-mediated transcription was not because of binding of
Hexim1 to CIITA but rather the association between CycT1 and
Hexim1. To evaluate whether P-TEFb is really removed from
CIITA by Hexim1, ChIP assays on an endogenous MHC class II
(HLA-DRA) promoter were carried out. First, the f:CIITA.IF1
protein was expressed alone or with the Xpress epitope-tagged
Hexim1 (x:Hex1) (ratio 1:1) in HeLa cells. Expression patterns
of these proteins were analyzed by Western blotting with aCI-
ITA and oXpress antibodies (Fig. 4a Top and Middle). Also, to
ensure that equivalent amounts of lysates were loaded for each
sample, levels of GAPDH were determined with «GAPDH
antibodies (Fig. 4a Bottom).

Next, these proteins were immunoprecipitated with appro-
priate antibodies, and PCR analyses with primers spanning
S-X1/2-Y box of the HLA-DRA promoter and the GAPDH
promoter were performed. With «CIITA antibodies, se-
quences specific for the HLA-DRA promoter were enriched in
cells expressing f:CIITA.IF1 alone or in combination with
x:Hex1 (Fig. 4b, lanes 2 and 3). In the absence of CIITA.IF1,
no CIITA was associated with the DRA promoter (Fig. 4b,
lane 1). Importantly, there was no signal detected for the
GAPDH promoter with aCIITA antibodies indicating that the
association with HLA-DRA promoter is specific. Critically,
when antibodies against Cyclin T1 (aCycT1) were used, the
HLA-DRA promoter sequence was enriched only in cells
expressing f:CIITA.IF1 (Fig. 4b, lane 2). Importantly, no signal
for HLA-DRA promoter was observed when f:CIITA.IF1 was
co-expressed with x:Hex1 (Fig. 4b, lane 3). Contrary to this
observation, GAPDH promoter sequence was occupied by
CycT1 irrespective of the expression of f:CIITA.IF1 and
x:Hex1 (Fig. 4b, lanes 4-6). Additionally, there was consider-
ably more RNAPII associated with the HLA-DRA promoter
when f:CIITA.IF1 was expressed (Fig. 4b, compare lanes 1 and
2). Again, there was no difference in the occupancy of the
GAPDH promoter by RNAPII under any condition (Fig. 4b,
lanes 4-6). To demonstrate that amplifications were per-
formed in the linear range, PCR with different cycles are
presented for immunoprecipitations carried out with «CIITA
and aCycT1 antibodies (Fig. 4c Left and Right). We conclude
that Hexim1 sequesters P-TEFb away from CIITA on endog-
enous MHC class II promoters in vivo.

Depletion of Endogenous Hexim1 in Hela Cells Increases the Activity
of CIITA. Because the transcriptional activity of CIITA depends
mainly on active P-TEFb, the depletion of Hexim1 from cells
should increase its activity. To address this hypothesis, the
expression of endogenous Heximl was decreased by siRNA
against Hexim1 (siRNA.Hex1), and CAT assays were performed
as in Fig. 1b. The mock siRNA (siRNA.mock) (Fig. 5a, lanes 1
and 2) or specific siRNA.Hex1 (Fig. 5a, lane 3) were coexpressed
with pDRASCAT in HeLa cells and after 12 h, IFN-y was
administered for an additional 24 h. When siRNA.mock was
used, CIITA activity induced by IFN-vy increased 16-fold (Fig.
Sa, compare lanes 1 and 2). Critically, when levels of Hexim1
were reduced extensively by siRNA.Hex1 (Fig. 5a Top), CIITA
activity was increased by 60% in comparison to siRNA.mock
(Fig. 5a, compare lanes 2 and 3). Western blotting with eHexim1
antibodies revealed that Hexim1 was almost completely abol-
ished when siRNA.Hex1 was used (Fig. 5a Top, lane 3), but there
was no effect of sSiRNA.mock on the expression of Hexim1 (Fig.
Sa, compare lanes 1 and 2). To exclude the possibility that the
actual increase in CAT activity after IFN-y administration was
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1g) was expressed alone or with x:Hex1 (1 ug) in HelLa cells. The expression of these proteins was determined by Western blotting with aCIITA and aXpress
antibodies (Top and Middle). Levels of GAPDH were used to assess inputs of proteins forimmunoblotting (Bottom). (b) ChIP assays were carried out with aCIITA,
aCycT1, and aRNAPII antibodies. Sequences corresponding to the endogenous HLA-DRA promoter were detected by PCR. Additionally, the promoter for GAPDH
gene was used as the negative control. Presented above the analyses is a diagrammatic representation of the HLA-DRA promoter and gene. Arrows below the
diagram define positions of primers used in ChIP assays. Antibodies used in ChIP analyses are named next to the gels. (c) All results for PCR analyses were in the
linear range of PCR. Amplifications with different numbers of cycles were carried out with aCycT1 and aCIITA immunoprecipitates. Numbers to the left depict

actual number of cycles used in PCR.

because of the enhanced expression of mRNA for CIITA.IF3
and CIITA.IF4, Q-PCR was performed as in Fig. 1b. Surpris-
ingly, transcripts for CIITA.IF3 and CIITAIF4 decreased to
95% and 87% in siRNA.Hexl-treated cells compared with
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siRNA.Hex1 + siRNA.Hex1 +

25

N -
o o
(=] t=}

Fold activation
o

o

o

5|

Percentage (%) increase in
mRNA expression

0 0

. Pt 1 2 3
Hex1 = m O CIITAIF3
EABEH— m > M CIITAIF4

[# HLA-DRA

Fig.5. Depletion of endogenous Hexim1 increases the activity of CIITA and
transcription of its dependent gene after IFN-y stimulation. (a) Decreased
levels of endogenous Hexim1 elevate transcription from a CIITA-dependent
plasmid reporter. HeLa cells were transfected with either siRNA.mock (lanes 1
and 2) or siRNA.Hex1 (lane 3) and pDRASCAT. The next day, hIFN-y (500
units/ml) was added to the medium (lanes 2 and 3). After an additional 24 h,
CAT assays were performed as in Fig. 1b. Amounts of endogenous Hex1 and
GAPDH after siRNA treatment were assessed by immunoblotting with
aHexim1 and aGAPDH antibodies (below the bar graph). (b) Decreased levels
of the endogenous Hexim1 protein augment transcription of CITA-
dependent genes in Hela cells. Hela cells were transfected with either
siRNA.mock (lanes 1 and 2) or siRNA.Hex1 (lane 3). Subsequently, total RNA
was isolated, and endogenous mRNA species for CIITA.IF3 (open bars), CIITA
IF4 (filled bars), and HLA-DRA (hatched bars) were measured by Q-PCR.
Samples were normalized to GAPDH mRNA, and the value obtained from the
sample treated only with hIFN-y was set to 100%. Results are representative
of three independent experiments, and error bars give standard errors of the
mean.
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siRNA.mock-treated cells (Fig. 5b, open and filled bars; com-
pare lanes 2 and 3). Additionally, the abundance of endogenous
MHC class II transcripts (HLA-DRA) was measured by Q-PCR.
Reduced levels of endogenous Hexim1 in HeLa cells resulted in
consistently greater expression of MHC class II genes, in average
~58% (Fig. 5b, hatched bars; compare lanes 2 and 3), which
nicely correlates with observed 60% activation on the artificial
reporter plasmid (Fig. 5a). These data confirmed our premise
that P-TEFb liberated from Heximl can be more efficiently
recruited and consequently used by CIITA to promote MHC
class II transcription in cells.

Discussion

In this study, we demonstrated that Hexim1 is a potent inhibitor
of CIITA-mediated transcription. Surprisingly, the TBD but not
the BR in Hexim1 was sufficient for this inhibition. Additionally,
Heximl1 sequestered P-TEFb away from CIITA bound to the
HILA-DRA promoter. Finally, the depletion of Hexim1 by siRNA
led to the increased activity of CIITA and consequently higher
expression of MHC class II genes. We are proposing an addi-
tional mechanism of how Hexim1 can block certain activators.
Instead of binding to the activator via its BR, Hexim1 sequesters
P-TEFb away and inhibits its function.

To elucidate whether Hexim1 can also inhibit the activity of
CIITA, which requires P-TEFb for its function, we examined
first transcription from the HLA-DRA promoter in the absence
or presence of Heximl. Indeed, Hexim1 blocked not only the
exogenously expressed CIITA.IF1 but also IFN-y-induced
CIITA.IF3 and CIITA.IF4 (Fig. 1). Because Spilianakis et al. (9)
also detected CIITA.IF3 in HeLa cells treated with IFN-v, our
induction of CIITA.IF3 does not contradict previously published
data on CIITA.IF3 in melanomas and glioblastomas (6-8).
Thus, results in Fig. 1 illustrate clearly that Hexim1 possesses the
ability to block the activity of all CIITA isoforms.

Next, we wanted to identify the mechanism of Heximl-
mediated repression. Because BR in Hexim1 is necessary for the
inhibition of p65, ERe, and glucocorticoid receptors, we were
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interested in whether the same is true for CIITA (20-22).
Surprisingly, the mutant f:NLS.Hex1(181-359) protein lacking
the BR still inhibited the activity of CIITA to the same extent as
the mutant f:Hex1 (150-359) protein. To validate that the
inhibition of CIITA was not because of its binding to the mutant
f:NLS.Hex1 (181-359) protein, we also performed binding as-
says in vitro. Indeed, the mutant GST.Hex1(180-359) chimera
was not able to bind CIITA.IF1 but could still bind CycT1 (data
not shown). These findings suggested that Heximl represses
transcription by a mechanism, which is independent of its
association with the activator. Indeed, we were able to dissect the
capacity of Hexim1 to sequester P-TEFb from CIITA in vitro and
in vivo (Figs. 3 and 4).

Our data can be extrapolated to the control of MHC class II
transcription during development. Heximl not only inhibits
MHC class II transcription but also is important for the differ-
entiation of neural and hematopoietic cells (24-26). Because
HMBA induces Hexim1 (20, 27), it also differentiates a variety
of cells (28, 29). Importantly, HMBA differentiates Raji cells and
decreases their expression of the HLA-DRA gene (30). Addi-
tionally, Hexim1 could also influence later stages of differenti-
ation of mature B cells to plasma cells. During this transition,
MHC class II expression is extinguished, in part, by the B
lymphocyte-induced maturation protein I (BLIMP-I) (31). In
this scenario, Hexim1 might enhance this inhibition. Indeed,
Hexim1 inhibited the induction of MHC class II by IFN-vy in
HelLa cells. However, no differences were observed for MHC
class I expression in these cells (data not shown). Thus, HMBA
or Hexim1 could be used to decrease antigen processing and
presentation in a variety of diseases where MHC class II
determinants are expressed inappropriately.

The inhibition of activators by the sequestration of active
P-TEFb into the inactive complex with Hexim1 and 7SK small
nuclear RNA is an attractive global mechanism of transcriptional
repression. Principally, any changes between inactive and active
form of P-TEFb should impact cellular homeostasis. In fact,
when P-TEFb is released from Hexim1 in cardiac myocytes, it
results in cardiac hypertrophy (32-34). The liberation of P-TEFb
most likely affects a certain cluster of genes that depend on
P-TEFb for their transcription (Fig. 5b). Indeed, we observed
increased CIITA-mediated transcription when Hexim1 was de-
pleted with siRNA (Fig. 5). This finding reflects different
sensitivities for effects of Hexim1 on regulated and housekeep-
ing genes.

Our observation extends already established mechanisms of
repression by Hexim1, where its BR binds transcriptional acti-
vators and blocks their activity (20-22). In addition, our data
reveal that Hexim1 can inhibit transcriptional activators in trans,
by decoying P-TEFb away from them, which presents a concep-
tually previously undescribed mechanism for the inhibition of
transcription by Hexim1. Nevertheless, more studies are needed
to understand pathways orchestrating the transition between
active and inactive P-TEFb complexes in a physiological context.

Materials and Methods

Plasmid Construction. Plasmid reporter pDRASCAT bearing
HLA-DRA promoter in front of CAT reporter gene was de-
scribed (35). Plasmid coding for Flag epitope-tagged CIITA.IF1
(f:CIITA.IF1) was described (36). f:Hex1 and f:Hex1 (1-200)
were generously provided by H. Tanaka (20). Plasmids coding
for f:Hex1 (150-359) and f:NLS.Hex1 (181-359) were prepared
by the QuikChange II XL Site-Directed Mutagenesis Kit (Strat-
agene, La Jolla, CA) (37). In the case of f:NLS.Hex1 (181-359),
c¢DNA coding for the SV-40 NLS was then inserted into HindIII-
EcoRTI sites of the pFLAG-CMV-2 vector. The Xpress epitope-
tagged Heximl (x:Hex1) is described in ref. 18. The Flag
epitope-tagged Hexim1 (f:Hex1) protein, which was used in in
vitro competition studies, was generated by mutating the Xpress
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epitope-tag to the Flag epitope-tag in x:Hex1. The plasmid
encoding the fusion protein between GST and Cyclin T1 (GST.
CycT1) was described (38).

Cell Culture. HeLa cells (purchased from American Type Culture
Collection, Manassas, VA) were grown at 37°C with 5% atmo-
sphere of CO, in DMEM containing 10% FCS, 100 mM
L-glutamine, and 50 pg each of penicillin and streptomycin per
milliliter.

Transient Transfections and CAT Assays. Hela cells were seeded
into 60-mm dishes ~24 h before transfection. The next day, cells
were cotransfected with pDRASCAT (0.5 pg) and different
plasmid effectors with FuGENEG6 reagent (Roche Applied Sci-
ence, Indianapolis, IN). The ratios of plasmids encoding activa-
tors (f:CIITA.IF1) vs. repressors (f:Hex1) were 1:1; 1:5, and 1:10,
respectively. Amounts of DNA used for transfections were
balanced to the total 1.6 ug with appropriate empty vectors. At
36 h after transfection, cells were harvested, and CAT enzymatic
assays were performed as described (39). The activity of reporter
plasmid alone was set to 1. Fold transactivation represents the
ratio between the CIITA-activated transcription and the activity
of the reporter plasmid alone. Error bars give standard errors of
the mean. Three independent transfections were performed for
each experiment.

For induction of CIITA isoforms by hIFN-vy, HeLa cells were
cotransfected with pDRASCAT (0.5 ug) and f:Hex1 (0.1, 0.5,
and 1 pg) plasmids with FuGENESG reagent. At 12 h after the
transfection, new medium with hIFN-y (500 units/ml; Roche
Applied Science) was administered, cells were grown under
standard conditions for 36 h, and then CAT enzymatic assays
were performed.

Q-PCR. Total RNA was prepared with TRIzol reagent (Invitro-
gen, Carlsbad, CA). Synthesis of cDNA from RNA was per-
formed with M-MLYV reverse transcriptase (Invitrogen). Q-PCR
was done with the Mx3005P QPCR System (Stratagene). PCR
conditions for all reactions included an initial 10-min denatur-
ation step at 95°C, followed by 42 cycles of 30 sec at 95°C, 30 sec
at 61°C, and 30 sec at 72°C. Primers for different isoforms of
CIITA and HLA-DRA can be obtained upon request. The
sequences of primers for the GAPDH gene have been described
(9). Presented values from Q-PCR were calculated on the basis
of standard curves generated for each gene. Samples were
normalized by dividing the number of copies of CIITA.IF3,
CIITA.IF4, and MHC class I mRNA by the number of copies of
GAPDH mRNA.

Western Blotting. To determine the expression of proteins used in
CAT assays, one-fourth of lysates used for CAT assay were mixed
with double-strength Laemmli sample buffer and boiled for 5
min. Samples were then subjected to 10% SDS/PAGE, electro-
transferred onto Hybond-P membrane (Amersham Biosciences,
Piscataway, NJ), immunodetected by using mouse monoclonal
aFlag M2 antibodies (F3165; Sigma-Aldrich, St. Louis, MO),
and rabbit polyclonal «CIITA amino acid 1-333 (Rockland,
Gilbertsville, PA), followed by incubation with the appropriate
secondary antibody, and visualized by Western Lightning chemi-
luminescence Reagent Plus (Perkin-Elmer Life Sciences, Bos-
ton, MA). To determine the amounts of expressed proteins used
for immunoprecipitation in ChIP assays, mouse monoclonal
aCIITA (sc-13556; Santa Cruz Biotechnology, Santa Cruz, CA),
and mouse monoclonal aXpress antibodies (Invitrogen) were
used. When endogenous Heximl was depleted by specific
siRNA, its level was determined by usage of rabbit polyclonal
aHexim1 antibody generated against Hexim1 epitope LHRQQ-
ERAPLSKFGD (Antibody Solutions, Mountain View, CA).
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Mouse monoclonal «GAPDH antibodies (Ambion, Austin, TX)
were used to detect total protein in each sample.

In Vitro Competition Assays. The GST.CycT1 fusion protein was
produced and purified as described (38). Proteins f:Hex1 and
f:CIITA.IF1 were transcribed and translated in vitro by using the
TNT-T7 Coupled Reticulocyte Lysate System (Promega, Mad-
ison, WI). Each binding reaction was performed in 250 ul of
binding buffer [20 mM Hepes (pH 7.9)/0.5% Igepal CA-630/1%
Triton X-100/0.7% 2-mercaptoethanol/0.2% BSA/150 mM
KClI) for 2 h at 4°C. After binding, GST-agarose beads with
bound proteins were extensively washed with binding buffer at
4°C. Samples were then mixed with double-strength Laemmli
sample buffer, boiled for 5 min, and finally subjected to SDS/
PAGE, followed by Western blotting with mouse monoclonal
aFlag M2 antibody.

ChiIP Assay. HeLa cells (5 X 10°) were used for each ChIP assay.
They were cotransfected with 1 ug of f:CIITA.IF1 alone or in
combination with 1 ug of x:Hex1. Chromatin was prepared, and
protein-DNA complexes were immunoprecipitated with the
following antibodies: rabbit polyclonal aCIITA amino acid
1-333 (Rockland) and goat polyclonal aCycT1 and polyclonal
rabbit «RNAPII (sc-8127, sc-899; Santa Cruz Biotechnology)
antibodies at 4°C overnight (40). Elution of immunocomplexes
from beads, reverse cross-linking, phenol-chloroform protein
extraction, and DNA precipitation by ethanol were done as in
ref. 40. Finally, 2 ul of DNA was used with appropriate primer
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sets, and PCR products, taken at various cycle numbers, were
separated on 1.2% agarose gel and visualized with ethidium
bromide. All PCRs were carried out at cycles where amplifica-
tion was in the linear range. Sequences of primers used in for
PCRs: HLA-DRA promoter: DRA.sense, 5'-GCCAAAATT-
CAGACAATCTCCATGGC-3'; DRA.antisense, 5'-CCCAAT-
TACTCTTTGGCCAATCAGAAAAATATTTTG-3'. Primers
for GAPDH promoter were used from ref. 9.

Knockdown of Hexim1 Using siRNA and CAT Reporter Assays. Freshly
grown HelLa cells, at 60% confluence in a six-well plate, were
transfected with a 0.5 pM concentration of either siRNA.Hex1
or siRNA.mock per well by using 5 ul of Lipofectamine 2000
(Invitrogen), according to the manufacturer’s instructions. After
4 h, the medium was removed, and cells were washed with PBS
and transfected with pDRASCAT plasmid reporter (0.5 ug) with
FuGENESG (Roche Applied Sciences). After 2 h, the medium was
removed, cells were washed with PBS, and fresh DMEM with
10% FBS was supplied. At 12 h after the transfection, medium
with hIFN-vy (500 units/ml) was supplied, and cells were cultured
under standard conditions for 24 h. RNA oligonucleotides, based
on publication (41), can be obtained upon request.
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Abstract

Regulation of gene expression is essential to all aspects of physiological processes in single-cell as
well as multicellular organisms. It gives ultimately cells the ability to efficiently respond to extra-
and intracellular stimuli participating in cell cycle, growth, differentiation and survival. Regulation of
gene expression is executed primarily at the level of transcription of specific mMRNAs by RNA
polymerase Il (RNAPII), typically in several distinct phases. Among them, transcription elongation
is positively regulated by the positive transcription elongation factor b (P-TEFb), consisting of
CDK9 and cyclin T1, T2 or K. P-TEFb enables transition from abortive to productive transcription
elongation by phosphorylating carboxyl-terminal domain (CTD) in RNAPIl and negative
transcription elongation factors. Over the years, we have learned a great deal about molecular
composition of P-TEFb complexes, their assembly and their role in transcription of specific genes,
but function of P-TEFb in other physiological processes was not apparent until just recently. In light
of emerging discoveries connecting P-TEFb to regulation of cell cycle, development and several

diseases, | would like to discuss these observations as well as future perspectives.

Introduction

Gene expression is a highly organized and tightly control-
led process involved in a broad spectrum of biological
processes, ultimately giving cells the ability to take control
of their growth, cell division, differentiation and apopto-
sis. Regulation of gene expression is executed primarily at
the level of transcription of specific mRNAs by RNA
polymerase II (RNAPII), typically in several distinct
phases: preinitiation, initiation, promoter clearance, elon-
gation, RNA processing, and termination [1-3]. RNAPII is
characteristic by the presence of an extended carboxyl-ter-
minal domain (CTD), consisting of 52 tandem hepta-pep-
tide repeats of canonical sequence, YSPTSPS [4].
Coincidently, CTD is subjected to numerous modifica-
tions, which control its ability to associate with transcrip-
tion factors involved in RNA processing, elongation and
termination [5]. Therefore, it seems that modification sta-

tus of CTD is important for control of a particular phase
of transcription [6].

Importantly, RNAPII can not initiate transcription alone.
General transcription factors assist RNAPII to form a
preinitiation complex (PIC) at the promoter of protein-
coding genes. To initiate transcription, activity of TFIIF
(CDK7/cyclin H) factor is required to begin promoter
clearance and synthesis of short nascent RNA by RNAPII.
TFIIH also phosphorylates Ser 5 at the CTD evoking its
conformational changes that allow binding of capping
complex and co-transcriptional capping of nascent RNA.
After synthesizing around 50 ribonucleotides, RNAPII is
recognized by negative elongation factor (NELF) and
DRB-sensitivity inducing factor (DSIF) causing its pro-
moter-proximal pausing. To overcome inhibitory effect of
NELF/DSIF factors and to initiate productive elongation,
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the positive transcription elongation factor b (P-TEFb) is
subsequently recruited to the paused/poised RNAPII.
After phosphorylation of RNA recognition motif-contain-
ing protein RD (a NELF-E component) and Spt5 (a subu-
nit of human DSIF) by P-TEFb, NELF leaves RNAPII;
however, DSIF stays there and becomes a positive elonga-
tion factor [7-9]. Most importantly, P-TEFb phosphor-
ylates Ser 2 of CID, increasing its affinity towards
components of splicing and polyadenylation machineries
[3,10,11].

Much of what we know about regulation of elongation
phase has come from studies using ATP analog 5,6-
dichloro-1-b-D-ribofuranosylbenzimidazole (DRB).
Treatment of cells with DRB caused dramatic reduction in
mRNA synthesis characteristic by production of short
capped RNA transcripts, suggestive of block in the elonga-
tion phase [12,13]. DRB blocked CTD phosphorylation as
well [14]. Importantly, inhibition of RNAPII elongation
by Flavopiridol, a selective P-TEFb inhibitor, resulted in
abortive transcription of most protein coding genes [15].

It has been thought for years that formation of a preiniti-
ation complex and subsequent recruitment of RNAPII to
the promoter is a rate-limiting step in transcription regu-
lation [16]. However, transcription of several genes, such
as c-myc, HSP70, JunB, did not fit the general concept [17-
20]. Over the years, it became increasingly clear that a
block of the elongation phase is a critical control mecha-
nism of transcription [21,22].

We have learned a great deal of P-TEFb genetics, biochem-
istry and molecular function from studying its function in
HIV replication in cells. Nevertheless, function of P-TEFb
in other physiological processes, such as cell differentia-
tion, cell cycle, development and diseases, has not been
pursued efficiently until just recently. The next parts of
this review are dedicated to shed a light on new discover-
ies in these processes with future perspectives.

P-TEFb - history and presence

P-TEFb is a heterodimer consisting of cyclin-dependent
kinase 9 and one of the C-type cyclins T1, T2a, T2b or K
[4,23-27]. CDK9 was first discovered by the Giordano lab
as a cell division cycle 2 - related kinase with PITALRE
motif [24]. It consists of 372 amino acids with a relative
molecular mass around 42 kDa. It was believed that
CDKO9 42 kDa form (CDK9 or CDK9,,) is the only func-
tional form in cells. But such a presumption was chal-
lenged by a rather puzzling observation made by several
laboratories. When commercially available antibodies
specific for C-terminus or other domains of human
CDK9,, were used in western blotting, an extra band
migrating around 55 kDa was always detected [28,29].
Indeed, an additional form of CDK9 was identified in
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2003 by the Price lab [29]. Transcription of this CDK9
form starts from an alternative TATA box upstream of pre-
viously described housekeeping-type promoter for the
CDK9,, gene. Newly described form of CDK9 contains an
entire amino acid sequence of CDK9,, and additional 117
amino acids extension bearing proline-rich region and
glycine-rich region in its N-terminus [29,30]. The expres-
sion of both isoforms varies across different mouse tissues
[30]. The CDK9,, is predominantly expressed in spleen,
thymus and testes, whereas CDK9. is highly abundant in
brain, lung, spleen and thymus [30]. In many other cell
types, the relative abundance of both isoforms depends
on the original tissue, developmental stage, and cell com-
mitment. For instance, CDK9,, isoform is highly
expressed in human cervical carcinoma cells (HeLa) and
mouse fibroblasts (NIH 3T3)[29]. An opposite picture is
seen in primary hepatocytes, cultured macrophages or pri-
mary lymphocytes- in these cells, CDK955 form is preva-
lent at steady state [29,30]. Yet, in hepatocyte cultures, in
activated macrophages by lipopolysaccharide or lym-
phocytes by PMA/PHA CDK?9,, is induced, while the level
of CDK9. remained relatively constant or decreases upon
activation [29-31]. Interestingly enough, the CDK9. form
is almost undetectable in primary human monocytes or
primary satellite cells, but its expression is robustly
induced upon their differentiation, simply implying an
essential function for CDK95; in cell commitment and dif-
ferentiation [31,32].

It is possible to speculate at the moment that the presence
of an extra N-terminus in CDK9; will play - at least in part
- a key role in the final outcome of its function. Therefore,
both forms of CDK9 might control transcription of
diverse sets of genes and consequently be expressed in
developmental or cell fate specific manner. For example,
both CDK9 forms associate with MyoD, a factor involved
in muscle differentiation, but CDK95; seems to be more
important for satellite differentiation during injury [32].

Four years later after discovery of CDK9,,, a new type of
cyclins, called C-type cyclins, was identified to associate
with CDK9,, [26,27]. Cyclin T1 (CycT1) and two splicing
isoforms of cyclin T2a and T2b (CycT2a and CycT2b) con-
stitute the family of C-type cyclins. All cyclins associate
with both forms of CDK9 with kinase activity towards
CTD in RNAPII. They bear two prototypical cyclin boxes
at the N-terminus, histidine-rich region, providing bind-
ing to CTD of RNAPII, and proline-serine rich C-terminus.
CycT1, in contrast to CycT2a/b, contains TAR recognition
motif (TRM) next to cyclin boxes, which is important for
the formation of ternary complex between Tat/TAR/P-
TEFb and initiation of HIV transcription [27,33]. Vice-
versa, CycT2 bears a leucine-rich stretch next to its cyclin
boxes capable of binding to CTD, thus providing an extra
domain capable of targeting RNAPII [26,34]. Even though
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CycT1 seems to be the most abundant partner of CDK9 in
cultured cell lines, the expression of both CycT2 isoforms
is found in other cells and tissues as well [35,36]. Expres-
sion of CycT1/2 is regulated not just at the transcription
level, but also at the level of RNA stability, translation and
ubiquitination [37,38]. Several years after identification
of CycT1 and CycT?2, an additional cyclin was identified to
associate with CDK9 by two hybrid screens of lymphocyte
cDNA library [23]. This new member of C-type cyclins was
called cyclin K and in contrast to CycT1 and CycT?2, its
whole C-terminus (normally found in other C-type cyc-
lins) was missing. Three labs have shown that CycK can
support phosphorylation of CTD by CDK?9 in vitro, activa-
tion of P-TEFb-dependent genes when artificially tethered
to RNA but not DNA, supporting its function in transcrip-
tional elongation [23,25,39]. Moreover, expression of
CycK is transcriptionally activated by p53, thus CycK
could participate in control of cell cycle or apoptosis, but
these observations were not followed in greater details
[40].

Another milestone in P-TEFb biology was reached when
two labs independently demonstrated that 7SK small
nuclear RNA (7SK snRNA) is bound to P-TEFb and inhib-
its its kinase activity [41,42]. When RNase treatment or
extracellular stress signals were used, active P-TEFb was
released from association with 7SK snRNA, and transcrip-
tion of long transcripts was restored. Surprisingly, later in
2003, the same laboratories discovered a protein which
was able to cooperate with 7SK snRNA to inactivate P-
TEFDb in the 7SK small nuclear ribonucleic acid particle
(7SK snRNP) or simply 'large' complex [43,44]. The pro-
tein was named hexamethylene bisacetamide inducible
protein 1 (Hexim1), since Hexim1 was originally discov-
ered as a protein induced in vascular smooth muscle cell
after exposure to hexamethylene bisacetamide (HMBA)
[45]. Later the same year, Hexim2 was discovered as an
additional member of the Hexim protein family. It is
highly homologous to Hexim1 and was shown to substi-
tute function of Heximl in vivo and in vitro [46,47].
Importantly, Hexim1 and Hexim2 can form homo- or
heterodimers to incorporate P-TEFb into the large com-
plex. The oligomerization is mediated through the basic
region within the central part, with bound 7SK snRNA,
and its coiled-coil region in the C-terminal domain
[48,49]. The binding of 7SK snRNA to the basic region in
the Hexim oligomer induces exposure of the CycT1-bind-
ing domain in its C-terminus and formation of large com-
plex [43,44,46-50]. Hexim1 and Hexim2 do not represent
bona fide cyclin-dependent kinase inhibitors (CKI). The
most surprising feature of both is the fact that they associ-
ate with 7SK snRNA first in order to inhibit P-TEFb; there-
fore, they exhibit a completely new group of CKIs, since
none of the so-far studied CKIs utilize RNA as a partner to
inhibit kinase activity of CDK/cyclin complex.
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Critically, the exploration of P-TEFb associating partners
in the large P-TEFb complex has not been finished yet.
Two additional proteins participating in the formation of
large P-TEFb complex were identified during the last two
years. MEPCE (7SK snRNA methylphosphate capping
enzyme) was identified as a specific 7SK snRNA methyl-
transferase causing methylation of the gamma-phosphate
of its first 5' nucleotide [51]. LARP7 (La-related protein 7)
stabilizes 7SK snRNA by binding to its 3'-UUUU-OH tail
protecting it from degradation by exonucleases [52-54].
Both proteins are stably associated with 7SK snRNA after
release of P-TEFb caused by stress or cellular signals in
contrast to Hexim1, which are displaced from 7SK snRNA
right after disruption of large complex [52-56].

Importantly, studies of biology of active complex led to
identification of bromodomain protein 4 (Brd4), a major
binding partner of P-TEFb when 7SK snRNA along with
Hexim1/2 are displaced from P-TEFb [57,58]. Brd4 binds
to acetylated histones and might be therefore targeting P-
TEFb to actively transcribed genes if there is no specific
factor recruiting P-TEFb to these genes [59]. Therefore, P-
TEFbD is typically present in two distinct complexes in most
cell types. Heterodimer of CDK9/cyclin represents active
P-TEFb and is here referred to as a 'small' complex of P-
TEFD, irrespective of Brd4 binding (Figure 1). Whereas,
cooperative binding of P-TEFb/cyclin/7SK snRNA/
Hexim1 or 2/MEPCE/LARP7 identifies an inactive P-TEFb
form, also recognized as 'large' complex of P-TEFb (Figure
1). Application of stress stimuli, UV radiation, cytokine
treatment, chemical compounds, etc. on cells leads to dis-
sociation of P-TEFb from Hexim1/2 and 7SK snRNA/
MEPCE/LARP7 (Figure 1).

Posttranslational modifications of P-TEFb
components

Besides inhibition of P-TEFb by recruitment to the large
complex, its activation or inhibition depends primarily on
posttranslational modifications of CDK9 and its associ-
ated cyclin. We would like to discuss relevance of these
modifications in respect to their putative functions in
development. During many developmental processes,
such as gastrulation, left-right patterning, organogenesis
and many others, the morphogens are literally a moving
force navigating development forward. Morphogens can
make appropriate impact only if there is a proper receptor
on cell surface, which can pass message through various
cellular signaling pathways to particular transcription acti-
vators or repressors. Thus, it is highly possible that the
same signaling circuits involved in signal transmission
could target and consequently modify activity of P-TEFb
either in a positive or negative way.

Among so-far documented posttranslational modifica-

tions of P-TEFb, phosphorylation of cyclin and especially
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Composition and assembly of P-TEFb complexes. A) 7SK snRNA contains 5'- and 3'- ends with pppG (triphosphate
guanosine) and UUUU-OH (oligouridylate tail), respectively. 7SKsnRNA is recognized by MEPCE (7SK snRNA methylphos-
phate capping enzyme) and LARP7 (La-related protein 7). B) MEPCE methylates gamma-phosphate of its first 5'ribonucleotide,
depicted by an asterisk, and LARP7 stabilizes 7SK snRNA by binding to its oligouridylate tail. Hexim| (Hex|) homodimerizes
(or heterodimerizes with Hexim2) via its coiled-coil domain in the C-terminus, but N-terminus adopts conformation which
does not allow binding to P-TEFb (CDK9/Cyc). C) Binding of 7SK snRNA from 7SK snRNA/MEPCE/LARP7 complex to basic
region in central part of Hexim| triggers conformational changes of hexim dimer leading to exposition of CycT I-binding
domain at the C-terminus of Hex| and consequent binding of P-TEFb ('SMALL' complex). D) The 'LARGE' complex is formed
and is stabilized due to multiple protein-protein and protein-RNA contacts within the complex. Activity of P-TEFb is inhibited
in the large complex. Several stimuli have been reported to disrupt the large complex, such as UV radiation, diverse stress sig-
nals (mechanical, hypertrophic), cytokines (TNF-a., IL-6) and inhibitors (Actinomycin D, DRB).

of CDKO is a key feature of its regulation in vivo. Several
serines and threonines residues (Ser347, 354 and 357;
Thr350 and 354) at its C-terminus must be phosphor-
ylated for P-TEFb activity first [60,61]. Nevertheless, full
activation of P-TEFb is completed after conserved Thr186
in the T-loop is phosphorylated, an event triggering major
conformational changes in CDK9/CycT1 heterodimer
leading to exposition of ATP binding pocket together with
substrate site [49,62,63]. Recently, phosphorylation of
Thr29 in CDK9,, within the HIV elongation complex was
able to block transcription of viral RNAs [64]. To com-
plete list of CDK9/cyclin phosphorylation status, several
other residues, not previously described, were identified
by global mass spectrometric technology to be phosphor-
ylated in vivo [65,66]. Of course, functional consequences
of these modifications have not been investigated yet, but

they might serve as a first clue for further studies to iden-
tify appropriate kinases.

Phosphorylation of Thr186 is also a prerequisite for the
assembly of the large complex [49,62]. The reason why
large complex bears principally active P-TEFb is most
likely to allow cells, in time of need, an efficient and fast
release of stored P-TEFb to support transcription of genes
involved in given cellular responses. Indeed, certain stress
or pathological conditions induces liberation of P-TEFb
from the large complex. Two years ago, PI3K/Akt signaling
pathway was reported to disrupt large complex, by phos-
phorylating Hexim1 on two serines and two threonines in
the CycT-binding domain, after HMBA treatment [67]. In
addition, the Zhou lab demonstrated that UV and HMBA,
agents known to activate P-TEFb, disrupt P-TEFb from the
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large complex by cooperative action of calcium ion
(Ca2+)-calmodulin-protein phosphatase 2B (PP2B) and
protein phosphatase 1 (PP1a) [68]. In detail, activated
PP2B provokes conformational changes in 7SK snRNP
first, allowing PP1la to liberate P-TEFb by dephosphor-
ylating Thr186. Alternatively, PPM1A and PPM1B (pro-
tein phosphatases, magnesium-dependent) were found to
mediate dephosphorylation of Thr186 in cells under non-
stress conditions, pointing towards several alternative
mechanisms used by cells to accommodate different stress
or non-stress (physiological) stimuli [69]. Nevertheless,
inactive P-TEFb (dephosphorylated on Thr186) is subse-
quently recruited to the transcription initiation complex
by Brd4. These finding correlates with in vitro studies dem-
onstrating that Thr186 is kept unphosphorylated by
action of TFIIH in the HIV preinitiation complex [70].
Interestingly, phosphorylation of Thr29 in CDK9 medi-
ated by Brd4 was detected in HIV transcription initiation
complex just recently [64]. Upon dissociation of TFIIH
and Brd4 during elongation transcription induced by Tat,
P-TEFb is fully activated by de novo phosphorylation of
Thr186 and dephosphorylation of Thr29 [64,70]. Given
importance of protein phosphatase-2A (PP2A) in the aug-
mentation of basal activity of the HIV-1, it is tempting to
speculate that PP2A is a phosphatase acting on Thr29
[71].

Even though phosphorylation might seem to be most
essential for P-TEFb activity, ubiquitination and acetyla-
tion participate in regulation of P-TEFb activity as well.
Ubiquitination of CycT1 and CDK9 by Skp2 controls its
protein turnover and interaction with Tat/TAR, respec-
tively [72,73]. Also, human double minute-2 protein
(HDM2), a p53-specific E3 ubiquitin ligase, ubiquitinates
Hexim1 in the basic region [74]. Ubiquitination of
Hexim1 is not involved in Hexim1 proteasome-mediated
protein degradation but rather interferes with inhibition
of P-TEFb [74]. Further, acetylation of CDK9 on Lys44
located in the ATP binding domain by p300/CBP
increases its kinase activity towards CTD of RNAPII [75].
In contrast, acetylation of two lysines at positions 44 and
48 in CDK9 by P/CAF and GCN5 complexes exhibited
inhibition of its kinase activity and relocalization to insol-
uble nuclear matrix [76]. Importantly, acetylation of cyc-
lin T1 triggers dissociation of P-TEFb from the large
complex and its activation [77]. Given the importance of
p300/CBP in the acetylation of Tat and activation of HIV
transcription, it is not surprising that the HIV virus utilizes
the same acetyl transferase complex to acetylate Tat in
order to stabilize formation of Tat-P-TEFb-TAR complex
to initiate viral transcription [78]. Therefore, one could
assume that the virus intentionally subverts natural cellu-
lar cofactors of P-TEFb to support its own replication

cycle.
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Together documented posttranslational modifications are
of great interest in respect to their possible function in reg-
ulation of P-TEFb activity in diverse cellular responses,
(stress, cytokines, cell communication), disease and
development. One could predict that simple recruitment
of P-TEFb to the promoter of given genes does not guaran-
tee transcriptional initiation per se. Rather, current pattern
of posttranslational modifications (phosphorylation,
acetylation, ubiquitination) of subunits of P-TEFb will
decide if transcription is turned on or off. For example,
two P-TEFb complexes located at two different promoters
might differ in transcriptional response to given signals,
because of the Thr29 phosphorylation or Lys44 and 48
acetylation of CDK9 within one of the P-TEFb complexes.

Function of P-TEFb in cell cycle

Each phase or intercalating transitions of cell cycle are
controlled by spatio-temporal expression of CDKs and
appropriate cyclins, but in the case of CDK9 and C-type
cyclins, neither levels nor associating CDK9 kinase activity
were changed or dramatically fluctuated during this proc-
ess [24]. Such an observation does not necessary rule out
CDK9 function in the control of cell cycle, since protein
level or associated kinase activity of other CKDs and cyc-
lins are not changing during cell cycle as well [79]. Never-
theless, recent identification of Brd4 can provide the
missing link to the function of P-TEFb in cell cycle control,
since Brd4 is implicated in transition of epigenetic mem-
ory through binding to acetylated histones [57-59,80].
The Zhou lab was able to demonstrate a dramatic increase
in P-TEFb-Brd4 interaction from late mitosis to early G1
phases of cell cycle and active recruitment of P-TEFb to the
chromosomes, followed by initiation of transcription of
key genes for G1 progression. Importantly, depletion of
Brd4 abrogated the whole process by reducing transcrip-
tion of essential G1 genes, leading to G1 cell cycle arrest
and apoptosis [80]. Therefore, it is very tempting to spec-
ulate that Brd4-mediated recruitment of P-TEFb to Gl
genes is fundamental for successful G1/S transition and
could serve as a hallmark of transcriptional memory
across cell division [59,80]. However, other functional
aspect/s of Brd4-P-TEFb interaction in respect to cell cycle
must be explored first. For instance, how is the association
of Brd4 with P-TEFb and consequent recruitment to spe-
cific genes regulated in cell cycle-dependent manner in the
first place? From recent studies, we have learned that Brd4
recruits P-TEFb to inflammatory and Hox genes by inter-
action with acetylated NF-kB on Lys-310 or acetylated his-
tone 4 on Lys-5, 8 and 12, respectively [81,82]. Also,
acetylation of histone 3 at promoter-proximal regions in
CD80 genes was critical for Brd4-dependent P-TEFb
recruitment and transcription initiation [83]. If the same
mechanisms/principles apply for Brd-4/P-TEFb recruit-
ment to chromosomes at G1 phase remains to be
explored in the future.
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Moreover - is simple recruitment of P-TEFb to Brd4
enough or are posttranslational modifications involved
too? If the answer is yes, then what residues are involved,
and most importantly, what is their nature (phosphoryla-
tion, acetylation, etc)? Such a scenario would imply an
existence of specific complexes able to carry these modifi-
cations. What are these factors? It will be of great interest
to explore in more detail if CDKs participating in M or G1
phases are engaged in these events, but involvement of
other protein kinases must be taken in account, too.

Additional function of P-TEFb in cell cycle could be in
connection to the retinoblastoma protein (pRB). CDK9
was first identified as a cell division cycle-2 related kinase,
with strong kinase activity towards pRB, but not histone 1,
suggesting its role in G1/S transition [84]. Indeed, silenc-
ing of CDK9 in cells by RNA interference approach led to
the enrichment of cells in G1 phase of cell cycle support-
ing function of P-TEFb in the G1/S transition [85]. Inter-
estingly, CDK9/CycT2 but not CDK9/CycT1 complex
binds pRB suggesting diverse function of C-type cyclins in
cell cycle regulation [86].

Last but not least, CDK9 phosphorylates p53 on multiple
Ser residues (Ser33, 315 1nd 392). Phosphorylation of Ser
33 and 315 was implicated in the association with propyl
isomerase Pinl. Phosphorylation-dependent Pinl/p53
interaction induces conformational changes in p53 lead-
ing to elevated DNA binding and transactivation capacity
[87]. Phosphorylation of 392 resulted in stabilization of
p53 tetramer and enhancement of target gene expression
[88,89]. Interestingly, Cdk9 gene was also activated by
binding of p53 to its promoter, suggesting a positive role
of p53 in the regulation of its basal transcription [88].
Since Ser392 phosphorylation is not required for p53-
mediated cell cycle arrest, it is possible to speculate that
there is a positive regulatory loop between expression of
CDK9 and p53 transactivation mediated by Ser392. Nev-
ertheless, two major questions need to be elucidated.
First, why does CDK9 phosphorylate p53: is it to
strengthen DNA repair machinery or is to support apopto-
sis mediated by p53? Second, why does p53 need to con-
trol expression of CDKO, is it required for its function or is
it to ensure optimal expression of other genes involved in
adequate p53 response?

Function of P-TEFb in development

In the past decade, we have learned a great deal about
genetic, biochemical and molecular properties of P-TEFb,
mostly due to its indispensable role in HIV replication,
cytokine responses, cell differentiation, etc. Just very
recently we have started to appreciate physiological role/s
of P-TEFb in development. Individual genetic depletion of
CycT1 or CycT2 in Caenorabditis elegans had no dramatic
impact on its development. In contrast, genetic inactiva-
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tion of both cyclins simultaneously resulted in early
embryonic lethality, similarly to genetic inactivation of
RNAPII [90].

To test whether P-TEFb is essential for Drosophila devel-
opment, CDK9 was down-regulated by RNA interference
(RNAi) approach. CDK9 knock-down flies died during
metamorphosis, suggesting fundamental role of P-TEFb
in Drosophila early development [91]. Relatively later
lethality in flies in comparison to C. elegans could reflect
major differences between these two species. First, timing
and efficiency of CDK9 knock-down could differ and
most importantly, stored maternal mRNA or protein
might compensate for the loss of de novo expression of
CDKO9 for some time [91].

The role of CDK9 in zebra fish development was investi-
gated by usage of specific morpholinos (MO), which
mediate degradation of CDK9 messenger RNA and conse-
quent down-regulation of CDK9 protein. Injection of spe-
cific Cdk9-morpholinos had a severe effect on definitive
erythropoiesis manifested by significant reduction of
runxl signal in the dorsal aorta precursor population
[92,93]. Taking into account ubiquitous expression of
CDKO9 in the whole developing embryo, it is surprising
that only an effect on hematopoietic system was observed.
It was probably due to insufficient depletion of CDK9
from other cells; therefore, these cells have enough CDK9
for their proper function. In the case of hematopoietic
cells, the level of CDK9 did not reach critical threshold
necessary for terminal differentiation of hematopoietic
precursors. Supporting evidence to this threshold scenario
comes from studies of HIV replication in cells, too. RNA
mediated knock-down of P-TEFb in Hela cells did not
cause cellular death but inhibited Tat transactivation and
HIV-1 transcription instead [94].

To investigate final consequences of nonfunctional P-
TEFb in mice, we tried to generate knock-out mice for
CycT1 and CycT2 using the B-geo gene trap technology
[95]. Regretfully, our attempts to generate a complete
knock-out mouse for CycT1 were not successful, and only
a hypomorphic mouse with residual expression of CycT1
in the whole body was generated. These hypomorphic
mice exhibited only modest immunological defects, such
as, altered class switch recombination (not published
data) and moderate appearance of autoimmunity due to
impaired negative selection of autoreactive T cells in thy-
mus [96]. In the case of CycT2, after conducting numer-
ous matings of heterozygous mice, we were not able to
detect any newborn mice bearing nonfunctional allele of
CcnT2 gene. When developing embryos and fetuses at dif-
ferent developmental stages were genotyped, still no null
animal for CcnT2 gene was found, suggesting a develop-
mental block even before mid gestational period. Indeed,
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embryonic lethality preceding even blastocyst implanta-
tion was observed. This early lethality could be attributed
to impaired zygotic gene activation taking place in two-
four cell embryos or to decreased expression of critical
genes, which were revealed by siRNAs against CycT2 in
embryonic stem cells [36,97].

So far, only examples of developmental consequences of
P-TEFb loss of function were described, but ectopic activa-
tion of P-TEFb exhibits dramatic consequences for normal
development as well. Genetic ablation of Clp-1, the
mouse homologue of human Hexim1, resulted in embry-
onic death at E16.5 due to cardiac hypertrophy [98].
Down-regulation of LARP7 orthologue in zebra fish
caused embryonic death due to aberrant splicing, suggest-
ing a fundamental role for P-TEFb in coupling transcrip-
tion elongation with alternative splicing [52].

To finalize developmental properties of P-TEFb, we would
like to describe a situation where inhibition of P-TEFb is
necessary indeed for normal development of germ-line
blastomeres (C. elegans) or polar cells (D. melanogaster),
specialized cell types similar to primordial germ cells in
mammals. These cells are kept in undifferentiated stage by
repressed mRNA transcription due to absence of Ser2
phosphorylation in CTD of the RNAPIL PIE-1 in C. ele-
gans and pgc (polar granule component) in D. mela-
nogaster block Ser2 phosphorylation by binding to P-
TEFb and preventing its recruitment to CTD [99-101]. Pre-
dictably, the next step should be to elucidate if the inhibi-
tion of P-TEFb is a common mechanism for germ line
specification in other species as well. Similarly to PIE-1
and Pgc, Runx1, a repressor of CD4 expression in double
negative thymocytes, disables transcription of CD4 gene
by decoying P-TEFb from the already engaged RNAPII
[102].

Collectively, we have learned a key role of P-TEFb in early
development from nematodes to mammals, but still we
do not know what the target genes are within develop-
mental programs. The first clue pointing to the right direc-
tion/s could come from our siRNA experiments in ES cells
[36]. RNAi approach was used to down-regulate CycT1 or
CycT2 and check for changes, by microarrays, in the
expression of genes influenced by depletion of either cyc-
lin. Reduction in CycT2 affected mostly expression of
genes participating in the TGFp and Wnt signaling path-
ways, as well as autophagy. The most affected genes were
Lefty 1 and Lefty 2, members of the TGFb superfamily,
which are highly expressed in the inner cell mass and tro-
phoectoderm during embryogenesis [103]. Moreover,
genes involved in ubiquitin-proteasomal system and
autophagy, which are indispensable for rapid degradation
of maternal protein during the transition from oocytes to
embryos, were also lessened. Of note, autophagy-defec-
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tive oocytes fail to develop beyond the four- and eight-cell
stage [104]. In contrast, CycT1 knock-down decreased
expression of genes involved in fatty acid and glucose
metabolism, cell communication and cell cycle [36]. Crit-
ically, although glucose metabolism was affected in both
cases, targeted genes were different.

From these or similar microarray data, we can indeed pin-
point target genes of different P-TEFb complexes, yet fun-
damental questions remain to be solved.

- 1) How does P-TEFb achieve its broad binding capacity
towards myriad transcription factors?

- 2) What are principal transcription factors driving normal
development, cell fate commitment or terminal differentia-
tion through interaction with P-TEFb?

- 3) Why is only a specific subset of P-TEFb-dependent genes
transcribed in response to given intra- and extracellular
stimuli?

Ad 1) Usually, when we think of P-TEFb, two functional
states are considered: active (small complex, typically
CDK9,,/CycT1) and inactive (large complex, CDK9,,/
CycT1/7SK snRNA/Hexim1/LARP7/MEPCE). One must
actually revise our rather simplified view on P-TEF com-
plexes, as proposed in several publications [36,105].
Active P-TEFb consists of CDK9 and C-type cyclin, but two
forms of CDK9 exist (CDK9,, and CDK9;;) and at least
four isoforms of C-type cyclins (CycT1, CycT2a, CycT2b
and CycK). By simple combinatorial math, it leaves us
with 8 different complexes of active P-TEFb (Figure 2A).
Taking in account the existence of Hexim1, Hexim2, 7SK
snRNA, LARP7 and MEPCE, we will come to number 16
for inactive P-TEFb complexes (Figure 2B). All together
there are 24 P-TEFb complexes with unique molecular sur-
face composition. One might argue that binding of P-
TEFb strictly depends on recognition capacity of cyclin
boxes, histidine-rich and leucine rich regions in cyclins
and substrate binding site in CDK9, but other possibilities
should be considered, too. CDK9/cyclin adopts more
open conformation different from CDK2/CycA providing
extra molecular surfaces available for new interactions
[63]. Also, other components of small or large complexes
can mediate interaction with various factors. Indeed,
nucleophosmin and NFkB associate with basic region of
Hexim1 [45,106]. Also, estrogen and glucocorticoid
receptors bind Hexim1 through its basic region [107,108].
Examples of these associations have served only to dem-
onstrate hidden reserves of P-TEFb to interact with distinct
factors.

Ad 2) We found that Leftyl and Lefty2 proteins were less

expressed in ESc with down-regulated CycT2 but not
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Figure 2

Active and inactive P-TEFb complexes. A) Active P-
TEFb complexes. CDK9,, (green oval) and CDK9;; (orange
oval) can separately bind to individual CycT1 (yellow circle),
CycT2a (violet oval), CycT2b (lavender oval) and CycK (pink
oval). B) Inactive P-TEFb complexes with CycT1. Only large
complexes with CycT | are presented for illustration, but the
same would apply for CycT2a, CycT2b and CycK too. Com-
plexes of 42- and CDK9;5 with CycT| are presented at the
left side. 'Large' complexes consisting of CDK9/CycT]1 are at
the right side. Hexim 1/7SK snRNA (light blue oval), Hexim2/
7SK snRNA (turquoise blue oval), MEPCE/LARP7 (light
orange oval).

CycT1. Oct4, Sox2, key transcriptional factors guarding
self-renewal property of ES, were shown to bind to the
promoter of Leftyl gene and activate it [109]. Thus, it is
possible that CycT2 binds specifically Oct4 and Sox2 but
CycT1 does not. Along with this line, CycT2 together with
CDKO9,, is required for myogenesis in vitro by activating
MyoD-dependent transcription [110]. On the contrary,
MEF-2 related to MyoD, associates with CycT1 [111].
Recently, function of P-TEFb complex composed of
CDK9,; and CycT2 was demonstrated to play a funda-
mental role in muscle regeneration by governing myob-
last differentiation from satellite cells in vivo [32]. These
examples demonstrate clearly that one developmental
program (myogenic differentiation) can employ three dis-
tinct P-TEFb complexes to regulate a particular part of dif-
ferentiation process. Of note, two repressors of MyoD
family, I-mfa (inhibitor of MyoD family) and HIC
(human I-mfa-domain-containing) employ P-TEFb for
their function in myogenic differentiation too [112]. In
addition, PPARy (peroxisome proliferator-activated recep-
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tor y), a master regulator of adipogenesis, utilizes CDK955
for its function [113]. Importantly, CycT2 was identified
by two-hybrid screen as a Mix.3/mixer, a Pax-like homeo-
domain protein, essential for endoderm formation [114].
On the other hand, association of CycT1 with GATA-1, a
transcription factor involved in differentiation of numer-
ous hematopoietic lineages, is indispensable for efficient
megakaryopoiesis [115]. Last but not least, CDK9 partici-
pates in haematopoiesis in zebra fish through regulation
of Ldb1 (LIM domain binding protein), which controls
transcription of Hox genes [93]. Thus, specific transcrip-
tion factors operating in certain developmental process
utilize different P-TEFb complexes for their developmen-
tal tasks.

Ad 3) We believe that two equally important mechanisms
help P-TEFb to decide if certain gene/s will be turned on
or off. A) One layer of control is provided by functional
interaction with specific cofactors (chromatin remodeling
complexes, mediators) bound at transcription sites. B)
The other one is the result of co-operative effect of signal-
ing pathways regulating P-TEFb activity.

- A) Once P-TEFb is recruited to the promoter, it is
exposed to interactions with other multiprotein com-
plexes and to their catalytic activities resulting in post-
translational modifications triggering activation or
inhibition of P-TEFb activity (Figure 3B). Indeed, repre-
sentatives of histone acetyltransferases p300/CBP and
GCNS5 with P/CAF can acetylate CDK9 to either activate or
repress its kinase activity [75,76]. BRG1, a component of
mammalian homologous of the SWI/SNF chromatin
remodeling complexes, binds CDK9; together they acti-
vate STAT3-mediated transcription in response to
cytokine receptor stimulation [116]. Moreover, co-repres-
sor of thyroid hormone receptors (TR) and retinoic acid
receptors (RAR) - N-CoR - associates with Hexim1 affect-
ing ability of CDK9 to phosphorylate CTD of RNAPII
[75].

- B) Signaling pathways serve, most likely, two primary
functions in P-TEFb biology: first to trigger release of P-
TEFb from the large complex; second to target and modify
components of P-TEFb complexes (Figure 3A and 3C). At
present, we know what stimuli/signals dissociate P-TEFb
from the large complex, but we have just begun to explore
signaling pathways responsible for it (see also posttransla-
tional modification). Regretfully, we have almost no basic
knowledge about signaling pathways operating and tar-
geting P-TEFD activity during development, except for few
examples. The PKNa, a fatty acid- and Rho-activated ser-
ine/threonine protein kinase, which was shown to bind
CycT2a and consequently enhanced CycT2a mediated
expression of myogenic differentiation markers during
starvation, induced differentiation [117]. Further, the
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Figure 3

Regulation of P-TEFb activity during transcription.
A) P-TEFb is inactivated in the large complex. After given
stimuli (UV radition, cytokines, hypertrophic signals), active
P-TEFb is released from the large complex by activity of sign-
aling pathways downstream of these stimuli. Then, P-TEFb is
recruited to the responsive promoter/s either by a specific
activator (pink oval) such as MyoD or a co-activator, such as
Brd4 (violet oval). P-TEFb is engaged at the promoters with
poised RNAPII phosphorylated on Ser5 (light blue oval with
letter S5) in CTD mediated by TFIIH. P-TEFb initiates tran-
scription elongation by phosphorylating Ser2 of CTD in
RNAPII (red oval with letter S2), DSIF or NELF (red ovals
with letter P). Still, activity of P-TEFb can be controlled by
two additional mechanisms. B) If there is a co-factor (acetyl-
transferase, mediator, corepressor) associating with P-TEFb
at the promoter, then the activity of P-TEFb will depend on
particular posttranslational modifications mediated by these
co-factors, for example acetylation of Lys44 and 48 in CDK9
(white oval with letters Ac). C) Also, signaling pathways acti-
vated by given stimuli can modify components of the small
complex, for example phosphorylation of CDK9 on Thr28
and Thr186 (white oval with letter P), and additionally modu-
late final activity of P-TEFb. Khaki barrels represent nucleo-
somes, and +| depicts transcription start site.

MEK1-extracellular signal-regulated kinase (ERK) signal-
ing pathway promotes CDK9/CycT1 dimer formation and
induction of immediate early genes (like c-fos) in neu-
roendocrine cells [118]. From our microarray data we
know that transcription of Leftyl is CycT2-dependent
[36]. Leftyl contributes to the establishment of left-right
symmetry during vertebrate development. Bone morpho-
genetic protein (BMP) type I receptor was demonstrated
to positively regulate Leftyl expression in the chimeric
embryo [119]. Therefore, one could hypothesize that BMP
signaling could be involved in P-TEFb (CycT2) activation.
Even if we identify pathways modulating P-TEFb activity,
it is still critical to determine what component/s of P-TEFb
complexes they target and what the nature of particular
modification is. In summary, it is realistic to assume that
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recruitment of particular P-TEFb complex in combination
with transcriptional co-factors to unique set of genes can
control various aspects of transcriptional programs in nor-
mal development.

Except already introduced transcriptional factors, a pleth-
ora of diverse transcriptional factors/enhancers were
found during the past decade to utilize P-TEFb for various
cellular pathways and physiological processes: 1) cytokine

signaling - p65 subunit of NFkB, STAT3
[45,116,120,121]; 2) hormone nuclear receptors - estro-
gen,  glucocorticoid and  androgen  receptors

[107,122,123]; xenobiotic sensing - arylhydrocarbon
receptor [124]; immunity - class II transactivator, AIRE
[96,125,126] and cell proliferation/differentiation - c-myc
[127]. P-TEFD plays a special function in HIV infection by
initiating its transcription through binding to Tat, a spe-
cific viral transcriptional transactivator [27].

Promoter-proximal pausing of RNAPII

At last, we would like to dedicate a special part of this
review to a very intriguing function of P-TEFb in develop-
mental control through activation of stalled RNAPII. His-
torically, initiation of transcription was viewed as a rate-
limiting step in the expression of majority of genes [16].
Interestingly, early studies indicated that specific genes,
such as c-myc, junB and HSP70, surpass this concept, and
their expression is subjected to elongation control
through poised polymerase [17,18,20]. In principal,
RNAPII initiates transcription but is immediately poised
after synthesizing short RNA by action of negative elonga-
tion factors at the promoter-proximal region [21]. Never-
theless, a growing body of evidence demonstrates that
RNAPII pausing is a novel mode of transcription control
rather than exception from the rule [128-130]. Recent
studies in Drosophila and mammalian system validated
RNAPII distribution across the whole genome and clearly
demonstrated that a significant number of genes was reg-
ulated at an early step of transcription elongation
[129,130]. Among them, genes involved in development,
cellular response to stimuli, cell communication, cell
adhesion and differentiation demonstrated promoter-
proximal RNAPII stalling. Importantly, down-regulation
of NELF by RNAI resulted in loss of stalled RNAPII mark
and re-expression of most of these genes [129]. To extend
the concept of stalled polymerase to developmental per-
spective, transcription of Hox genes, governing anterior-
posterior patterning in metazoan embryos, was found to
be regulated at the level of elongation. Intact CDK9 activ-
ity was necessary to alleviate stalled RNAPII at the pro-
moter of two hox genes in Drosophila (Ultrabithorax and
Abdominal-B) [131]. Authors also suggested that Cdk9
could be involved in the regulation of Notch-, EGF-, and
Dpp-signaling genes, again pointing towards connection
of P-TEFb and regulation of developmental genes [131].
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During preparation of this manuscript, new publication
had appeared focusing on biological function of stalled
RNAPII in the signal-dependent gene expression [81]. To
study genes fitting to this criterion, authors employed
LPS-inducible inflammatory gene expression in macro-
phages to demonstrate: 1) that genes induced in the pri-
mary response (LPS) have stalled RNAPII at the promoter-
proximal region, 2) their induction is regulated by signal-
dependent P-TEFb, 3) which is recruited via Brd4 binding
to Histone 4 acetylated on Lys 5, 8 and 12. Moreover, tran-
scription of these genes is repressed before stimulation by
cooperative function of repressors [81]. Interestingly,
developmentally regulated genes share the same charac-
teristics as the LPS-inducible genes. It is stalled RNAPII
and hierarchical expression of activators/repressors along
with their co-factors.

These are very important observations in respect to possi-
ble role of P-TEFb in development. Since P-TEFb induces
a transition form abortive to productive transcription
elongation by phosphorylation of NELF and DSIF, it is
logical to envision that P-TEFb might be a primary sensor
to various developmental demands. In theory, P-TEFb
could work as a platform capable of accommodating
diverse stimuli and respond to them by switching on and
off appropriate set of genes, along with cooperative func-
tion of developmental activators and repressors. Consid-
ering all available facts, it is now becoming clear that
elongation block, by means of stalled RNAPII, represents
a highly specific control module in transcription regula-
tion.

P-TEFb and disease

Cardiac hypertrophy

Cardiac hypertrophy is probably the best illustrative
example how deregulation of p-TEFb activity manifests in
pathological phenotype, a disease. Cardiac hypertophy
(heart growth) is characterized by enlargement of cardiac
myocytes in response to diverse signals, such as biome-
chanical stress, sarcomeric and cytoskeletal protein muta-
tions, G protein-coupled receptors for ligands, etc. At the
molecular level, cardiac hypertrophy is characterized by
an increase in cell size and protein synthesis and reactiva-
tion of the fetal gene program [132]. In turn, increased
synthesis of mRNA species results in elevated activity of
RNAPII phosphorylated at Ser2 within CTD [133]. Ser2 is
a target of P-TEFb, thus it is not surprising that P-TEFb was
identified to be the limiting factor for pathological mani-
festation in vitro and in vivo [98,134]. Briefly, ectopic acti-
vation of P-TEFb either by ablation of cardiac lineage
protein 1 (Clp-1), the mouse homologue of Hexim1, or
overexpression of CycT1 in adult heart led to fetal lethality
or heart growth due to cardiac hypertrophy, respectively
[98,132].
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Striking characteristic of cardiac hypertrophy is the fact
that all hypertrophic stimuli led to release and activation
of P-TEFb [132]. Since most of the signaling pathways
downstream of these signals are well characterized, it will
be critical to determine their role in the activation of P-
TEFb. Truly enough, Jak/STAT signal transduction path-
way is involved in the release of P-TEFb from large com-
plexes [135]. Yet, it is not clear at the moment if Jak/STAT
pathway targets and modifies any component of the large
complex directly or indirectly. Moreover, from develop-
mental perspectives of P-TEFb, it is highly probable that
the signaling pathways governing pathological activation
of P-TEFb will be, in part, the same signaling circuits driv-
ing growth of heart earlier during normal heart develop-
ment [135]. Therefore, it will be of great interest to explore
and characterize what the major differences in signaling
pathways diverging to either adaptive or pathological P-
TEFb activation are. In particular, what are these pathways
by nature? Do they 'just’ disrupt large complex or do they
modify components of large/small P-TEFb complexes?
Finally, how can we use this acquired knowledge to mod-
ulate de-repressed activity of P-TEFb in various diseases?

Cancer

Historically, the first recognition of P-TEFb in malignant
processes came from a study focused on identification of
novel tumor antigens associated with serous ovarian can-
cer [136]. By employing SEREX immunoscreening, the
authors identified 9 immunogenic antigens, among them
Hexim1, to be potential targets for immunotherapy. Rele-
vance of P-TEFb in progression of ovarian cancer was not
recognized at the time, since connection between Hexim1
and P-TEFb had not been established yet.

Another piece of the P-TEFb puzzle in cancer came from
studies of mixed-lineage leukemia (MLL) fusion proteins
in leukemic transformation. The gene for the histone
methyltransferase MLL often participates in chromosomal
translocations that eventually create MLL-fusion proteins
associated with very aggressive forms of childhood acute
leukemia [137,138]. Two proteins, Eleven Nineteen
Leukemia (ENL) and AF4 proteins, common associating
partners of MLL in childhood acute leukemia, were found
to bind and utilize P-TEFb for their transformation prop-
erties [139,140]. These studies provided compelling evi-
dence for direct role of AF4 and ENL in the regulation of
transcription elongation and chromatin modification.
This could also suggest that therapies targeting P-TEFb
activity in leukemia might be a direction to pursue.
Indeed, Flavopiridol, a specific inhibitor of CDK9, was
able to induce apoptosis in chronic lymphocytic leukemia
cells by suppressing transcription of short-lived antiapop-
totic proteins, such as Mcl-1 [141].
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Connection of Hexim1 in malignant processes through its
binding to estrogen receptor was recently provided [108].
Estrogen receptors (ERs) are found in significant numbers
of breast cancer, and targeted therapy against ERs has been
used intensively [142]. Hexim1 binds ERa through its
basic region and blocks ERa mediated gene expression
[123]. Critically, overexpression of Hexim suppressed
proliferation of breast cells. In accordance with this find-
ing, expression of Hexim1 was down-regulated in samples
from invasive breast cancer patients in comparison to
Hexim1 level in normal breast tissue [108].

Certainly, the most illustrative example of P-TEFb dys-
function in malignant conversion has been demonstrated
by the Zhou lab [53]. They identify PIP7S, also known as
La-related protein 7 (LARP7), to associate and stabilize
7SK snRNP formation. LARP7 contains 3 RNA binding
motifs, La binding motif in its N-terminus, a RNA recog-
nition motif (RRM) 1 and RRM3, which are all needed for
the stabilization of 7SK snRNA and formation of large
complex [52-54]. Interestingly, its C-terminus is often
deleted in human tumors suggesting that activation of P-
TEFb mediated by LARP7 destabilization of large complex
is important for proliferation and tumorigenicity of can-
cer cells. Indeed, RNAi mediated down-regulation of
LARP7 blocking mammary epithelial cell differentiation
[53]. In the same line, genetic inactivation of MXC, the
Drosophila homologue of LARP7, resulted in overgrowth
of lymph glands and hematocyte overproliferation [143].
Moreover, down-regulation of LARP7 was reported to be
a suitable prognostic marker to predict the presence of
lymph node metastasis in early stage of squamous cell cer-
vical cancer before treatment [144]. In conclusion, it is
likely that ectopic activation of P-TEFb in cancer cells
serves to support transcription of key tumor-progressing
genes, unchecked proliferation ultimately converging in
tumorigenesis.

Frontiers

What is the future of P-TEFb in development? We know
that targeted inactivation of cyclin T2 in mouse caused
embryonic lethality even prior implantation [36]. To be
able to follow function of CycT2 in other developmental
processes, conditional mouse for CycT2 must be gener-
ated first. In these animals, expression of CycT2 can be
switch off at a precise developmental stage; then, impact
of CycT2 ablation on particular developmental program
can be examined. Not only the aspect of CycT2 in early
development can be addressed, but function of CycT2 in
cell differentiation, regeneration and cell cycle can be
revealed, too. Similarly, generation of conditional trans-
genic mice for other components of P-TEFb complexes
will be instrumental to understand their function in vari-
ous developmental processes.
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By utilizing those conditional animals, other important
question rendering function of P-TEFb can be revealed.
For example, how is P-TEFb recruited to developmental
genes? Is recruitment of P-TEFb by a specific activator suf-
ficient or are additional co-factors needed? If so, are these
co-factors components of histone-remodeling machinery,
mediator complexes? And finally, is P-TEFb released from
the large complex and then recruited to the promoter or is
large complex bound to promoter/enhancer structures
and active P-TEFD is released locally then? Thus, future
studies are necessary to gain more light on these and other
P-TEFb challenges.

If one thinks of function of P-TEFb in cancer, two aspects
of involvement just come to mind. In the literature, one
can find examples of indirect or direct involvement of dys-
regulated activity of P-TEFb in cancer. Down-regulation of
Hexim1 and/or LARP7 in breast and cervical cancer most
likely leads to increase of free-pool P-TEFb and conse-
quent activation of cancer-related genes. Nevertheless, is
simple increase in P-TEFb activity enough to promote
malignant transformation or is it part of multi-step tum-
origenic process? Yes, activation of P-TEFb in breast cancer
cells seemed to be sufficient to promote malignant trans-
formation [53]. Yet, in case of acute childhood leukemia,

Development
Mix.3/mixer
GATA-1
MyoD/MEF2
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Figure 4

Role of P-TEFb in a broad spectrum of biological
processes. P-TEFb (blue pentagon) participates in many dif-
ferent biological processes, such as development (light
orange oval), cancer (violet oval), cell cycle (yellow oval),
cytokine response (pink oval) and others (green oval).
Abbreviations in each oval represent particular transcription
factors which have been found to employ P-TEFb in given
biological phenomena (more information in the text). Impor-
tantly, dysregulation of P-TEFb-dependent transcription fac-
tors involved in development or cell cycle could also
significantly contribute to malignant transformation of normal
cells, as depicted by arrows in this figure.
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simple activation has no effect on induction of tumori-
genesis but rather misplaced recruitment of P-TEFb
through oncogenic chimeric proteins (MLL-ENL) is the
driving force [140]. Also, ectopic expression of cyclin T1 in
heart did not lead to tumor formation, implying existence
of buffering mechanism in cells to deal with elevated P-
TEFb activity. On the other hand, ectopic expression of
CycT1 in other cellular systems might have deleterious
consequences, because of no existing compensatory
mechanisms. Again, generation of conditional mouse
model might be helpful in this regard to ultimately dissect
this conundrum.

It is becoming increasingly clear that P-TEFb participates
in broad spectrum of biological processes (Figure 4). It is
feasible to assume that the same transcription factors, dif-
ferent co-factors and signaling pathways co-operating
with P-TEFb in cell cycle and development will be
involved in pathophysiological effects of P-TEFb in vari-
ous diseases, too. Therefore, the final task will be to iden-
tify what differences in these regulatory circuits are. What
is the nature of these changes and if there is a way, to
revert de-repressed P-TEFb activity back to normal "phys-
iological state".
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Various cyclin-dependent kinase (Cdk) complexes have been implicated in the regulation of transcription. In this
study, we identified a 70-kDa Cyclin K (CycK) that binds Cdk12 and Cdk13 to form two different complexes
(CycK/Cdk12 or CycK/Cdk13) in human cells. The CycK/Cdk12 complex regulates phosphorylation of Ser2 in the
C-terminal domain of RNA polymerase II and expression of a small subset of human genes, as revealed in
expression microarrays. Depletion of CycK/Cdk12 results in decreased expression of predominantly long genes
with high numbers of exons. The most prominent group of down-regulated genes are the DNA damage response
genes, including the critical regulators of genomic stability: BRCA1 (breast and ovarian cancer type 1
susceptibility protein 1), ATR (ataxia telangiectasia and Rad3-related), FANCI, and FANCD2. We show that CycK/
Cdk12, rather than CycK/Cdk13, is necessary for their expression. Nuclear run-on assays and chromatin
immunoprecipitations with RNA polymerase I on the BRCA1 and FANCI genes suggest a transcriptional defect
in the absence of CycK/Cdk12. Consistent with these findings, cells without CycK/Cdk12 induce spontaneous
DNA damage and are sensitive to a variety of DNA damage agents. We conclude that through regulation of
expression of DNA damage response genes, CycK/Cdk12 protects cells from genomic instability. The essential
role of CycK for organisms in vivo is further supported by the result that genetic inactivation of CycK in mice
causes early embryonic lethality.
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Eukaryotic transcription can be divided into several stages,
including preinitiation complex formation and productive
elongation (Sims et al. 2004; Fuda et al. 2009). For the
regulation of transcription, the phosphorylation status of
the C-terminal domain (CTD) of RNA polymerase II
(RNAPII) is essential (Buratowski 2009; Fuda et al. 2009;
Munoz et al. 2010). In humans, the CTD consists of 52
repeats of a heptapeptide, YSPTSPS, in which individ-
ual serine residues can be differentially phosphorylated
(Phatnani and Greenleaf 2006; Egloff and Murphy 2008).
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Phosphorylation of serine at position 2 (Ser2) is thought to
be responsible for productive transcriptional elongation
and synthesis of full-length mature mRNA (Peterlin and
Price 2006; Bres et al. 2008). Cyclin-dependent kinase 9
(Cdk9), a subunit of positive transcription elongation
factor b (P-TEFb) is considered to be the main Ser2 kinase
(Chao et al. 2000); however, recent studies suggest that
other Ser2 kinases exist in cells (Gomes et al. 2006;
Bartkowiak et al. 2010).

Human Cyclin K (CycK), a 40-kDa and 357-amino-acid
protein, was considered to be the cyclin subunit of Cdk9,
together with CyclinT1 (CycT1) and CycT2 (Fu et al.
1999; Peterlin and Price 2006). It was found to be
associated with RNAPII and potent CTD kinase activity
(Edwards et al. 1998), and, in functional studies, it acti-
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vated transcriptional elongation (Lin et al. 2002). Cdk12
and Cdk13 are 1490- and 1512-amino-acid-long proteins,
respectively, with a conserved CTD kinase domain (Ko
et al. 2001; Even et al. 2006). A recent study suggested
that Cdkl2 in Drosophila, with Cdkl2 and Cdkl3 in
mammals, is a homolog of Ctkl in yeast (Bartkowiak
et al. 2010). It also showed that Drosophila Cdkl2 and
human Cdkl2 have a Ser2 kinase activity, and found
Drosophila Cdkl12 associated with CycK (Bartkowiak
et al. 2010). However, many basic facts about these Cdks
and their cyclin partners remain unknown or poorly
understood.

DNA damage response (DDR) is an evolutionarily
conserved mechanism that detects and signals the pres-
ence of DNA lesions and mediates their repair (Harper
and Elledge 2007; Jackson and Bartek 2009; Ciccia and
Elledge 2010). Impaired DDR leads to the accumulation
of DNA lesions, which results in genomic instability and
can be followed by the malignant transformation of a cell
(Motoyama and Naka 2004). DNA double-stranded
breaks (DSBs) and DNA interstrand cross-links (ICLs)
are among the most severe DNA lesions (Harper and
Elledge 2007; Bonner et al. 2008; Jackson and Bartek 2009;
Moldovan and D’Andrea 2009). DDR operates through
a large network of proteins; however, some proteins lie at
the core of DDR mechanisms and regulate responses to
several types of lesions (Matsuoka et al. 2007; Jackson and
Bartek 2009; Ciccia and Elledge 2010). For example,
ataxia telangiectasia and Rad3-related (ATR) kinase phos-
phorylates hundreds of targets and signals for DNA
replication and repair (Matsuoka et al. 2007). Similarly,
breast and ovarian cancer type 1 susceptibility protein 1
(BRCA1) acts on several types of DNA lesions, and its
pivotal task is the maintenance of genomic stability
(Huen et al. 2010). The FANCD?2 and recently discovered
FANCI proteins are the central players in the Fanconi
anemia (FA) pathway, which repairs ICLs and protects
against genomic instability (Smogorzewska et al. 2007;
Moldovan and D’Andrea 2009).

In this study, we report the identification of a 70-kDa
CycK that associates with Cdkl2 and Cdkl3 in two
separate, functionally distinct complexes. We show that
the CycK/Cdkl2 complex protects cells from genomic
instability via the regulation of expression of DDR genes.

Results

Human CycK is a 70-kDa protein with a C-terminal
proline-rich region and does not associate with Cdk9

We were initially interested in potential differences
among three Cdk9 complexes formed by different cyclin
subunits: CycT1, CycT2, or CycK. Our attention was
brought to a single band of 70-kDa protein identified by
Western blotting, with an antibody directed against the
N-terminal cyclin box of CycK (Fig. 1A). Although the
molecular mass of the originally identified CycK protein
was ~40 kDa (Edwards et al. 1998), we did not find any
protein of such size in cell lysates from various cell lines
tested with different CycK antibodies (Fig. 1A; data not
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Figure 1. Identification of CycK as 70-kDa protein in cells. (A)
Detection of the 70-kDa form of CycK in cell lysates from 293
cells with an antibody directed against the N-terminal cyclin
box of CycK (Sigma, HPA000645). (B) Schematic representation
of 40-kDa CycK-357 (Edwards et al. 1998) and the 70-kDa forms
of CycK. (C) CycK and CycK-357 do not bind Cdk9. Flag-CycT]1,
CycK-Flag, Flag-CycK-357, and Flag-ev were immunoprecipi-
tated from 293 cells and probed with antibodies to Cdk9 (right
middle panel) and Heximl (right bottom panel) by Western
blotting. (Left panels) Expression of the Cdk9, Hexim1, and Flag
epitope-tagged proteins was measured with appropriate anti-
bodies and represents 5% input of cell lysates.

shown). Interestingly, next to the published 40-kDa and
357-amino-acid human CycK protein (CycK-357) (Edwards
et al. 1998), the Ensembl database (http://www.ensembl.
org) provides information on a 580-amino-acid human
CycK protein with a predicted size of ~70 kDa. This form
of CycK differs from the original one in the C-terminal
proline-rich region (Fig. 1B).

Next, we generated stable cell lines expressing the Flag
epitope-tagged CycK (CycK-Flag), CycT1 (Flag-CycT1),
357-amino-acid form of CycK (Flag-CycK-357), and
empty plasmid vector (Flag-ev) in 293 cells. Western
blotting of the cell lysates probed with an antibody
against CycK revealed two proteins next to each other—
one belonging to the endogenous CycK, and another
belonging to CycK-Flag—confirming that this form of
CycK is expressed in cells (Fig. 2A, bottom panel, lane 2;
data not shown). To determine whether CycK interacts
with Cdk9, we immunoprecipitated CycK-Flag from
cells, but there was no detectable association of CycK
with Cdk9 (Fig. 1C, lane 8). Also, we could not observe
any association of the Flag-CycK-357 with Cdk9 or
Heximl (another P-TEFb-associated protein) (Fig. 1C,
lane 7), while the interaction of Flag-CycT1 with Cdk9
and Hexim1 was observed (see Fig. 1C, lane 6).

To investigate which kinases are associated with CycK,
we immunoprecipitated CycK-Flag stably expressed in
293 cells and identified associated proteins by high-
performance liquid chromatography (HPLC) electrospray
ionization mass spectrometry (ESI-MS) and tandem MS
(MS/MS) techniques. This experiment provided several
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Figure 2. CycK binds Cdk12 and Cdk13 in two separate complexes. (A) CycK interacts with Cdk12 and Cdk13, but not with Cdk9.
(Lanes 4-6) Flag epitope-tagged proteins or empty plasmid vector (ev) were immunoprecipitated from lysates of 293 cells,
immunoprecipitations were resolved by Western blotting, and bound proteins were identified with antibodies indicated on the right.
Lanes 1-3 represent 5% input of cell lysates. (B) Cdk12 and Cdk13 interact with CycK, rather than with CycL. (Lanes 5-8) HA epitope-
tagged proteins or empty plasmid vector (ev) were immunoprecipitated from lysates of 293 cells, immunoprecipitations were resolved
by SDS-PAGE, and bound proteins were identified with antibodies indicated on the right by Western blotting. Lanes 1-4 represent 5%
input of the cell lysates to the immunoprecipitation. Stars indicate the positions of HA epitope-tagged proteins. (C) CycK, Cdk12, and
Cdk13 comigrate in glycerol gradient. Lysates of 293 cells from control (left panel) or actinomycin D-treated (right panel) cells were
divided into 13 fractions by a glycerol gradient centrifugation. Amounts of endogenous proteins were assessed with antibodies indicated
on the inner sides of both panels by Western blotting. Numbers above and below the panels refer to the glycerol gradient fraction.
(LMM) Low molecular mass; (HMM) high molecular mass; (ActD) actinomycin D; (C) control. Five percent input of lysates in glycerol
gradients is presented in the panel on the left. (D) CycK colocalizes with Cdk12 and Cdk13. Expression of GFP- and Cherry-tagged
proteins in HeLa cells was visualized by confocal microscopy either alone or merged as indicated above the pictures. DAPI depicts for
the staining of the nucleus. (E) The CycK/Cdk13 complex is free of Cdk12. (Lanes 3,4) Cdk13-HA or HA-ev were immunoprecipitated
from the lysate of 293 cells and immunoprecipitations were resolved by SDS-PAGE followed by Western blotting, where bound proteins
were identified with antibodies indicated on the right. Lanes 1 and 2 represent 5% input of cell lysate. (F) The CycK/Cdk12 complex is
free of Cdk13. Endogenous Cdk12 or control (C) immunoprecipitation without antibody was carried out as in E. (Lanes 3,4) Proteins
identified by Western blotting are indicated on the right. Lanes 1 and 2 represent 5% input of cell lysate. (G) CycK stabilizes CycK/
Cdk12 and CycK/Cdk13 complexes. Proteins were knocked down in HCT116 cells by the indicated siRNAs and lysates were separated
by SDS-PAGE followed by Western blotting with the antibodies indicated on the side of the panels.
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peptides corresponding to Cdk12 and Cdk13 (Supplemen-
tal Table S1A). To confirm that Cdk12 and Cdk13 interact
with CycK, immunoprecipitations of endogenous Cdk12
and HA epitope-tagged Cdk13 (Cdk13-HA) proteins from
293 cells were carried out. The Coomassie blue-stained
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gel provided a band of 70-kDa protein in both immuno-
precipitations (data not shown). The HPLC ESI-MS and
MS/MS procedure identified that peptides isolated from
the 70-kDa bands represented the sequences of CycK
(Supplemental Fig. S1A). For the detailed list of peptides
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of CycK found in Cdk12 or Cdk13 immunoprecipitations,
see Supplemental Table S1B. Notably, CycK is evolution-
arily conserved, mainly in its N-terminal cyclin box and
also in the newly identified C-terminal proline-rich re-
gion, suggesting an important function of this protein in
the organisms (see Supplemental Fig. S1B). These exper-
iments established the existence of the 70-kDa CycK,
which is the CycK form referred to throughout the
present study. In addition, we did not find any evidence
for the existence of CycK-357 at the protein level even
though our antibody should, in principle, recognize both
forms of the protein.

CycK associates with Cdk12 and Cdk13 to form two
separate complexes: CycK/Cdk12 and CycK/Cdk13

To confirm that Cdk12 and Cdk13 indeed bind CycK, we
used 293 cells stably expressing CycK-Flag, Flag-CycT1,
and Flag-ev. We immunoprecipitated these Flag epitope-
tagged proteins and followed the binding of Cdks by
Western blotting (Fig. 2A). As expected, CycK-Flag bound
the endogenous Cdk12 and Cdk13 proteins but not Cdk9
and Cdk11 (Fig. 2A, lane 5), and Flag-CycT1 immunopre-
cipitated only endogenous Cdk9 protein, rather than
Cdkl11, Cdk12, or Cdkl13 (Fig. 2A, lane 6). Also, the Flag
epitope-tagged proteins were properly immunoprecipi-
tated (Fig. 2A, two bottom panels, lanes 5,6).

To further examine the association of kinases with
cyclins, we used 293 cells stably expressing Cdk13-HA,
Cdk12-HA, and Cdk9-HA proteins and empty plasmid
vector. HA epitope-tagged kinases were immunoprecipi-
tated, and Western blots were reprobed with antibodies
against CycK and CycT1 (Fig. 2B). Cdk9 associated only
with CycT1 rather than with CycK (Fig. 2B, lane 8); in
contrast, Cdk12 and Cdk13 associated only with CycK
(Fig. 2B, lanes 6,7). Also, all HA epitope-tagged proteins
were efficiently immunoprecipitated (Fig. 2B, top panel,
lanes 6-8). As overexpressed CycL was also shown to be
an interacting partner of Cdk12 and Cdk13 (Chen et al.
2006, 2007), we reprobed our Western blot with anti-CycL
antibody. However, none of the tested kinases interacted
with endogenous CycL (Fig. 2B, lanes 5-8). Coincidently,
with a recently published study (Bartkowiak et al. 2010),
we also did not recover any CycL peptides in Cdk12 and
Cdk13 immunoprecipitations subjected to LC-MS/MS.

To elucidate further the biochemical and functional
characteristics of these new CycK kinases, cell lysates
were fractionated on a 10%-30% glycerol gradient (Fig.
2C). As predicted, antibodies to CycK, Cdk12, and Cdk13
revealed significant overlap among these proteins in
fractions 5-9, while Cdk9 and Heximl proteins were
found in fractions 2-13 (Fig. 2C, left panel). Fractionation
of lysates from cells treated with actinomycin D, which
disrupts the large inactive complex of P-TEFb (Li et al.
2005; Yang et al. 2005), revealed almost no shift of
the CycK/Cdkl12 and CycK/Cdkl3 complexes; in con-
trast, Heximl and Cdk9 shifted to a lower molecular
mass fraction, as expected (Fig. 2C, right panel). These
experiments further confirm that CycK/Cdkl2 and
CycK/Cdk13 form different complexes from P-TEFDb in

CycK/Cdk12 maintains genomic stability

cells. Moreover, fluorescence microscopy experiments
analyzing GFP-fused CycK and Cherry-fused Cdk12 and
Cdk13 proteins also support our data that CycK is a bona
fide partner of these kinases, as CycK-GFP colocalized
with Cdk12-Cherry and Cdk13-Cherry (Fig. 2D).

Furthermore, we were interested in determining whether
CycK exists in mutually exclusive complexes with Cdk12
or Cdk13. We immunoprecipitated either Cdk13-HA or
endogenous Cdk12 from 293 cells and followed the Cdk12
or Cdk13 binding, respectively, by Western blotting (Fig.
2E,F). While Cdk13 did not coimmunoprecipitate with
Cdk12, CycK was efficiently recovered (Fig. 2E, lane 4).
Similarly, while the endogenous Cdk12 did not immuno-
precipitate Cdk13, its interaction with CycK was detected
(Fig. 2F, lane 4). This experiment indicates that CycK
forms two separate complexes with Cdk12 and Cdk13.
Interestingly, fluorescence microscopy analysis of Cdk12-
GFP and Cdk13-Cherry demonstrated colocalization be-
tween most of these two proteins; however, in certain
regions, Cdk12 and Cdk13 seem to exist independently of
each other (Supplemental Fig. S2A).

Taking into account that cyclin and Cdk subunits
usually stabilize each other in the heterodimer complex,
we explored this possibility with CycK/Cdk12 and CycK/
Cdk13 (Fig. 2G). We knocked down CycT1 in cells and
observed no significant change in Cdkl2 and Cdk13
levels, while Cdk9 and Heximl levels decreased |(al-
though not completely, due to the stabilization effect of
CycT2 on Cdk9) (Fig. 2G, lane 2). Knockdown of CycK led
to a significant decrease of levels of Cdkl2 and a slight
decrease of levels of Cdkl13 (Fig. 2G, lane 3). The loss of
Cdk12 resulted in a significant decrease in the amount of
CycK (Fig. 2G, lane 4). A similar situation occurred after
Cdk13 was depleted from cells (Fig. 2G, lane 5). The
knockdown of Cdkl12 and Cdkl3 together led to the
complete loss of CycK (Fig. 2G, lane 6). Complementing
these results, individual overexpression of Cdkl2 or
Cdk13 led to their inefficient expression; however, when
coexpressed with CycK, their protein levels increased
significantly, as these Cyc/Cdk complexes were stabi-
lized (Supplemental Fig. S2B, cf. lanes 1,4 and 2,3,5,6,
respectively). These experiments defined the existence of
two separate complexes: CycK/Cdkl12 and CycK/Cdk13.

CycK/Cdk12 can activate transcription
and phosphorylate Ser2 in the CTD of RNAPII

Since Cdkl2 has a kinase domain similar to Cdk9
(Malumbres et al. 2009), and work on CycK-357 indicated
its role in transcription (Edwards et al. 1998; Fu et al.
1999; Lin et al. 2002), we were interested in whether the
CycK/Cdkl12 can also regulate transcription (Fig. 3). To
begin to answer this question, we used an RNA-tethering
assay (Fig. 3A) that measures transcriptional activity (Fig.
3B). Indeed, when we coexpressed the Rev-Cdk9 chimera
with the SLIIB-CAT reporter plasmid, the levels of chlor-
amphenicol acetyltransferase (CAT) activity increased
>20-fold compared with when the reporter was coex-
pressed with the empty plasmid vector (Fig. 3B, cf. lanes 2
and 1). This increase was not detected when the kinase-
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Figure 3. CycK/Cdkl2 regulates transcription and phosphorylates Ser2 in the CTD of RNAPIL (A) Schematic depiction of
heterologous RNA tethering assay. Plasmid reporter used to test transcription contains modified HIV-LTR promoter (blue square)
followed by TAR (transactivation response RNA) (red square) with inserted stem-loop IIB (SLIIB) (yellow line in RNA) from the HIV Rev
response element (RRE). Nascent RNA (black dashed line) synthetized by RNAPII (violet oval) forms a dsRNA loop with the SLIIB
element. Rev-cdk fusion proteins tethered via SLIIB to paused RNAPII can release RNAPII when phosphorylate Ser2 (P) (red circle) in its
CTD (violet line), which results in the transcription of CAT reporter gene (yellow square). (B) Rev-Cdk12 activates transcription from
the SLIIB-CAT plasmid. The activity of the CAT reporter SLIIB-CAT coexpressed with empty plasmid vector (C) was set as 1, and bars
represent relative CAT activity obtained by the cotransfection of the reporter with indicated plasmids in HeLa cells. Western blotting
shows expression of Rev fusion proteins and actin. (C) Knockdown of CycK/Cdk12 decreases the global phosphorylation of Ser2 in the
CTD of RNAPIL. HCT116 cell were transfected with the indicated siRNAs, and the levels of proteins were followed with the indicated
antibodies by Western blotting. (D) CycK/Cdk12 phosphorylates Ser2 in the GST-CTD in vitro. Ten nanograms of GST-CTD was
incubated with increasing amounts (indicated by the triangle) of purified HA-ev, Cdkl12-HA, and Cdk9-HA. The amounts of

phosphorylated Ser2 (P-Ser2) were monitored by Western blotting with the indicated anti-Ser2 phospho-specific antibody.

inactive mutant of Cdk9, Rev-Cdk9D167N, was coex-
pressed (Fig. 3B, cf. lanes 1 and 3), confirming that an
increase in CAT activity, and thus transcription, is the
result of the kinase activity of Cdk9. Rev-Cdk9 and Rev-
Cdk9D167N expressed equally (Fig. 3B, cf. lanes 2 and 3).
Coexpression of Rev-Cdk12 with SLIIB-CAT resulted in
>10-fold increase in transcriptional activity (Fig. 3B, cf.
lanes 1 and 4), indicating that Cdk12 could also direct
transcription. Of note, expression levels of Rev-Cdk12
were lower than Rev-Cdk9 (Fig. 3B, cf. lanes 2 and 4).
Thus, CycK/Cdk12 can affect transcription.

As phosphorylation of Ser2 in the CTD of RNAPII is
thought to be critical to overcome an early elongation
block and for subsequent processivity of transcribing
polymerases (Peterlin and Price 2006; Egloff and Murphy
2008; Buratowski 2009), we examined whether the ab-
sence of CycK complexes affects its global levels (Fig. 3C).
We used 3E10 and H5 antibodies, both of which recognize
phosphorylated Ser2. While 3E10 predominantly recog-
nizes heptapeptides phosphorylated solely on the Ser2,
H5 is more specific for the phosphorylated Ser2 in the
context of phosphorylated neighboring Ser5 residues
(Chapman et al. 2007). Indeed, CycK knockdown resulted
in a significant decrease of phosphorylation of Ser2 when
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evaluated by both antibodies (Fig. 3C, cf. lanes 1 and 2),
and depletion of Cdk12 provided the same result (Fig. 3C,
cf. lanes 1 and 3). Knockdown of Cdk13 did not change the
levels of phosphorylation of Ser2 significantly (Bartkowiak
et al. 2010; data not shown).

To determine whether Cdk12 is able to directly phos-
phorylate Ser2 in the CTD of RNAPII, we performed an in
vitro kinase assay (Fig. 3D). For this purpose, we purified
HA-ev, Cdk12-HA, and Cdk9-HA proteins and incubated
them with the recombinant GST-CTD fusion protein. As
predicted, addition of increasing amounts of purified
Cdk12 and Cdk9 led to dose-dependent phosphorylation
of GST-CTD (Fig. 3D, lanes 5,6 and 8,9 respectively). We
conclude that the CycK/Cdk12 complex can phosphory-
late Ser2 in the CTD domain of RNAPII and control
transcription in human cells.

Depletion of CycK/Cdk12 changes the expression
of a small subset of genes

Since the depletion of CycK and Cdk12 had an effect on
levels of phosphorylation of Ser2 (Fig. 3C), we explored
the role of the CycK/Cdk12 complex in the regulation of
eukaryotic gene expression (Fig. 4). For this purpose, we
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Figure 4. CycK/Cdk12 knockdown changes expression of a small subset of human genes. (A) Distribution of genes either differentially
expressed or with no change of expression after CycK knockdown in HeLa cells. (B) The graph presents the distributions of the length of
all human genes (red) and genes down-regulated in expression microarray in Cdk12-depleted cells (green). Human gene length data were
obtained from the University of California at Santa Cruz (UCSC) Genome Browser. (C) The graph presents the distributions of the
number of exons in all human genes (red) and genes down-regulated in expression microarray in Cdk12-depleted cells (blue). Data about
the number of exons were obtained from the UCSC browser. (D) The classification of genes with reduced expression after CycK
knockdown is based on their enrichment relative to total numbers in their specific category. Significance is expressed as —log (P-value)
with a threshold value of 1.3 = —log (P = 0.05), and was calculated by the Ingenuity program using right-tailed Fischer’s exact test. (E)
Depiction of the BRCAI network. The network was generated by the Ingenuity program from genes down-regulated after CycK
knockdown. (Gray shapes) Genes down-regulated in the microarray; (white shapes) genes not found down-regulated in the microarray;
(oval) transcriptional regulator; (diamond) enzyme; (triangle) kinase; (trapezoid) transporter. A solid line represents direct interaction,
a dashed line indicates indirect interaction, a line without arrows indicates binding, and an arrow from protein A to protein B means
that protein A acts on protein B.

employed expression microarrays in cells depleted of
CycK. The data revealed that 3.9% of the genes were
down-regulated, 2.6% were up-regulated, and 93.5% were
unaffected (Fig. 4A). The RT-qPCR with selected genes
confirmed the validity of the microarray data, as ~85% of
the RT-qPCR data mirrored the microarray results (for
examples of validated genes, see Supplemental Fig. S3A).
Furthermore, expression microarrays in Cdkl12-depleted
cells showed that 2.14% of the genes were down-regulated,

0.53% were up-regulated, and 97.33% were not affected
(Supplemental Fig. S3B). A high Pearson correlation co-
efficient (r = 0.64) among the genes affected in both micro-
arrays further supports the hypothesis that CycK/Cdk12
acts as a complex (Supplemental Fig. S3C). For the numbers
of commonly affected genes in both microarrays, see
Supplemental Table S2. We were interested in the regula-
tion of expression by the CycK/Cdkl2 complex and fo-
cused our attention on the group of down-regulated genes.
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We compared gene length-based distributions of all
human genes with the down-regulated genes in Cdk12-
depleted cells (Fig. 4B). The group of down-regulated
genes showed higher frequencies of long genes in com-
parison with their representation among all human genes
(Fig. 4B, cf. both distributions). Analysis of the down-
regulated genes from the CycK microarray provided
a similar result (Supplemental Fig. S3D). For the compar-
ison of the representation of genes longer than 10 kb and
50 kb among all human genes and the down-regulated
genes in the CycK and Cdkl12 microarrays, see Supple-
mental Table S3. The genes with reduced expression after
Cdk12 or CycK knockdowns have higher numbers of
exons in comparison with all human genes (Fig. 4C;
Supplemental Fig. S3E, respectively). These analyses
suggest that CycK/Cdk12 directs expression of predom-
inantly long and complex genes. The identified down-
regulated genes in the CycK microarray were further
classified into gene ontology groups (Fig. 4D; for infor-
mation about the pathways enriched in the up-regulated
genes, see Supplemental Fig. S3F). In the classification
according to molecular and cellular function, DNA
replication, recombination, and repair scored the highest.
Network modeling using the Ingenuity Program identi-
fied as the top network the BRCA1 module. This centers
the BRCA1 protein in functional connection with the
key regulators of the FA pathway—proteins FANCI
and FANCD2, DNA damage sensor kinase ATR, and a sub-
unit of the SWI/SNF remodeling complex, SMARCC2)—
participating in the regulation of the DDR (Fig. 4E). These
proteins are the key components of several DDR path-
ways (Motoyama and Naka 2004; Harper and Elledge
2007; Jackson and Bartek 2009; Huen et al. 2010). The
complete list of DDR genes down-regulated in the micro-
array after depletion of CycK is in Supplemental Table S4.
Most of these DDR genes were also down-regulated in the
microarray from Cdkl2-depleted cells (Supplemental
Table S4, the Cdk12 column). These data demonstrated
that depletion of CycK/Cdk12 from cells resulted in dis-
rupted expression of a small subset of genes and in the
down-regulation of predominantly long, complex genes
and a group of DDR genes.

CycK/Cdk12 directs transcription of key DDR genes

Given the importance of genes from the BRCA1 module
for the DDR, we focused our attention on elucidating the
mechanism by which CycK/Cdkl12 contributes to their
expression (Fig. 5). To confirm the microarray data for
these genes, we knocked down CycK, Cdk12, and Cdk13
in cells and measured mRNA levels of BRCA1, ATR,
FANCI, FANCD2, and SMARCC2 genes by RT-qPCR
(Fig. 5A). Cells with depleted CycK had significantly
lower levels of mRNA for all five genes in comparison
with cells with control siRNA (Fig. 5A, cf. bars for control
and CycK siRNAs). Depletion of Cdkl2 provided the
same result except for the ATR gene (Fig. 5A, cf. bars for
control and Cdk12 siRNAs), while knockdown of Cdk13
resulted in no significant change in mRNA levels for all
five genes (Fig. 5A, cf. bars for control and Cdk13 siRNA).
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To determine whether knockdown of CycK, Cdk12, and
Cdk13 alters the protein levels of BRCA1, ATR, FANCI,
and FANCD2, we performed Western blotting (Fig. 5B).
Indeed, knockdown of CycK and also of Cdk12 resulted in
significantly lower levels of these proteins (Fig. 5B, lanes
2,3), in contrast to when Cdk13 was depleted (Fig. 5B, lane
4). These results suggest that CycK/Cdkl2 rather than
CycK/Cdk13 regulates expression of these genes and
show that the CycK/Cdk12 and CycK/Cdk13 complexes
have different functions in cells.

P-TEFD is considered to be the major Ser2 kinase and
was implicated in the regulation of transcriptional elon-
gation of most, if not all, protein-coding genes (Chao et al.
2000; Nechaev and Adelman 2008; Rahl et al. 2010). To
determine how depletion of P-TEFb and the CycK/Cdk12
complex affects BRCAI protein levels and global phos-
phorylation of Ser2, we knocked down both cyclin sub-
units of P-TEFb and the CycK/Cdkl12 complex (Fig. 5C).
As expected, loss of CycK/Cdkl2 but not of P-TEFb
resulted in lowered BRCAI levels (Fig. 5C, cf. lanes 1,2
and 3,4). Although depletion of CycK/Cdkl12 and P-TEFb
had a similar effect on the levels of phosphorylation of
Ser2 when measured by the 3E10 antibody (Fig. 5C, cf.
lanes 1-3 and 4), the phosphorylation of Ser2 detected by
the H5 antibody was reproducibly less affected by the loss
of P-TEFb than the CycK/Cdkl2 complex (Fig. 5C, cf.
lanes 1,2 and 3). It can be concluded that BRCAI ex-
pression is not sensitive to P-TEFb depletion.

To address the discrepancy between the significant
drop of global phosphorylation of Ser2 (Figs. 3C, 5C) and
few detected changes of gene expression (Fig. 4A; Supple-
mental Fig. S3B), we performed global nascent RNA anal-
ysis experiments (Lin et al. 2008) to determine whether
CycK/Cdk12 affects global transcription (Fig. 5D,E). To
measure nascent transcripts, cells were labeled with
3H-uridine and total RNA (processed and unprocessed)
was precipitated with trichloracetic acid. The rate of
global transcription was correlated in the amount of
SH-uridine labeling of newly synthetized RNA. Knock-
down of CycK/Cdk12 did not reduce the global rate of
transcription in comparison with control siRNA, while
treatment with the transcriptional inhibitor actinomycin
D resulted in its significant decrease (Fig. 5D). Similarly,
the amounts of *H-uridine-labeled polyadenylated nascent
mRNA purified with oligodT sepharose from CycK/Cdk12-
depleted cells did not exhibit any decrease within the total
polyadenylated RNA pool in comparison with control
siRNA (Fig. 5E), suggesting that RNAPII transcription
was not globally impaired in cells without CycK/Cdk12.

To examine whether the defect in the expression of
DDR genes (Fig. 5A,B) after CycK/Cdk12 depletion is tran-
scriptional, we performed nuclear run-on assays and
measured the levels of nascent RNA of BRCA1 and FANCI
genes by RT-qPCR (Fig. 5F). As a control, we measured the
levels of nascent RNA of the TNSK1BP1 gene that was not
differentially expressed in microarrays after CycK/Cdk12
knockdown. Levels of nascent RNA of BRCA1 and FANCI
genes were significantly reduced when CycK or Cdkl12
were silenced, but not when Cdk13 or control siRNA were
transfected. Importantly, treatment with actinomycin D


http://www.cshlpress.com

Downloaded from on January 15, 2025 - Published by Cold Spring Harbor Laboratory Press

CycK/Cdk12 maintains genomic stability

A G
1.6
g1 . X 2 mowonoE
810 |
< F - i A
E 1 8 ucC PR CR(5) CR(M) ST 3Down PolyA IR(3)
£
%8 1t BCycK
2 B
506 g OCdk12
£04 4
E OCdk13
02 11 5
2
0 H
S <& 8
e v S
2 e uc
3
8 aCycK
T
g
B Cc 3
siRNA:_ C K 12 13 siRNA: K 12 T1/T2 C
S e [+ Cdk13 - [—BRCA1
3 s «—P-Ser2-3E10
. e | Cdk12
- [«— P-Ser2-H5
— e =wem le—CycK
S S W s [<—RNAPII
| e =% [«BRCA1
— — s [« CycT1
- — |+—ATR
- - S [« CycT2
e e R
2 - B A - B L RN
.- 4 s o [TANCD2 [«— CycK e e e e [ e e —
——— ' PR CR() CRM) ST 3Down PolyA IR()
 cemrer st v, | +— HDACT — [ actin FANCE
1 2 3 4 1 2 3 4 040
035
D E Bowl |
27 14 1 3 o2
= L1
—_ S 020
10 _12 ° OCycK
£ 8 3 o5
3 s 104 £ o0
£ 8 2 S
g S s 2 005
g 6 5 0.00
£ 8 oz o
< £ 2| & 2
g E g z
E; % 4 PR CR(5) CR(M) ST 3Down PolyA IR(3)
g 2 2
g £,
T 8
™ 0 I
C  CycK Cdki2 ActD ® 0
C  CycK Cdki2 ActD
8 TNKS1BP1
GAPDH
. 021
16 7.000 ¢
0.18 +
14 6.000 |
0.15 +
1 5.000 |
12 F ucC 012 [

4.000

uc

@CycK
ocyeK

OCdk12
0Cdk13
OC+ActD

oCyek

3.000

2.000

1gG | RNAPII| 1gG | RNAPII 0.000

PR | IR(@3) |

Normalized to 0,1% of Input
°
Normalized to 0,1% of Input

Relative nascent RNA levels
8
8

RNAPI | 1gG | RNAPII

PR IR(3) |

BRCA1 FANCI TNKS1BP1

Figure 5. CycK/Cdk12 regulates transcription of key DDR genes. (A) Knockdown of CycK/Cdk12 results in decreased mRNA levels of
key DDR genes in HCT116 cells. Graphs present levels of mRNA of described genes in cells transfected with control (C), CycK, Cdk12,
or Cdk13 siRNA. RT-qPCR results are normalized to the mRNA of GAPDH. (B) Knockdown of CycK/Cdk12, rather than of CycK/
Cdk13, depletes protein levels of the DDR genes. HCT116 cell were transfected with indicated siRNAs, and protein levels were
measured with indicated antibodies by Western blotting. (C) Knockdown of P-TEFb does not decrease expression of the BRCAI gene.
HCT116 cells were transfected with the depicted siRNAs, and protein levels were measured by Western blotting with the indicated
antibodies. (D,E) Depletion of CycK/Cdk12 in cells does not affect the global transcription rate in nascent RNA analysis. HeLa cells were
transfected with indicated siRNA for 48 h or treated with actinomycin D for 1 h. The graphs present the ratio of RNA-incorporated *H-
uridine in precipitated nascent RNA (D] or in polyadenylated nascent mRNA (E) to free *H-uridine as a measure of the amount of cells.
Representative experiments are shown. (F) Reduction of nascent transcript of BRCA1 and FANCI in nuclear run-on from CycK/Cdk12-
depleted cells. HCT116 cells were transfected with indicated siRNA or treated with actinomycin D. Graphs show relative abundance of
nascent RNA transcripts for indicated genes in nuclear run-on measured by RT-qPCR. RT-qPCR results are normalized to the nascent
mRNA of GAPDH, and error bars indicate the standard deviation from three independent transfections. (G) Depletion of the CycK leads
to lower levels of the RNAPII on the promoters of BRCA1 and FANCI genes. ChIP analysis for the occupation of RNAPII on the regions
of indicated genes after transfection with mock or CycK siRNAs. Schemes depicting BRCA1 and FANCI genes show the position of ChIP
primers. Their location is marked by the arrows, and the number indicates their approximate distance in kilobases from the transcription
start site. (PR) Promotor; [CR(5)] 5’ prime of the coding region; [CR(M)] coding region; (ST) stop codon; (3Down) region down of the stop
codon; (PolyA) polyadenylation signal; [IR(3)] intergenic region. IgG corresponds to the empty beads control. Experiments are the results
of four (BRCA1 and FANCI) or three (TNSK1BP1 and GAPDH) independent transfections of HCT116 cells, and gPCR was performed in
triplicate for each transfection. Statistical significance of each pairwise comparison is depicted with a star; (*) P < 0.05.
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decreased the abundance of nascent transcripts for both CycK/Cdk12 is required for the maintenance
genes (Fig. 5F, cf. bars for BRCAI and FANCI genes). In of genomic stability
contrast, the amount of nascent RNA transcript for the

TNKS1BP1 gene was not affected in CycK/Cdk12-de- Since the CycK/Cdk12 complex regulates the expression
pleted cells (Fig. 5F, cf. bars for TNKS1BP1 gene). of several important DDR genes, we hypothesized that it

To further address the transcriptional defect on these should play a broad role in the cellular response to DNA
genes, we performed chromatin immunoprecipitation damage and in the maintenance of genomic stability (Fig.
(ChIP) with RNAPII on BRCA1 and FANCI genes (Fig. 6). We knocked down CycK in HeLa cells and measured
5G). ChIPs were performed in cells transfected with their sensitivity to various DNA-damaging agents in
mock or CycK siRNA using an antibody that recognizes survival assays (Smogorzewska et al. 2007; O’Connell
RNAPII and primers covering several regions of both et al. 2010). As a positive and negative control, we used

genes. In cells where CycK was depleted, we observed BRCAI and ATR siRNAs and scrambled siRNA, respec-
significantly less RNAPII on the promoter of FANCI and tively (Fig. 6A). Loss of CycK resulted in a strong and

BRCA1 compared with mock-transfected cells, while its dose-dependent sensitivity of cells to DSB inducers
levels on the other regions did not change significantly etoposide and camptothecin, an effect comparable with
(Fig. 5G, cf. bars). Likewise, RNAPII occupancy on the cells with depleted BRCA1 and ATR proteins (Fig. 6A).
ATR promoter was also reduced significantly in the ab- Knockdown of CycK also led to moderate sensitivity to
sence of CycK (data not shown). In contrast, amounts of mitomycin C, an agent causing DNA ICLs, indicating
RNAPII on the promoters of CycK/Cdkl2-independent that CycK may play a more general role in cellular re-
genes TNKS1BP1 and glyceraldehyde 3-phosphate de- sponse to DNA damage (Fig. 6A). Consistent with this
hydrogenase (GAPDH) were not affected significantly finding, CycK-depleted cells show increased levels of
(Fig. 5G). These experiments established that the de- mitomycin C-induced chromosome instability (data not
pletion of CycK/Cdk12 does not affect global transcrip- shown). As expected, knockdown of Cdk12 rather than of
tional rates, but CycK/Cdkl12 is the limiting factor that Cdk13 caused sensitivity of cells to etoposide, camptothe-
affects the transcription of a small subset of genes, cin, and mitomycin C (Supplemental Fig. S4), confirming
including some key DDR genes. the essential function of the CycK/Cdkl2 but not the
A B
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Figure 6. CycK/Cdk12 is required for the maintenance of genomic stability. (A) CycK-depleted cells are sensitive to a variety of DNA
damage agents. The graphs represent the results of survival assays of HeLa cells transfected with siRNA directed to the shown targets
and treated with either mitomycin C (MMC), etoposide (ETO), or camptothecin (CMT), or left untreated. Mean and standard deviation
values represent the result of at least three independent transfections. Cell viability was normalized to relative growth of cells
transfected with specific siRNA. (B) Depletion of CycK/Cdk12 induces DNA damage signaling. The graph shows percentage of positive
cells X median fluorescence intensity of HeLa cells transfected with indicated siRNAs or treated with etoposide (ETO), labeled with
v-H2AX antibody, and analyzed by fluorescence-activated cell counting. The results represent the values of four independent
experiments. (C,D) Knockdown of the CycK/Cdk12 complex causes spontaneous DNA damage. (C) U20S cells transfected with the
indicated siRNAs or treated with etoposide (ETO) were labeled with 53BP1 antibody or DAPI, and images showing 53BP1 foci were
visualized by indirect immunofluorescence. (D) Graph represents the quantification of cells positive for 53BP1 foci from three
independent experiments. Cells with at least five foci were considered positive, and a minimum of 300 cells were analyzed for each
condition in each experiment.
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CycK/Cdk13 complex in the cellular response to exoge- creased numbers of accumulated cells in G2-M phase
nous DNA damage. (Supplemental Fig. S5), indicating the activation of this

To address the role of the CycK/Cdk12 complex in the DNA damage cell cycle checkpoint (Lobrich and Jeggo
maintenance of genomic stability in the absence of 2007) and supporting the role of CycK/Cdkl2 in the
exogenous DNA damage, we measured the levels of maintenance of genomic stability. These data show that
v-H2AX (Fig. 6B) and the number of 53BP1 foci (Fig. CycK/Cdk12 regulates resistance of cells to the exoge-
6C,D) in cells depleted with either CycK or Cdkl12. nous DNA-damaging agents and is essential for the
Knockdown of CycK or Cdkl2 in HeLa cells caused an maintenance of genomic stability.

increase in the amount of y-H2AX protein. This increase
was similar to the situation in which BRCA1 was de-

pleted from cells and indicated that the loss of the CycK/ CycK is required for early embryonic development

Cdk12 complex in the absence of the exogenous DNA To define the function of CycK in an organism, we
damage induces DNA damage signaling (Fig. 6B). Since generated a CycK knockout mouse (Fig. 7). Mouse em-
53BP1 accumulates at the y-H2AX foci, it can be used as bryonic stem cells with B-geo gene trap insertion (plas-
another marker of DSBs in cells (Bonner et al. 2008); we mid) within intron 1 of the CycK gene were obtained from
observed the formation and counted the number of 53BP1 the German Gene Trap Consortium and were used to
foci in U20S cells without CycK and Cdkl2 using generate chimeric mice (Fig. 7A). Indeed, the trap could be
immunofluorescence microscopy (Fig. 6C,D). Silencing detected using primers to intron 1 (WTf and WTr) and
of CycK or Cdkl2 resulted in the formation of strong B-Geo (TRf and TRr) sequences (Fig. 7B). Since translation
53BP1 foci (five or more foci per cell) in ~20% of cells, in of CycK mRNA is initiated from the second exon, the
comparison with cells treated with control siRNA, where insertion of the trap vector within the first intron resulted
only ~5% of cells developed the foci. BRCAl-depleted in the loss-of-function allele of the CycK gene. Although
and etoposide-treated cells scored the strong foci in 20% our wild-type and heterozygous CycK*~ mice were
and 50% of cells, respectively (Fig. 6C,D). Cell cycle healthy, appeared normal, and reproduced well, their
analysis of CycK and Cdkl2-depleted cells showed in- mating did not generate any homozygous CycK '/~ off-
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Figure 7. Genetic inactivation of CycK leads to early embryonic lethality. (A) Schematic representation of wild-type (WT) and trapped
(TR) (CycK.B-geo) alleles. Wild-type and trapped loci contain one to 11 and one to four exons, respectively. The integration of the gene
trap vector into intron 1 of CycK resulted in the inactivation of the CycK gene. The insertion also led to an in-frame fusion of CycK
with the B-geo (encoding B-galactosidase and neomycin phosphotransferase) reporter gene. Arrows below the scheme represent primer
sets for wild-type (WT) (WTf and WTr) and trapped (TR) (TRf and TRr) alleles used in B. (B) Representative result of PCR genotyping.
PCR genotyping of genomic DNA from the adult mouse was performed with two sets of primers—WTf+WTr and TRf+TRr (shown in A,
below the mutant allele of the CycK gene]—to detect wild-type (lower band) and trapped (upper band) alleles of the CycK gene.
Genomic DNA was isolated from 3-wk-old mice. For the primers used, see the Supplemental Material. (C) The table presents the
results of genotyping of specified CycK embryos at indicated embryonic days. (D) Expression of CycK during mouse mid-gestation and
early embryogenesis. LacZ staining of heterozygous embryos was used to visualize spatiotemporal expression of CycK.B-geo, which
reflects transcription from the endogenous CycK promoter. Wild-type (+/+) and heterozygous (+/—) embryos were isolated at the given
embryonic day and stained with X-Gal. CycK was expressed in forming tissues and organs in E8.5 and E11.5 embryos. Importantly, the
expression of CycK was localized to the embryonic region and ectoderm in E6.5 and E7.5 embryos.
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spring. To examine further the function of CycK during
mouse development, embryos at embryonic day 4.5 (E4.5)
(blastocyst), E6.5, E7.5, E8.5, and E14.5 were genotyped (Fig.
7C). Importantly, no CycK~/~ embryos were detected at
any given time period, suggesting that CycK might play an
important role during early mouse development (Fig. 7C).

To further explore the spatiotemporal expression of
CycK in developing mouse embryos, LacZ staining was
monitored in E6.5, E7.5, E8.5, and E11.5 embryos. Since
its transcription is driven by the endogenous CycK pro-
moter, the expression of the hybrid CycK-B-Geo protein
reflects the expression of CycK (Fig. 7D). The B-Galacto-
sidase activity, monitored by blue staining, was detected
in the embryonic region (E6.5), embryonic ectoderm
(E7.5), and throughout the forming embryonic tissues
and organs (E8.5 and E11.5) (Fig. 7D).

Discussion

In this study, we report the identification of a 70-kDa
form of the human CycK and found Cdk12 and Cdk13 as
its bona fide partners. We show that depletion of the
CycK/Cdk12 complex affects expression of a small subset
of genes, predominantly relatively longer and complex
ones. The most prominent group of genes down-regulated
in the absence of CycK/Cdkl12 belongs to the group of
DDR genes such as BRCA1, ATR, FANCI, and FANCD2.
Consistent with this finding, CycK/Cdk12-depleted cells
are sensitive to a variety of DNA damage agents and
develop spontaneous DNA damage signaling. We propose
that the CycK/Cdk12 complex maintains genome stabil-
ity via regulation of expression of DDR genes.

We were unable to identify the previously described 40-
kDa CycK-357 at the level of mRNA (data not shown) or
protein (Fig. 1A}, and could not confirm any association of
CycK (both 40-kDa or 70-kDa forms) with Cdk9 (Fig. 1C;
Fuetal. 1999; Lin et al. 2002). However, it is still possible
that CycK-357 exists in other cells or during certain
developmental stages of an organism to play alternative
functions to CycK; for example, as a splicing variant.
Silencing of CycK or Cdkl12 resulted in an at least 50%
decrease of phosphorylation of bulk Ser2 (Figs. 3C, 5C). Of
note, the yeast homolog of Cdk12, Ctkl, is considered to
be the major Ser2 kinase, and Burl (homolog of P-TEFb)
partially contributes to bulk Ser2 phosphorylation (Cho
et al. 2001; Qiu et al. 2009). Since elongating RNAPII is
primarily phosphorylated at Ser2, it is surprising that
CycK/Cdk12 silenced cells did not show global transcrip-
tion defect (Figs. 4A, 5D). We can speculate that absence
of CycK/Cdkl12 can transform the cell into a different
pattern of CTD phosphorylation compatible with the
productive transcription on most of the genes. Alterna-
tively, modifications of neighboring residues of phosphor-
ylated Ser2 in the CTD can render phosphorylated Ser2
undetectable by the phospho-Ser2-specific antibodies. Of
note, yeast deficient of Ctkl or phosphorylated Ser2 do
not exhibit transcription defects (Cho et al. 2001; Ahn
et al. 2004; Kim et al. 2010).

Data from the microarray demonstrate that a subset of
genes have reduced expression in the absence of CycK.
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Interestingly, these genes were the ones associated with
the primary functions of the cell, such as DNA replica-
tion/repair or lipid/nucleic acid metabolism (Fig. 4D). We
present evidence that CycK/Cdkl2 is crucial for the
expression of many DDR genes, and for at least BRCA1,
FANCI, and ATR, the defect is transcriptional. The knock-
down of CycK resulted in lower amounts of RNAPII
on the promoters of BRCA1l, FANCI, and ATR genes
(Fig. 5G; data not shown), and amounts of their nascent
mRNA was reduced (Fig. 5F; data not shown). Since a
common feature of these and other CycK/Cdkl12-regu-
lated DDR genes is their length (tens of kilobases) and
high complexity (presence of many exons), it is attractive
to speculate that phosphorylation of Ser2 by Cdkl2
throughout the whole transcription unit might be the
major “bottleneck” for not only their efficient transcrip-
tion, but also proper splicing. However ChIP experiments
with phospho-Ser2-specific antibodies did not give any
signal on the body of the BRCA1 or FANCI genes (data
not shown). We did not observe accumulation of RNAPII
on the body of these genes in the absence of CycK (Fig.
5G) that would be indicative of aberrant transcriptional
processing or polyadenylation (Ahn et al. 2004; Kim et al.
2010). Of note, splicing-sensitive microarrays in the ab-
sence of CycK or Cdk12 did not show any splicing defect
for BRCA1, FANCI, ATR, FANCD2, and SMARCC?2 (data
not shown). As long genes are expressed at low levels
(Castillo-Davis et al. 2002), it might be that it is techni-
cally unfeasible to detect existing changes in the density/
modification of RNAPII on the body of these genes, as
their levels there are very low (Fig. 5G). Cdkl2 was
localized on several genes in Drosophila and its amounts
culminated in the middle and end of transcription units,
indicating that Cdk12 might indeed be responsible for the
phosphorylation of Ser2 in the middle and at the 3’ end of
some genes (Bartkowiak et al. 2010). What might cause the
drop of RNAPII levels at the promoters of these predom-
inantly long and complex genes? Several features of the
TATA-box core promoter elements were correlated to the
gene length, the number and size of exons, and the strength
of gene expression (Moshonov et al. 2008). The mechanis-
tic link of these correlations is unknown, but could explain
the less efficient loading of the RNAPII on the promoters
of these long and complex CycK/Cdk12-dependent genes.

Transcriptional regulation of BRCA1 and FA proteins is
significant in the development and progression of cancer;
however, the mechanism is largely unknown. Lower
expression of BRCA1 was identified in sporadic breast
cancer patients and was correlated with poor prognosis
(Thompson et al. 1995; Wilson et al. 1999). Reduced ex-
pression of FANCD2 protein was also reported in ovarian
cancer samples that showed genomic instability when
exposed to mitomycin C (Pejovic et al. 2006). CycK was
identified in a genome-wide shRNA screen as one of the
major proteins responsible for the resistance to the DNA
damage-inducing drug camptothecin (O’Connell et al.
2010). The strength of the CycK phenotype is comparable
with the effect of known regulators of camptothecin
resistance ATR and BRCA1, and also with newly identi-
fied protein MMS22L. This study also demonstrates that
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MMS22L is required for the resistance to mitomycin C
and the maintenance of genomic stability (O’Connell et al.
2010). Notably, we found decreased expression of MMS22L
in our microarrays when CycK or Cdkl2 was depleted
(Supplemental Table S4). These data support our finding
that CycK/Cdk12 directs DDR and maintenance of geno-
mic stability via regulation of expression of key DDR genes.

The role of CycK/Cdk9 in the pathways that maintain
genomic stability in response to replication stress has
been suggested recently (Yu et al. 2010; Yu and Cortez
2011). This work found that knockdown of CycK/Cdk9
causes impaired cell cycle recovery after challenge with
hydroxyurea and induction of y-H2AX in the absence of
exogenous DNA damage. However, expression defects of
DDR genes were excluded as a causative mechanism,
since depletion of Cdk9 did not show any changes in
expression of DDR genes in their transcriptional genome-
wide microarray. Consistently, transcriptional changes of
DDR genes were also not observed for the kinase-dead
mutant of Burl (yeast homolog of Cdk9) (Clausing et al.
2010). Our data show the down-regulation of many key
DDR genes in expression microarrays after knockdown of
CycK or Cdkl2 (Supplemental Table S4). Supported by
the biochemical and mechanistic characterization of
CycK complexes, we suggest that CycK/Cdk12 is a master
regulator of expression of DDR genes and an important
player in cellular response to DNA damage. Since a recent
study found Cdk12 among significantly mutated genes in
ovarian cancer, evidence pointing to its significant clin-
ical relevance is also accumulating (Bell et al. 2011).

We also analyzed mice with genetic inactivation of
CycK. We observed the lethal phenotype during early
mouse development. This implies that CycK/Cdk12 and/
or CycK/Cdk13 kinases play a major role during embryo
development, perhaps by the modulation of phosphory-
lation of the CTD of RNAPII during expression of the
genes regulating the development. Similarly, genetic in-
activation of CycT?2 led to embryonic lethality during the
preimplantation period (Kohoutek et al. 2009). These
results emphasize the importance of CTD kinases for
the regulation of early stages of development. Also, given
that CycK regulates expression of DDR genes and other
genes participating in the primary processes of the cell
(Fig. 4D), it is not surprising that the mouse knockout has
an early embryonic-lethal phenotype. Notably, BRCA1
and ATR knockout mice also have embryonically lethal
phenotypes (Hakem et al. 1996; de Klein et al. 2000).

In summary, this study identifies new players in
the emerging field of CTD kinases. It establishes
CycK/Cdkl12-directed transcription as a critical regula-
tory step in DDR and maintenance of genomic stability.
These findings should provide a foundation for future
research and potential medical therapeutic applications.

Materials and methods

Antibodies

Cdk11 and CycL antibodies were generous gifts of Dr. J. Lahti
(Loyer et al. 2008); BRCA1 antibody was a generous gift from Dr.
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K. Gardner (De Siervi et al. 2010). For more information on
antibodies, see the Supplemental Material.

Immunoprecipitation

Cells were lysed in buffer with 150 mM NaCl, 2 mM EDTA, 1%
NP-40, 10 mM Tris-HCI (pH 7.4), and protease (Sigma, P8340)
and phosphatase (Sigma, P00044) inhibitor. Lysate was pre-
cleared with G-Sepharose (GE Healthcare) for 1 h and then incu-
bated with either HA- or Flag-conjugated agarose (Sigma) or
a relevant antibody, followed by 1 h of incubation with the
G-Sepharose. Immunoprecipitates were washed three times with
0.5 mL of the lysis buffer, eluted from the beads with SDS sample
buffer, and boiled for 3 min. Immunoprecipitates were then
resolved on SDS-PAGE gel followed by Western blotting.

Constructs

For cloning purposes, the cDNA sequence for Cdk12 was PCR-
amplified from a eukaryotic expression vector kindly provided
by Dr. J. Pines (Ko et al. 2001). The Cdkl3 ¢cDNA was PCR-
amplified for subsequent cloning from a eukaryotic expression
plasmid kindly provided by Dr. A.-M. Geneviére (Even et al.
2006). The Rev fusion assay reporter plasmid encoding CAT and
pSLIIB-CAT, and plasmids encoding Rev-Cdk9 and Rev-
Cdk9D167N were described previously (Lin et al. 2002).

A CycK expression plasmid encoding the human 580-amino-
acid CycK with a C-terminal Flag tag was purchased from
Origene (pCMVentryCCNK, RC202024, cloned into Sgfll and
Mlul restriction sites), here termed pCycK-Flag. Eukaryotic
expression plasmids encoding C-terminally HA-tagged fusion
proteins were produced by ligating Cdkl2 and Cdkl13 PCR-
amplified cDNA into Nhel and AfIII restriction sites in the
pcDNA3.1 HA plasmid (Invitrogen), rendering pCdk12-HA and
pCdk13-HA, respectively. Expression plasmids encoding C-ter-
minally Flag-tagged Cdkl12 and Cdkl3 fusion proteins were
produced by oligo ligation of a 3xFlag tag sequence into the
pCdk12-HA and pCdk13-HA plasmids using restriction sites
AfllI-Xbal and AfllI-Xhol, respectively, while removing the HA
tag, rendering pCdk12-Flag and pCdkl13-Flag. An expression
plasmid encoding a C-terminal eGFP fusion of CycK was pro-
duced by ligating PCR-amplified eGFP ¢cDNA into the Mlul and
Xhol sites of pCycK-Flag, rendering pCycK-GFP. An expression
plasmid encoding untagged CycK was produced by restriction
linearization, fill-in, and religation of the pCycK-Flag plasmid,
removing the Flag tag, rendering pCycK. Expression plasmids
encoding a C-terminal mCherry fusion of Cdk12 and Cdk13
were produced by ligation of mCherry ¢cDNA into the pCdk12-
HA and pCdk13-HA plasmids using restriction sites AfllI-Xbal
and AfIlI-Xhol, respectively, rendering pCdk12-mCherry and
pCdk13-mCherry. An expression plasmid encoding a C-terminal
eGFP fusion of Cdk12 was produced by ligating PCR-amplified
eGFP cDNA into the AfIIl and Xbal sites of pCdk12-HA,
rendering pCdk12-GFP. Rev fusion expression plasmid for
Cdkl12 was produced by inserting PCR-amplified ¢cDNA for
Cdk12 into the pRev expression plasmid at restriction sites Nhel
and Sall, rendering pRev-Cdk12. The integrity of the DNA
sequence of the expression plasmids was verified by DNA
sequencing, and a 123-base-pair (bp) deletion in the N-terminal
region of the Cdk13 CDS was noted in plasmids encoding HA-
tagged and mCherry-tagged Cdk13. This in-frame deletion from
base pair 417 to 540 removes a 44-amino-acid region that is
outside the kinase domain and does not remove any known func-
tional protein region. To prepare the eukaryotic expression plas-
mid expressing the N-terminally Flag-tagged short form of CycK-
357, the corresponding DNA sequence was cloned into the BamHI
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and Xhol restriction sites, resulting in the vector, here rendering
pFlag-CycK-357. The cDNA of the human cycT1 was inserted
into the pcDNA3.1Flag vector (Invitrogen) by the PCR site-
directed insertion, resulting in N-terminally Flag-tagged CycT1,
here rendering pFlag-CycT1.

Stable cell lines

293 cells were transfected with appropriate plasmids using
Fugene6 (Roche) and were selected with either G418 (Flag-ev,
Flag-CycT1, Flag-CycK-357, CycK-Flag, and HA-ev) or hygro-
mycin (Cdk9-HA, Cdkl12-HA, and Cdk13-HA). The cell lines
carrying the stably integrated plasmid were expanded from the
single colony.

Rev fusion assay

HeLa cells were plated in 96-well format at 10,000 cells per well.
A total of 300 ng of plasmid was transfected using Fugene6
(Roche) according to the manufacturer’s protocol (30 ng of
pSLIIB-CAT and 270 ng of Rev fusion or empty control plasmid
as indicated in the text). After 48 h, CAT activity in the cell
lysate was measured by a scintillation counter. The protein
content of whole-cell lysate for normalization was determined
using the BCA protein determination kit (Pierce).

In vitro kinase assay

HA-tagged proteins were immunoprecipitated from the estab-
lished stable cell lines using HA agarose as described. Immuno-
precipitations were extensively washed, and bound HA-tagged
proteins were eluted with 1.5 pg of HA peptide (Sigma, 12149).
The kinase reaction was performed in the volume of 30 pL
containing 20 mM HEPES (pH 7.8), 400 uM ATP, 1.5 pg of BSA,
phosphatase inhibitor (1:1000; Sigma), and 10 ng of GST-CTD
(Proteinone, P4016-02), and with O uL, 1 pL, or 3 pL of eluted
immunoprecipitation. The kinase reaction was carried out for 30
min at 30°C and the reaction was stopped with 30 pL of 2X SDS
sample buffer. Reactions were resolved on SDS-PAGE gel and the
amount of phosphorylation of Ser2 was measured by Western
blotting with Ser2 phospho-specific antibody (Covance, H5).

Fluorescence-activated cell counting

Fluorescence cell counting after antibody staining was per-
formed as described previously (Krutzik et al. 2011). Phosphor-
ylated H2AX was detected using rabbit anti-phospho-H2AX
(20E3, Cell Signaling) as the primary antibody and Alexa594-labeled
donkey anti-rabbit (Molecular Probes Invitrogen) as the secondary
antibody. Cell counting was performed using a BD-FACSAria I
(Becton-Dickinson) installed with the BD-FACSDiva software, and
data were subsequently analyzed using Flow]Jo software.

Survival assay

HelLa cells were transfected with indicated siRNAs as described
in the Supplemental Material. The next day, the cells were
counted and equal numbers of cells were seeded, followed by
incubation with DNA-damaging agents mitomycin C, campto-
thecin, or etoposide for 6 d. The ratio of cells transfected with
specific siRNA and control siRNA in untreated cells was used to
normalize for the relative cell growth. The relative survival of
control siRNA-transfected cells after treatment with a DNA dam-
age agent was set to 100% as described previously (Smogorzewska
et al. 2007; O’Connell et al. 2010).
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RT-qPCR

HeLa cells were transfected with control or CycK siRNA as
described in the Supplemental Material. After 72, cells were
harvested and total RNA was isolated by the miRNeasy minikit.
A total of 0.5 pg of RNA was used for reverse transcription with
the M-MLV reverse transcriptase system and random primers
(Invitrogen, 28025-013 and 48190-011). Then, an equal amount
of cDNA was mixed with the LightCycler 480 probes master mix
(Roche Diagnostic, 4707494001). The amplifications of the
samples were carried out in a final volume of 20 pL in a reaction
mixture containing 5 pL of probes Master (Roche Diagnostics),
6 pL of H,O, 0.2 pL of forward primer, 0.2 uL of reverse primer,
0.2 pL of probe, and 3 wL of cDNA. The final concentration of
each primer was 1.0 wM, and the final concentration of the probe
was 1 pM. The amplifications were run on the LightCycler480II
(Roche Diagnostics) using the following conditions: initial acti-
vation step for 5 min at 95°C, followed by 40-45 cycles of 15 sec
at 95°C, and 35 cycles of 60 sec at 60°C and 1 sec 72°C. Changes
in gene expression were calculated using the comparative
threshold cycle method with GAPDH. All primers were synthe-
sized at VBC-Biotech, and probes were used from the universal
probe library (Roche Diagnostics).

Glycerol gradients

Glycerol gradients were performed as described previously
(Blazek et al. 2005). The cells were treated with 1 ug/mL actino-
mycin D (Sigma) for 1 h.

Expression microarray

HeLa cells were transfected with control, CycK, or Cdk12 siRNA
and left for 72 h. The total RNA from cells was purified using
miRNeasy minikit (Qiagen). A total of six samples were used:
three from the siRNA control and three from knockdown.
The high-resolution AltSplice expression microarrays were pro-
duced by Affymetrix, and the ¢cDNA samples were prepared
using GeneChip WT c¢cDNA Synthesis and Amplification kit
(Affymetrix 900673), followed by GeneChip Hybridization,
Wash, and Stain kit (Affymetrix 900720) using the Affymetrix
Gene Chip Fluidics Station 450, and were scanned on an
Affymetrix GeneChip Scanner 3000 7G. The resulting .CEL files
were first analyzed with version 3 of ASPIRE software (Konig
etal. 2010). The dTrank threshold, which combines fold transcript
level change (dT) and Student’s t-test, was calculated by ASPIRE
software and was applied to rank the genes. The genes were
considered to be differentially expressed when dTrank was >1. To
validate the changes in the expression of the genes predicted by
the microarray, RT-qPCR was performed with selected down-
regulated or up-regulated genes. Ingenuity program was used for
the gene ontology term and network modeling.

Correlation analysis

Correlation analysis was performed with all genes with dTrank
of >1 in CycK and Cdk12 microarrays (total of 1713 genes). The
Pearson correlation coefficient (r) was calculated among their dT
values in both data sets.

More Materials and Methods and a list of all primers are
available in the Supplemental Material.
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Abstract

development.

Phosphorylation of serine 2, BRCAT1, ATR, FANCI, FANCD2

The cyclin-dependent kinases (Cdks) regulate many cellular processes, including the cell cycle, neuronal
development, transcription, and posttranscriptional processing. To perform their functions, Cdks bind to specific
cyclin subunits to form a functional and active cyclin/Cdk complex. This review is focused on Cyclin K, which was
originally considered an alternative subunit of Cdk9, and on its newly identified partners, Cdk12 and Cdk13. We
briefly summarize research devoted to each of these proteins. We also discuss the proteins’ functions in the
regulation of gene expression via the phosphorylation of serine 2 in the C-terminal domain of RNA polymerase I,
contributions to the maintenance of genome stability, and roles in the onset of human disease and embryo

Keywords: Transcription, Posttranscriptional processing, DNA damage, P-TEFb, Cyclin L, CTD code, CTD kinase,

Introduction

The family of cyclin-dependent kinases (Cdks) consists
of 21 proteins whose activities usually require associa-
tion with a specific cyclin subunit [1]. The first Cdks to
be described were regulators of the cell cycle, such as
Cdkl, Cdk2, Cdk4, and Cdk6. Their corresponding
cyclins are also the most well characterized [2,3].
Another group of cyclin/Cdk complexes, including
cyclin H/Cdk7 and cyclin T/Cdk9, have cell cycle-inde-
pendent activities. These complexes are engaged in the
regulation of transcription and posttrancriptional mRNA
processing via the phosphorylation of the C-terminal
domain (CTD) of RNA polymerase II (RNAPII) and
other transcriptional regulators, such as DRB (5,6-
dichloro-1-f3-D-ribofuranosylbenzimidazole) sensitivity
inducing factor (DSIF) or negative elongation factor
(NELF) [4]. Recent work led to the characterization of
new transcription cycle-related Cdk complexes: cyclin
K/cyclin-dependent kinase 12 (CycK/Cdk12) and CycK/
Cdk13 [5,6]. In addition, it has been shown that CycK/
Cdk12 maintains genome stability by regulating the
expression of several important DNA damage response
(DDR) genes [5,7]. These findings were fueled by recent
developments in the field of RNAPII-mediated tran-
scription that led to: 1) increased interest in the
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elucidation of the CTD code [4,8]; 2) the finding that
promoter-paused RNAPII and elongation represent
important regulatory steps in gene expression [9,10]; 3)
the conclusion that phosphorylation of the CTD couples
transcription to other cellular processes [11-13]; and 4)
clarification of the relationship between what was con-
sidered to be the only human serine 2 (Ser2) CTD
kinase, Cdk9, and its two putative yeast homologs, Burl
and Ctkl [6,14].

A brief history of CycK, Cdk12, and Cdk13

CycK

Human CycK was first identified as a protein that can
rescue the lethality caused by deletion of the G1 cyclin
genes CLNI, CLN2, and CLN3 in Saccharomyces cerevi-
siae [15]. It was discovered as a 40-kDa and 357-amino
acid protein whose mRNA is ubiquitously expressed in
all tested human and mouse tissues, and most abun-
dantly in testis and ovaries [15]. Although at the time
its relevant Cdk was not known, its association with
RNAPII and potent in vitro and in vivo kinase activity
on the CTD of RNAPII was well documented [15]. This
activity was later associated with Cdk9, which was iden-
tified as a CycK interacting partner in a yeast two-
hybrid assay [16]. Since then, CycK has long been con-
sidered to be an alternative cyclin subunit of Cdk9,
together with CyclinT1 (CycT1) and two forms of
CyclinT2, CycT2a and CycT2b [17,18]. At that time, it
was also well-established that Cdk9 [in complex with

© 2012 Kohoutek and Blazek; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
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cyclin subunits, also called positive transcription elonga-
tion factor b (P-TEFb)], is a crucial regulator of tran-
scriptional elongation via phosphorylation of Ser2 in the
CTD of RNAPII [19,20]. The lack of interest in further
characterizing the CycK/Cdk9 complex probably
stemmed from the discovery that CycT1/Cdk9 is the
only Cdk9 complex able to bind HIV Tat protein and
support HIV transcription [21]. This finding led the
large majority of Cdk9 research to focus on the CycT1/
Cdk9 complex, while CycK (and also CycT2) was only
marginally studied. The only major functional difference
between CycK and the CycT1/T2 subunits was noted by
the Peterlin lab: when these cyclins are artificially teth-
ered to a promoter, CycK activated transcription only
via RNA recruitment, while CycT1 and CycT2 by both,
RNA and DNA recruitment [22]. The first hints that
CycK might not be associated with Cdk9 came from
several mass spectrometry studies that failed to identify
CycK associated with human Cdk9 complexes [23,24].
This was followed by the discovery that Drosophila
Cdk12 interacts with CycK and the notion that
metazoan CycK protein sequences are most similar to
Ctk2, a cyclin partner of Ctkl kinase, a yeast ortholog of
Cdk12 [6]. Finally, a recent study revealed that human
CycK is a 70-kDa and 580-amino acid protein with a C-
terminal proline-rich region [5]. It associates with
Cdk12 and Cdk13 in two separate complexes, but not
with its previously identified partner, Cdk9 [5].

Cdk12 and Cdk13
Cdk12 and Cdk13 were identified in cDNA screens for
cell cycle regulators. Because their cyclin partners were
not yet known, they were initially named CRKRS [25]
and CDC2L5 [26], respectively. They were found to be
1490- and 1512-amino acid proteins, respectively, with a
conserved central CTD kinase domain and degenerate
RS domains identified in their N- and C-terminal
regions [25-27]. Cdk12 was shown to phosphorylate
CTD of RNAPII, in vitro [25]. Based on the interaction
of Cdkl12 and Cdkl3 with overexpressed Cyclin L
(CycL), CycL was reported to be their regulatory subu-
nit, and the same studies suggested a role in the regula-
tion of alternative splicing [28,29]. However, recent
studies have reported that the endogenous Drosophila
Cdk12 and human Cdk12 and Cdk13 do not associate
with CycL, but rather with CycK [5,6]. In humans (and
likely in other higher organisms), CycK binds Cdk12
and Cdk13 in two separate complexes [5], while in Dro-
sophila, the related paralog of Cdk13 is missing and
there is only a CycK/Cdk12 complex [6,30,31].
Drosophila and human Cdk12 phosphorylate Ser2 in
the CTD of RNAPII, in vitro and in vivo [5,6], and
Cdk13 phosphorylates the CTD of RNAPII, in vitro [6].
The functional link between CycK and Cdk12 is strongly
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supported by the overlapping set of genes affected by
the absence of CycK or Cdk12, and their common phe-
notypes leading to genomic instability [5,7]. The exact
function of the CycK/Cdk13 is not known.

A study by Bartkowiak et al. also showed that yeast
Ctk2/Ctkl are homologs of CycK/Cdk12 (and Cdk13 in
mammals) and that yeast Bur2/Burl are homologs of
CycT/Cdk9 [6]. Since it was assumed for many years
that Cdk9 is a major Ser2 kinase in metazoan cells [20]
and that its Ser2 kinase activity is split in yeast between
its two homologs, Ctkl and Burl [14], these findings
represent an important milestone in our knowledge of
Ser2 kinases and their relevant cyclin subunits. Table 1
provides a summary of information on the transcription
cycle-related Cdks, their cyclin partners, yeast homologs,
and kinase activity on the CTD of RNAPIIL. Of note, we
could not identify the previously described 40-kDa form
of CycK [15] at the level of mRNA or protein and were
unable to confirm any association of the 40- or 70-kDa
forms of CycK with Cdk9 in several cell lines [5].
Although we cannot completely exclude the possibility
that CycK interacts with Cdk9 at certain developmental
stages or under certain physiological conditions, the
conclusions of several publications that consider CycK a
bona fide partner of Cdk9 should be evaluated
cautiously.

Domain composition of CycK, Cdk12, and Cdk13
CycK has two N-terminal cyclin boxes and a C-terminal
proline-rich region (Figure 1A). The N-terminal struc-
ture of CycK resembles the classical cyclin composition,
with two cyclin boxes consisting of fifteen helices that
mediate binding to a Cdk partner [42]. The newly
described proline-rich region [5] consists of several pro-
line-rich motifs (PRMs; Figure 1A). Proteins with PRMs
are recognized for their function in transcriptional regu-
lation, RNA processing, and alternative splicing [43].

The domain composition of Cdk12 is comparable to
Cdk13 (Figure 1B). In both proteins, CTD kinase
domain is localized in the center (Figure 1B), consists of
about 300 amino acids, and their sequences are highly
similar (> 93%). They contain a PITAIRE motif at the
conserved position of the PSTAIRE motif found in yeast
cdc2 and related kinases [25,26]. Like the cdc2 ATP-
binding region, Cdk12 and Cdk13 also have characteris-
tic threonine and tyrosine residues at the beginning of
the ATP-binding region, implicating these residues in
the regulation of the kinase activity. Both kinases also
have a threonine in the activation “T-loop’ that is typi-
cally phosphorylated by a Cdk-activating kinase [25] and
reviewed in [44,45].

There are 20 and 17 arginine/serine rich (RS) motifs
in the N-terminus of Cdk12 and Cdk13, respectively
(Figure 1B). RS domains serve as docking sites for the
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Table 1 Transcription-cycle related Cdks and their cyclin partners, yeast homologs, and kinase substrates

Cdk Other nomenclature Yeast homolog Cyclin Kinase activity on the CTD of RNAPII
Cdk7 CAK Kin28 CycH [32] Ser5 [33,34]
CAK1 Ser7 [34,35]
STK1
MO15
Cdk8 Stb10 CycC [36] CTD [37]
Cdk9-42 kDa PITALRE Burl [6] CycT1 [17,18] CycT2a/b [17,18] Ser2 [20]
Cdk9-55 kDa CycT1 [38]
Cdk11-46 kDa CyclL1 [39]
CyclL2 [39]
Cdk11-58 kDa CyclL1 [39]
Cycl2 [39]
CycD3 [40]
Cdk11-110 kDa PITSLRE Ste20 Cycl1 [3941] CTD [41]
cbcaL2 Cycl2 [3941]
Cdk12 CRKRS CRKS Ctk1 [6] CycK [5,6] Ser2 [5,6]
CRK7
PITAIRE
Cdk13 cbCaLs Ctk1 [6] CycK [5] CTD [6]
PITAIRE

assembly of protein complexes and are found in spli-
cing factors and regulators of splicing [46,47]. Cdk12,
Cdk13, and CycK are localized in nuclear speckles,
subnuclear structures enriched in mRNA splicing fac-
tors [5,25,28]. The common presence of the RS and
CTD kinase domains in these Cdks makes them ideal
candidates for coupling CTD phosphorylation with
transcription and splicing [48-50]. Modulation of the
level of Cdkl12 and Cdk13 protein in cells affects the
alternative splicing of certain splicing reporter con-
structs [27-29], and Cdk13 is suggested to be involved
in the phosphorylation of ASF/SF2 and in the alterna-
tive splicing of HIV [51]. However, these studies
involved the overexpression of Cdk12 and Cdk13,
without their relevant cyclin partner, and thus, their
direct roles in alternative splicing is still a matter of
future research. Notably, using splicing-sensitive
microarrays, we did not observe any significant splicing
defects in several genes that are differentially expressed
upon CycK or Cdk12 depletion [5].

Similar to CycK, PRMs are also present in the C-term-
inal region of both Cdks. In addition, Cdk12 carries one
more PRM motif in its central region and Cdk13 has
one in its N-terminus (Figure 1B). These PRMs may
serve as binding sites for SH3, WW, or profilin domain
containing proteins (reviewed in [52]). In contrast to
Cdk12, the N-terminus of Cdk13 contains an alanine-
rich motif with an unknown function. In addition, sev-
eral putative or verified bipartite and non-bipartite

nuclear localization signals have been described for both
kinases [25,28].

The CycK/Cdk12 complex phosphorylates Ser2 in
the CTD of RNAPII

RNAPII directs the transcription of protein coding
genes. The transcription process consists of several
stages, including preinitiation complex formation, pro-
moter clearance, pausing, productive elongation, and
termination [53,54]. This transcription cycle is tightly
linked to the co-transcriptional maturation of nascent
transcripts, including pre-mRNA splicing and polyade-
nylation [13,55]. RNAPII contains an unstructured
CTD with repeats of the evolutionarily conserved hep-
tapeptide, Y;S,P3T,S5P¢S,, where individual serines
(Ser2, 5, and 7), threonine, and tyrosine can be phos-
phorylated [20,56-59]. Several Cdks and phosphatases
regulate the phosphorylation status of the CTD and
subsequent binding of transcription and pre-mRNA
processing factors [4]. Patterns of phosphorylation (and
other posttranslational modifications) of the CTD form
the so-called “CTD code”, which defines the action of
RNAPII during the transcription cycle and directs the
posttranscriptional processing of nascent transcripts
[8]. Our knowledge of phosphorylation events on the
CTD is based mostly on data obtained with phospho-
specific antibodies. However, the reactivities of the
antibodies are often affected by modifications on
neighboring residues and the concentration used. In
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addition, they do not distinguish modifications among
individual repeats [57,60,61] (Saccharomyces cerevisiae
has 26, Drosophila has 44, and humans have 52 hepta-
peptide repeats [62]). Although these caveats should be
taken into account (discussed below), some aspects of
the CTD code and its role in the transcription cycle
are relatively well established. Unphosphorylated RNA-
PII is recruited to the promoter for preinitiation com-
plex assembly. Phosphorylation of Ser5 is a hallmark of
paused RNAPII and is mediated by Cdk7 during initia-
tion and promoter clearance. To release the paused
RNAPII and allow productive elongation, Ser2 is phos-
phorylated by Cdk9. In early elongation, Ser5 residues

are dephosphorylated, and the phosphorylation of Ser2
steadily accumulates to saturation while elongating on
the transcription unit. Termination results in depho-
sphorylation of the CTD, which makes the RNAPII
ready for another round of re-initiation (reviewed in
[4,20,56,63]). How do the CycK/Cdk12 and CycK/
Cdk13 affect phosphorylation of the CTD and regulate
gene expression? For a long time, Cdk9 was considered
to be the major elongation-associated Ser2 kinase in
mammalian cells [20]. However, recent studies have
found that Cdk12 phosphorylates Ser2, in vitro, and
depletion of Cdkl2 results in at least a fifty percent
decrease in Ser2 levels in human cells [5,6].
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Consistently, the requirement of Cdk12 for the bulk of
Ser2 phosphorylation has also been documented in
Drosophila, where Cdk12 also localized on several
active genes, in vivo, predominantly in the middle and
at the end of the transcriptional units [6]. In contrast,
knockdown of Cdk13 did not produce any observable
change in the levels of phosphorylated Ser2 [5,6]; how-
ever, subtle changes in the CTD phosphorylation were
observed [6]. Although Ser2 phosphorylation is thought
to be an important marker for the elongation of tran-
scripts of most protein-coding genes [64-66], depletion
of CycK and Cdk12 results in the downregulation of
only a small subset of genes (predominantly long and
complex ones) and in no change in the rate of global
transcription [5]. However, the downregulated genes,
including breast cancer type 1 (BRCA1), Fanconi ane-
mia complementation group I (FANCI), and ataxia tel-
angiectasia and rad3-related (ATR) had less RNAPII
on their promoters and reduced amounts of nascent
transcripts, which is indicative of a transcriptional
defect [5]. Whether the diminished expression of a
subset of genes is due to aberrant co-transcriptional
processing, as suggested by the length and complexity
of CycK/Cdkl2-dependent genes, is not currently
known. Notably, no global polyadenylation defects or
splicing defects in most of the down-regulated genes
were detected in the absence of CycK/Cdk12 [5].

A recent finding that Cdk12/13 and Cdk9 are homo-
logs of yeast Ctkl and Burl, respectively, provided
further insight into the possible role of Cdk12/13 and
Cdk9 kinases in metazoans [6]. In yeast, Ctkl is respon-
sible for most of the Ser2 phosphorylation in promoter-
distal regions and most of the Ser2 phosphorylation in
bulk [67-69], while Burl contributes to the phospho-
Ser2 marks at the 5" end of genes and the residual Ser2
phosphorylation [68,69]. Conspicuously, yeast deficient
in Ctkl or phosphorylated Ser2 do not have transcrip-
tional defects [67,70,71], a finding consistent with results
in mammalian cells depleted of CycK and Cdk12 [5].
These findings are surprising considering the well-recog-
nized role of phosphorylated Ser2 in the regulation of
transcriptional elongation [64-66]. However, there are
alternative explanations. For example, upon depletion of
Ctkl or Cdk12, phospho-Ser2-specific antibody does not
recognize phosphorylated Ser2 due to modification(s) of
neighboring residues in the CTD repeats. In a different
scenario, the absence of Ctkl or Cdk12 results in differ-
ent patterns of CTD phosphorylation, compatible with
productive elongation. Alternatively, the functional out-
come of phosphorylated Ser2 depends on which indivi-
dual CTD repeat it is positioned on and by what kinase;
phospho-Ser2 marks at certain CTD repeats deposited
by the P-TEFb would direct transcription, while the
ones at different CTD repeats deposited by the CycK/
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Cdk12 would be irrelevant for the efficiency of tran-
scription of most genes.

It was also shown that Ser2 is phosphorylated during
elongation by Ctkl, but Ctk1 is not required for associa-
tion of elongation factors with transcribing RNAPII [70].
A study by Kim et al. shows that depletion of Ctkl leads
to the accumulation of RNAPII at the poly(A) sites of
genes with good consensus poly(A) sites [71], while the
distribution of RNAPII on other genes is unaffected
[70,71]. This finding corresponds to the suggested role
of Ser2 phosphorylation in 3’ end RNA processing [70].

More insight into the function of phosphorylated Ser2,
Cdk12, and Cdk9 was provided through the use of two
phospho-Ser2-specific antibodies, H5 and 3E10.
Whereas H5 predominantly recognizes phosphorylated
Ser2 in the context of the phosphorylated neighboring
Ser5 mark, 3E10 is more specific to CTD phosphory-
lated solely at Ser2 [60]. Loss of CycK/Cdk12 dimin-
ished the bulk levels of phosphorylated Ser2 to a similar
extent when measured by both antibodies. The result
was distinct from what was seen with depletion of Cdk9,
where a smaller decline in Ser2 phosphorylation was
observed when measured by the H5 antibody compared
to the 3E10 antibody [5]. Interestingly, experiments in
yeast suggest that there are two forms of Ser2 marks,
one recognized by H5, which is dephosphorylated prior
to termination, and another recognized by 3E10, which
is dephosphorylated just after termination [72].

Because Ser2 phosphorylation is a marker of elongat-
ing RNAPII and is thought to be crucial for coupling
transcription with mRNA-processing and other cellular
processes, future studies untangling the physiological
role of Cdk12 in these mechanisms promises to bring
exciting findings.

CycK/Cdk12 in the maintenance of genome
stability

Genome stability is crucial for the viability of the cell
and prevention of diseases, such as cancer, and is
mediated by the DDR pathways [73,74]. Genome stabi-
lity is maintained through the cooperation of hundreds
of DDR proteins that detect lesions and mediate their
repair [75,76]. Reparation of each type of DNA lesion
requires the action of a specific group of DDR proteins.
BRCA1, ATR, ataxia telangiectasia mutated (ATM), and
Fanconi anemia proteins are at the core of several DDR
pathways and are crucial for the maintenance of genome
stability [77-79]. Many new players and cellular pro-
cesses essential for the maintenance of genome stability
have been identified from recent genome-wide screens
[80]. Pathways and factors with little explored connec-
tion to DDR, including those involved in transcription
and mRNA processing, were identified in several screens
[75,76,81]. Notably, transcriptional cyclin-dependent
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kinases and phosphorylation of the CTD of RNAPII
were functionally linked to the DDR and the mainte-
nance of genome stability via regulation of transcription
and mRNA processing [82,83].

Our work showed that the expression of several DDR
genes, including some core players involved in the main-
tenance of genome stability, is CycK/Cdk12-dependent
[5,7]. At least in the case of BRCA1, ATR, and FANCI,
the regulation is at the transcriptional level [5,7]. In
accordance with the observed down-regulation of many
DDR genes, cells without CycK/Cdk12 induce sponta-
neous DNA damage signaling, as indicated by the accu-
mulation of 53BP1 and y-H2AX foci and an increased
number of cells in the G2-M phase [5]. Cells depleted
of CycK/Cdkl12 are sensitive to various DNA damaging
agents, including camptothecin, mitomycin C, and eto-
poside. These compounds cause various types of DNA
lesions, and this sensitivity of CycK/Cdk12-depleted
cells to various types of DNA damage is consistent with
the proposed broad role of this complex in the DDR
and maintenance of genome stability [5,7]. CycK was
also independently identified in a genome-wide screen
for proteins mediating resistance to the DNA damage-
inducing compound, camptothecin [81].

A recent study by Yu et al. suggests a direct role for
CycK in replication stress response [84]. Cells depleted
of CycK show impaired cell cycle recovery after chal-
lenge with hydroxyurea and amphidicolin [84]. However,
this result can also be explained by the indirect effect of
decreased expression of ATR, the replication stress
response regulator, in CycK-depleted cells [5]. The con-
clusion of this study is also complicated by the fact that
CycK was studied as a cyclin subunit of Cdk9 [84].
Although a weak interaction of CycK with ATR was
detected [84], the possibility of a direct role for CycK/
Cdk12 in the replication stress response requires more
research. Another line of evidence supporting a role for
CycK in the DDR comes from the p53-dependent
expression of CycK in response to treatment with adria-
mycin, ultraviolet, or gamma irradiation [85].

Supported by biochemical, functional, and the evolu-
tionary characterization of the CycK/Cdk12 and CycT/
Cdk9 complexes [5,6], it is conceivable that both contri-
bute to the maintenance of genome stability, but through
different mechanisms. The CycK/Cdk12 complex main-
tains genome stability through the regulation of DDR
gene expression [5,7]. Consistently, its yeast homolog,
Ctk2/Ctkl, is also implicated in the expression of several
DDR genes, and a mutation in the Ctkl kinase domain
renders cells sensitive to DNA damage [83]. In contrast,
the function of Cdk9 and its yeast homolog, Burl, in the
maintenance of genome integrity appears to be direct
and independent of the modulation of DDR gene expres-
sion, as judged by results from genome-wide expression
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arrays [84,86]. Cdk9 was found in complex with replica-
tion stress response proteins ATR, ataxia telangiectasia
and Rad3-related interacting protein (ATRIP), and clas-
pin, and, upon replication stress, it localizes to chromatin
to eliminate the collapse of stalled replication forks [84].
The kinase activity of Cdk9 seems to be essential for cell
cycle recovery after replication stress, but whether the
CTD of RNAPII or other Cdk9-associated proteins are
substrates mediating this function is unknown [84]. Nota-
bly, the 55-kDa, but not the 42-kDa isoform, of Cdk9 was
shown to associate with Ku70, a protein directly involved
in DNA repair by non-homologous end-joining [87]. In
yeast, Burl binds the Rfal protein that protects ssDNA
and maintains genome stability during DNA replications
stress [86]. Deletion of the Rfal-binding domain in Burl
renders cells sensitive to hydroxyurea and methanesulfo-
nate [86].

Cdk12 and Cdk13 in disease

Considering that Cdk12 regulates the expression of sev-
eral cancer-related genes, such as BRCAI [5,7], it comes
as no surprise that the dysregulation of Cdk12 has been
identified in several cancers. A comprehensive genomic
approach identified CdkI2 to be one of the most fre-
quently somatically mutated genes in high-grade serous
ovarian cancer, the most fatal form of the disease [88].
Next to the nonsense and indel mutations that lead to
the loss of protein function, several point mutations in
the kinase domain have also been identified [88]. This
finding points to the critical importance of the kinase
activity of Cdk12 for the development/progression of
this disease. Since about half of the ovarian cancer sam-
ples were defective in homologous recombination (HR)
[88], we can speculate that the aberrant CTD kinase
activity of Cdk12 results in the down-regulation of sev-
eral HR regulators [5,7], and defective HR can lead to
the development of the disease [7].

Several pieces of evidence also point to an important
role for Cdk12 in the development of breast cancer.
Notably, Cdk12 is located on chromosome 17, within
the 17q21 locus that contains several candidate genes
for breast cancer susceptibility [89,90], and it is co-
amplified with the tyrosine kinase receptor ERBB2, a
protein amplified and overexpressed in about 20% of
breast tumors [91,92]. Gene fusion between Cdki12 and
ERBB2 was also detected in gastric cancer [93]. Cdk12
is also implicated in the modification of tamoxifen sensi-
tivity in estrogen-positive breast cancer via the modula-
tion of the mitogen-activated protein kinase pathway
[94]. Interestingly, decreased expression of BRCA1 was
linked to the occurrence of sporadic breast cancer and
is correlated with a poor prognosis for patients [95,96];
however, the mechanism of this aberrant expression is
poorly understood.
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Currently, less evidence exists for the clinical signifi-
cance of Cdk13. Increased levels of Cdk13 were found
in patients with refractory anemia with ringed sidero-
blasts, associated with marked thrombocytosis, a disease
caused by ineffective hematopoiesis [97]. Another report
demonstrates that Cdk13 is necessary for megakaryocyte
development [98]. It has been suggested that Cdk13
affects the splicing of HIV and might act as its restric-
tion factor [51] and that CycK inhibits HIV expression
by interfering with CycT1/Cdk9 complex formation in a
Nef-dependent manner [99].

Evidence is accumulating that the aberrant phosphoryla-
tion of CTD correlates with the onset and progression of
many diseases (for example, cardiac hypertrophy [100],
leukemia [101-103], and HIV [20,104,105]. Thus, the iden-
tification of Cdk12, along with Cdk9, as the major Ser2
kinases, makes these attractive candidate targets for the
development of small chemical inhibitors as therapeutic
agents. At present, approximately 30 compounds are
known to inhibit Ser2 phosphorylation in the CTD [106].
Among them, DRB and flavopiridol are mostly used in
research studies to inhibit Cdk9. It will be of great interest
to validate the ability of these compounds to inhibit the
Ser2 kinase activity of Cdk12 and to compare their effects
with the inhibition of Cdk9. So far, it has been suggested
that flavopiridol, the most specific inhibitor of Cdk9
[64,107], does not inhibit Cdk12 and Cdk13 in concentra-
tions sufficient for the inhibition of Cdk9 [63].

CycK in development

CycK complexes play a crucial role in embryo develop-
ment, as genetic inactivation of CycK in mice leads to a
lethal phenotype at the stage of the morula-blastocyst
transition [5]. However, currently we can only speculate
about the specific function of the CycK complexes in
embryo development. It is possible that CycK com-
plexes, through regulating phosphorylation of the CTD
of RNAPII, direct the expression of genes important for
the transition of individual developmental stages.
Although, no aberrant expression of genes known to be
involved directly in development was detected when
CycK or Cdk12 were depleted in human cell lines [5],
more physiologically relevant experiments in CycK
knock-out mouse embryonic stem cells could better
address this question. Genetic inactivation of other
cyclin/Cdk complexes involved in CTD phosphorylation
results in an embryonic lethal phenotype. For example,
inactivation of CycT2 leads to the death of embryos at
4-cell stage and depletion of CycT2 in mouse embryonic
stem cells affects the expression of Leftyl and Lefty2,
important regulators of early development [108]. Cdk8
was shown to be essential for preimplantation mouse
development, perhaps by affecting the transcriptional
repression of genes critical for an early cell fate
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determination [109]. Dysregulated expression of genes
responsible for DDR and the regulation of basic pro-
cesses in the cell could be another reason for the
embryonic lethal phenotype of the CycK knock out
mice [5]. In support of this hypothesis, knock out of
some members of the DDR pathways, such as ATR
[110,111] and BRCA1I [112], also lead to early embryonic
lethality in mice. The monitoring of CycK expression in
embryos by the activity of the beta-galactosidase gene
under the control of an endogenous CycK promoter
revealed that CycK is globally expressed in embryos at
different embryonic stages [5]. This observation corre-
lates with the proposed function of CycK in early
embryo development. Interestingly, the most distinct
signal was observed in the formation of neural tube and
brain structures at embryonic day 8.5 [5], suggesting an
important role for CycK in the process of neurogenesis.
In agreement with this observation, CycK was identified
as one of the factors necessary for the development of
nervous system in Drosophila [113]. A study performed
in Xenopus laevis showed that recruitment of CycK and
CycT2 has different effects on the endoderm-inducing
activity of the homeodomain protein, Mix.3 [114].

Perspective

Although research of CycK, Cdk12, and Cdk13 is at an
early stage, recent studies have already uncovered several
pieces of evidence of these proteins’ significant medical
relevance. In the next few years, we should learn more
about these proteins’ roles in regulation of transcription,
posttranscriptional mRNA processing, and other CTD
RNAPII-regulated cellular functions. These studies should
reveal more about the function of these proteins in cellular
processes, human disease, and embryonic development.

Acknowledgements

We wish to thank Koen Bartholomeeusen and Tomas Brdicka for their
helpful comments on the manuscript. D.B. is supported by the following
grants from the Czech Science Foundation (P305/11/1564), SoMoPro
(SRGA454), the Ministry of Education, Youth, and Sports (ME09047) and by
the project “CEITEC - Central European Institute of Technology” (CZ.1.05/
1.1.00/02.0068) and JK. by the grant from Ministry of Agriculture
(MZE0002716202).

Author details

'Department of Toxicology, Pharmacology and Immunotherapy, Veterinary
Research Institute, Hudcova 70, 62100 Brno, Czech Republic. “Central
European Institute of Technology (CEITEC), Masaryk University, 62500 Brno,
Czech Republic.

Authors’ contributions
Both JK and D.B. contributed to writing this article. Both authors read and
approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 25 March 2012 Accepted: 18 April 2012
Published: 18 April 2012



Kohoutek and Blazek Cell Division 2012, 7:12
http://www.celldiv.com/content/7/1/12

References

1.

20.

21.

22.

23.

24.

25.

Malumbres M, Harlow E, Hunt T, Hunter T, Lahti JM, Manning G,

Morgan DO, Tsai LH, Wolgemuth DJ: Cyclin-dependent kinases: a family
portrait. Nat Cell Biol 2009, 11(11):1275-1276.

Satyanarayana A, Kaldis P: Mammalian cell-cycle regulation: several Cdks,
numerous cyclins and diverse compensatory mechanisms. Oncogene
2009, 28(33):2925-2939.

Malumbres M, Barbacid M: Cell cycle, CDKs and cancer: a changing
paradigm. Nat Rev Cancer 2009, 9(3):153-166.

Buratowski S: Progression through the RNA polymerase Il CTD cycle. Mol
Cell 2009, 36(4):541-546.

Blazek D, Kohoutek J, Bartholomeeusen K, Johansen E, Hulinkova P, Luo Z,
Cimermancic P, Ule J, Peterlin BM: The Cyclin K/Cdk12 complex maintains
genomic stability via regulation of expression of DNA damage response
genes. Genes Dev 2011, 25(20):2158-2172.

Bartkowiak B, Liu P, Phatnani HP, Fuda NJ, Cooper JJ, Price DH, Adelman K
Lis JT, Greenleaf AL: CDK12 is a transcription elongation-associated CTD
kinase, the metazoan ortholog of yeast Ctk1. Genes Dev 2010,
24(20):2303-2316.

Blazek D: The cyclin K/Cdk12 complex: An emerging new player in the
maintenance of genome stability. Cell Cycle 2012, 11:(6):1049-1050.
Buratowski S: The CTD code. Nat Struct Biol 2003, 10(9):679-680.

Zeitlinger J, Stark A, Kellis M, Hong JW, Nechaev S, Adelman K, Levine M,
Young RA: RNA polymerase stalling at developmental control genes in
the Drosophila melanogaster embryo. Nat Genet 2007, 39(12):1512-1516.
Muse GW, Gilchrist DA, Nechaev S, Shah R, Parker JS, Grissom SF,
Zeitlinger J, Adelman K: RNA polymerase is poised for activation across
the genome. Nat Genet 2007, 39(12):1507-1511.

Pandit S, Wang D, Fu XD: Functional integration of transcriptional and
RNA processing machineries. Curr Opin Cell Biol 2008, 20(3):260-265.
Perales R, Bentley D: “Cotranscriptionality": the transcription elongation
complex as a nexus for nuclear transactions. Mol Cell 2009, 36(2):178-191.
Moore MJ, Proudfoot NJ: Pre-mRNA processing reaches back to
transcription and ahead to translation. Cell 2009, 136(4):638-700.

Wood A, Shilatifard A: Bur1/Bur2 and the Ctk complex in yeast: the split
personality of mammalian P-TEFb. Cell Cycle 2006, 5(10):1066-1068.
Edwards MC, Wong C, Elledge SJ: Human cyclin K, a novel RNA
polymerase ll-associated cyclin possessing both carboxy-terminal
domain kinase and Cdk-activating kinase activity. Mol Cell Biol 1998,
18(7):4291-4300.

Fu TJ, Peng J, Lee G, Price DH, Flores O: Cyclin K functions as a CDK9
regulatory subunit and participates in RNA polymerase Il transcription. J
Biol Chem 1999, 274(49):34527-34530.

Peng J, Zhu Y, Milton JT, Price DH: Identification of multiple cyclin
subunits of human P-TEFb. Genes Dev 1998, 12(5):755-762.

Wei P, Garber ME, Fang SM, Fischer WH, Jones KA: A novel CDK9-
associated C-type cyclin interacts directly with HIV-1 Tat and mediates
its high-affinity, loop-specific binding to TAR RNA. Cell 1998,
92(4):451-462.

Price DH: P-TEFb, a cyclin-dependent kinase controlling elongation by
RNA polymerase Il. Mol Cell Biol 2000, 20(8):2629-2634.

Peterlin BM, Price DH: Controlling the elongation phase of transcription
with P-TEFb. Mol Cell 2006, 23(3):297-305.

Garber ME, Wei P, KewalRamani VN, Mayall TP, Herrmann CH, Rice AP,
Littman DR, Jones KA: The interaction between HIV-1 Tat and human
cyclin T1 requires zinc and a critical cysteine residue that is not
conserved in the murine CycT1 protein. Genes Dev 1998,
12(22):3512-3527.

Lin X, Taube R, Fujinaga K, Peterlin BM: P-TEFb containing cyclin K and
Cdk9 can activate transcription via RNA. J Biol Chem 2002,
277(19):16873-16878.

Barboric M, Lenasi T, Chen H, Johansen EB, Guo S, Peterlin BM: 7SK snRNP/
P-TEFb couples transcription elongation with alternative splicing and is
essential for vertebrate development. Proc Natl Acad Sci USA 2009,
106(19):7798-7803.

Bezstarosti K, Ghamari A, Grosveld FG, Demmers JA: Differential
proteomics based on 180 labeling to determine the cyclin dependent
kinase 9 interactome. J Proteome Res 2010, 9(9):4464-4475.

Ko TK, Kelly E, Pines J: CrkRS: a novel conserved Cdc2-related protein
kinase that colocalises with SC35 speckles. J Cell Sci 2001, 114(Pt
14):2591-2603.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

Page 8 of 10

Marques F, Moreau JL, Peaucellier G, Lozano JC, Schatt P, Picard A,
Callebaut |, Perret E, Geneviere AM: A new subfamily of high molecular
mass CDC2-related kinases with PITAI/VRE motifs. Biochem Biophys Res
Commun 2000, 279(3):832-837.

Even Y, Durieux S, Escande ML, Lozano JC, Peaucellier G, Weil D,
Geneviere AM: CDC2L5, a Cdk-like kinase with RS domain, interacts with
the ASF/SF2-associated protein p32 and affects splicing in vivo. J Cell
Biochem 2006, 99(3):890-904.

Chen HH, Wang YC, Fann MJ: Identification and characterization of the
CDK12/cyclin L1 complex involved in alternative splicing regulation. Mol
Cell Biol 2006, 26(7):2736-2745.

Chen HH, Wong YH, Geneviere AM, Fann MJ: CDK13/CDC2L5 interacts
with L-type cyclins and regulates alternative splicing. Biochem Biophys
Res Commun 2007, 354(3):735-740.

Liu J, Kipreos ET: Evolution of cyclin-dependent kinases (CDKs) and CDK-
activating kinases (CAKs): differential conservation of CAKs in yeast and
metazoa. Mol Biol Evol 2000, 17(7):1061-1074.

Guo Z, Stiller JW: Comparative genomics of cyclin-dependent kinases
suggest co-evolution of the RNAP Il C-terminal domain and CTD-
directed CDKs. BMC Genomics 2004, 5:69.

Morgan DO, De Bondt HL: Protein kinase regulation: insights from crystal
structure analysis. Curr Opin Cell Biol 1994, 6(2):239-246.

Komarnitsky P, Cho EJ, Buratowski S: Different phosphorylated forms of
RNA polymerase Il and associated mRNA processing factors during
transcription. Genes Dev 2000, 14(19):2452-2460.

Akhtar MS, Heidemann M, Tietjen JR, Zhang DW, Chapman RD, Eick D,
Ansari AZ: TFIIH kinase places bivalent marks on the carboxy-terminal
domain of RNA polymerase II. Mol Cell 2009, 34(3):387-393.
Glover-Cutter K, Larochelle S, Erickson B, Zhang C, Shokat K, Fisher RP,
Bentley DL: TFlIH-associated Cdk7 kinase functions in
phosphorylation of C-terminal domain Ser7 residues, promoter-
proximal pausing, and termination by RNA polymerase Il. Mo/ Cell
Biol 2009, 29(20):5455-5464.

Tassan JP, Jaquenoud M, Leopold P, Schultz SJ, Nigg EA: Identification of
human cyclin-dependent kinase 8, a putative protein kinase partner for
cyclin C. Proc Natl Acad Sci USA 1995, 92(19):8871-8875.

Rickert P, Seghezzi W, Shanahan F, Cho H, Lees E: Cyclin C/CDK8 is a novel
CTD kinase associated with RNA polymerase Il. Oncogene 1996,
12(12):2631-2640.

Shore SM, Byers SA, Maury W, Price DH: Identification of a novel isoform
of Cdk9. Gene 2003, 307:175-182.

Loyer P, Trembley JH, Grenet JA, Busson A, Corlu A, Zhao W, Kocak M,
Kidd VJ, Lahti JM: Characterization of cyclin L1 and L2 interactions with
CDK11 and splicing factors: influence of cyclin L isoforms on splice site
selection. J Biol Chem 2008, 283(12):7721-7732.

Ji'Y, Xiao F, Sun L, Qin J, Shi S, Yang J, Liu Y, Zhou D, Zhao J, Shen A:
Increased expression of CDK11p58 and cyclin D3 following spinal cord
injury in rats. Mol Cell Biochem 2008, 309(1-2):49-60.

Dickinson LA, Edgar AJ, Ehley J, Gottesfeld JM: Cyclin L is an RS domain
protein involved in pre-mRNA splicing. J Biol Chem 2002,
277(28):25465-25473.

Baek K, Brown RS, Birrane G, Ladias JA: Crystal structure of human cyclin
K, a positive regulator of cyclin-dependent kinase 9. J Mol Biol 2007,
366(2):563-573.

Sudol M, Sliwa K, Russo T: Functions of WW domains in the nucleus. FEBS
Lett 2001, 490(3):190-195.

Fisher RP: Secrets of a double agent: CDK7 in cell-cycle control and
transcription. J Cell Sci 2005, 118(Pt 22):5171-5180.

Morgan DO: Principles of CDK regulation. Nature 1995,
374(6518):131-134.

Hertel KJ, Graveley BR: RS domains contact the pre-mRNA throughout
spliceosome assembly. Trends Biochem Sci 2005, 30(3):115-118.

Long JC, Caceres JF: The SR protein family of splicing factors: master
regulators of gene expression. Biochem J 2009, 417(1):15-27.

Mortillaro MJ, Blencowe BJ, Wei X, Nakayasu H, Du L, Warren SL, Sharp PA,
Berezney R: A hyperphosphorylated form of the large subunit of RNA
polymerase Il is associated with splicing complexes and the nuclear
matrix. Proc Natl Acad Sci USA 1996, 93(16):8253-8257.

de la Mata M, Alonso CR, Kadener S, Fededa JP, Blaustein M, Pelisch F,
Cramer P, Bentley D, Kornblihtt AR: A slow RNA polymerase Il affects
alternative splicing in vivo. Mol Cell 2003, 12(2):525-532.


http://www.ncbi.nlm.nih.gov/pubmed/19884882?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19884882?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19561645?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19561645?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19238148?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19238148?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19941815?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22012619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22012619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22012619?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20952539?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20952539?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22391210?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22391210?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12942140?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17994019?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17994019?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17994021?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17994021?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18436438?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18436438?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19854129?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19854129?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19239889?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19239889?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16721054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16721054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9632813?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9632813?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9632813?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10574912?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10574912?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9499409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9499409?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9491887?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9491887?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9491887?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10733565?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10733565?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16885020?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16885020?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9832504?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9832504?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9832504?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11884399?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11884399?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19416841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19416841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19416841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20593818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20593818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20593818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11683387?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11683387?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11162436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11162436?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16721827?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16721827?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16537916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16537916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17261272?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17261272?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10889219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10889219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10889219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15380029?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15380029?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15380029?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7517688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7517688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11018013?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11018013?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11018013?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19450536?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19450536?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19667075?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19667075?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19667075?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7568034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7568034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7568034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8700522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8700522?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12706900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12706900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18216018?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18216018?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18216018?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18008145?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18008145?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11980906?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11980906?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17169370?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17169370?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11223034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16280550?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16280550?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7877684?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15752982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15752982?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19061484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19061484?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8710856?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8710856?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8710856?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14536091?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14536091?dopt=Abstract

Kohoutek and Blazek Cell Division 2012, 7:12
http://www.celldiv.com/content/7/1/12

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

de la Mata M, Kornblihtt AR: RNA polymerase Il C-terminal domain
mediates regulation of alternative splicing by SRp20. Nat Struct Mol Biol
2006, 13(11):973-980.

Berro R, Pedati C, Kehn-Hall K, Wu W, Klase Z, Even Y, Geneviere AM,
Ammosova T, Nekhai S, Kashanchi F: CDK13, a new potential human
immunodeficiency virus type 1 inhibitory factor regulating viral mRNA
splicing. J Virol 2008, 82(14):7155-7166.

Ball LJ, Kuhne R, Schneider-Mergener J, Oschkinat H: Recognition of
proline-rich motifs by protein-protein-interaction domains. Angew Chem
Int Ed Engl 2005, 44(19):2852-2869.

Sims RJ 1ll, Belotserkovskaya R, Reinberg D: Elongation by RNA polymerase
II: the short and long of it. Genes Dev 2004, 18(20):2437-2468.

Fuda NJ, Ardehali MB, Lis JT: Defining mechanisms that regulate RNA
polymerase Il transcription in vivo. Nature 2009, 461(7261):186-192.
Lenasi T, Barboric M: P-TEFb stimulates transcription elongation and pre-
mMRNA splicing through multilateral mechanisms. RNA Biol 2010,
7(2):145-150.

Egloff S, Murphy S: Cracking the RNA polymerase Il CTD code. Trends
Genet 2008, 24(6):280-288.

Phatnani HP, Greenleaf AL: Phosphorylation and functions of the RNA
polymerase Il CTD. Genes Dev 2006, 20(21):2922-2936.

Hsin JP, Sheth A, Manley JL: RNAP Il CTD phosphorylated on threonine-4
is required for histone mRNA 3" end processing. Science 2011,
334(6056):683-686.

Palancade B, Bensaude O: Investigating RNA polymerase II carboxyl-
terminal domain (CTD) phosphorylation. Fur J Biochem 2003,
270(19):3859-3870.

Chapman RD, Heidemann M, Albert TK, Mailhammer R, Flatley A,
Meisterernst M, Kremmer E, Eick D: Transcribing RNA polymerase Il is
phosphorylated at CTD residue serine-7. Science 2007,
318(5857):1780-1782.

Jones JC, Phatnani HP, Haystead TA, MacDonald JA, Alam SM, Greenleaf AL:
C-terminal repeat domain kinase | phosphorylates Ser2 and Ser5 of RNA
polymerase Il C-terminal domain repeats. J Biol Chem 2004,
279(24):24957-24964.

Allison LA, Wong JK, Fitzpatrick VD, Moyle M, Ingles CJ: The C-terminal
domain of the largest subunit of RNA polymerase Il of Saccharomyces
cerevisiae, Drosophila melanogaster, and mammals: a conserved
structure with an essential function. Mol Cell Biol 1988, 8(1):321-329.
Bartkowiak B, Greenleaf AL: Phosphorylation of RNAPII: To P-TEFb or not
to P-TEFb? Transcription 2011, 2(3):115-119.

Chao SH, Price DH: Flavopiridol inactivates P-TEFb and blocks most RNA

polymerase Il transcription in vivo. J Biol Chem 2001, 276(34):31793-31799.

Nechaev S, Adelman K: Promoter-proximal Pol II: when stalling speeds
things up. Cell Cycle 2008, 7(11):1539-1544.

Rahl PB, Lin CY, Seila AC, Flynn RA, McCuine S, Burge CB, Sharp PA, Young RA:
c-Myc regulates transcriptional pause release. Cell 2010, 141(3):432-445.
Cho EJ, Kobor MS, Kim M, Greenblatt J, Buratowski S: Opposing effects of
Ctk1 kinase and Fcp1 phosphatase at Ser 2 of the RNA polymerase Il C-
terminal domain. Genes Dev 2001, 15(24):3319-3329.

Liu Y, Warfield L, Zhang C, Luo J, Allen J, Lang WH, Ranish J, Shokat KM,
Hahn S: Phosphorylation of the transcription elongation factor Spt5 by
yeast Burl kinase stimulates recruitment of the PAF complex. Mol Cell
Biol 2009, 29(17):4852-4863.

Qiu H, Hu C, Hinnebusch AG: Phosphorylation of the Pol Il CTD by KIN28
enhances BUR1/BUR2 recruitment and Ser2 CTD phosphorylation near
promoters. Mol Cell 2009, 33(6):752-762.

Ahn SH, Kim M, Buratowski S: Phosphorylation of serine 2 within the RNA
polymerase Il C-terminal domain couples transcription and 3" end
processing. Mol Cell 2004, 13(1):67-76.

Kim H, Erickson B, Luo W, Seward D, Graber JH, Pollock DD, Megee PC,
Bentley DL: Gene-specific RNA polymerase Il phosphorylation and the
CTD code. Nat Struct Mol Biol 2010, 17(10):1279-1286.

Bataille AR, Jeronimo C, Jacques PE, Laramee L, Fortin ME, Forest A,
Bergeron M, Hanes SD, Robert F: A Universal RNA Polymerase Il CTD
Cycle Is Orchestrated by Complex Interplays between Kinase,
Phosphatase, and Isomerase Enzymes along Genes. Mol Cell 2012,
45(2):158-170.

Jackson SP, Bartek J: The DNA-damage response in human biology and
disease. Nature 2009, 461(7267):1071-1078.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

Page 9 of 10

Ciccia A, Elledge SJ: The DNA damage response: making it safe to play
with knives. Mol Cell 2010, 40(2):179-204.

Matsuoka S, Ballif BA, Smogorzewska A, McDonald ER I, Hurov KE, Luo J,
Bakalarski CE, Zhao Z, Solimini N, Lerenthal Y, et al: ATM and ATR substrate
analysis reveals extensive protein networks responsive to DNA damage.
Science 2007, 316(5828):1160-1166.

Paulsen RD, Soni DV, Wollman R, Hahn AT, Yee MC, Guan A, Hesley JA,
Miller SC, Cromwell EF, Solow-Cordero DE, et al: A genome-wide siRNA
screen reveals diverse cellular processes and pathways that mediate
genome stability. Mol Cell 2009, 35(2):228-239.

Cimprich KA, Cortez D: ATR: an essential regulator of genome integrity.
Nat Rev Mol Cell Biol 2008, 9(8):616-627.

Smogorzewska A, Matsuoka S, Vinciguerra P, McDonald ER Ill, Hurov KE,
Luo J, Ballif BA, Gygi SP, Hofmann K, D'Andrea AD, et al: Identification of
the FANCI protein, a monoubiquitinated FANCD2 paralog required for
DNA repair. Cell 2007, 129(2):289-301.

Moldovan GL, D'Andrea AD: How the fanconi anemia pathway guards the
genome. Annu Rev Genet 2009, 43:223-249.

Harper JW, Elledge SJ: The DNA damage response: ten years after. Mo/
Cell 2007, 28(5):739-745.

O'Connell BC, Adamson B, Lydeard JR, Sowa ME, Ciccia A, Bredemeyer AL,
Schlabach M, Gygi SP, Elledge SJ, Harper JW: A Genome-wide
Camptothecin Sensitivity Screen Identifies a Mammalian MMS22L-
NFKBIL2 Complex Required for Genomic Stability. Mol Cell 2010,
40(4):645-657.

Munoz MJ, de la Mata M, Kornblihtt AR: The carboxy terminal domain of
RNA polymerase Il and alternative splicing. Trends Biochem Sci 2010,
35(9):497-504.

Ostapenko D, Solomon MJ: Budding yeast CTDK-I is required for DNA
damage-induced transcription. Eukaryot Cell 2003, 2(2):274-283.

Yu DS, Zhao R, Hsu EL, Cayer J, Ye F, Guo Y, Shyr Y, Cortez D: Cyclin-
dependent kinase 9-cyclin K functions in the replication stress response.
EMBO Rep 2010, 11(11):876-882.

Mori T, Anazawa Y, Matsui K, Fukuda S, Nakamura Y, Arakawa H: Cyclin K as
a direct transcriptional target of the p53 tumor suppressor. Neoplasia
2002, 4(3):268-274.

Clausing E, Mayer A, Chanarat S, Muller B, Germann SM, Cramer P, Lisby M,
Strasser K: The transcription elongation factor Bur1-Bur2 interacts with
replication protein A and maintains genome stability during replication
stress. J Biol Chem 2010, 285(53):41665-41674.

Liu H, Herrmann CH, Chiang K, Sung TL, Moon SH, Donehower LA, Rice AP:
55K isoform of CDK9 associates with Ku70 and is involved in DNA
repair. Biochem Biophys Res Commun 2010, 397(2):245-250.

The Cancer Research Atlas Genome Network: Integrated genomic analyses
of ovarian carcinoma. Nature 2011, 474:(7353):609-615.

Kauraniemi P, Barlund M, Monni O, Kallioniemi A: New amplified and
highly expressed genes discovered in the ERBB2 amplicon in breast
cancer by ¢cDNA microarrays. Cancer Res 2001, 61(22):8235-8240.
Kauraniemi P, Kuukasjarvi T, Sauter G, Kallioniemi A: Amplification of a 280-
kilobase core region at the ERBB2 locus leads to activation of two
hypothetical proteins in breast cancer. Am J Pathol 2003,
163(5):1979-1984.

Benusiglio PR, Pharoah PD, Smith PL, Lesueur F, Conroy D, Luben RN,

Dew G, Jordan C, Dunning A, Easton DF, et al: HapMap-based study of the
17921 ERBB2 amplicon in susceptibility to breast cancer. Br J Cancer
2006, 95(12):1689-1695.

Sircoulomb F, Bekhouche |, Finetti P, Adelaide J, Ben Hamida A, Bonansea J,
Raynaud S, Innocenti C, Charafe-Jauffret E, Tarpin C, et al: Genome profiling
of ERBB2-amplified breast cancers. BVMC Cancer 2010, 10:539.

Zang ZJ, Ong CK, Cutcutache |, Yu W, Zhang SL, Huang D, Ler LD,

Dykema K, Gan A, Tao J, et al: Genetic and structural variation in the
gastric cancer kinome revealed through targeted deep sequencing.
Cancer Res 2011, 71(1):29-39.

lorns E, Martens-de Kemp SR, Lord CJ, Ashworth A: CRK7 modifies the
MAPK pathway and influences the response to endocrine therapy.
Carcinogenesis 2009, 30(10):1696-1701.

Wilson CA, Ramos L, Villasenor MR, Anders KH, Press MF, Clarke K, Karlan B,
Chen JJ, Scully R, Livingston D, et al: Localization of human BRCA1 and its
loss in high-grade, non-inherited breast carcinomas. Nat Genet 1999,
21(2):236-240.


http://www.ncbi.nlm.nih.gov/pubmed/17028590?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17028590?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18480452?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18480452?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18480452?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15880548?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15880548?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15489290?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15489290?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19741698?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19741698?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20305375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20305375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18457900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17079683?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17079683?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22053051?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22053051?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14511368?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14511368?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18079404?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18079404?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15047695?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15047695?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3122024?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3122024?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3122024?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3122024?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21826281?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21826281?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11431468?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11431468?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18469524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18469524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20434984?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11751637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11751637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11751637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19581288?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19581288?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19328068?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19328068?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19328068?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14731395?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14731395?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14731395?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20835241?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20835241?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22284676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22284676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22284676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19847258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19847258?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20965415?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20965415?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17525332?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17525332?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19647519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19647519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19647519?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18594563?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17412408?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17412408?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17412408?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19686080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19686080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18082599?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21055985?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21055985?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21055985?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20418102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20418102?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12684377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12684377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20930849?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20930849?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11988847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11988847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21075850?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21075850?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21075850?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20493174?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20493174?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21720365?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21720365?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11719455?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11719455?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11719455?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14578197?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14578197?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14578197?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17117180?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17117180?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20932292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20932292?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21097718?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21097718?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19651820?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19651820?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9988281?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9988281?dopt=Abstract

Kohoutek and Blazek Cell Division 2012, 7:12
http://www.celldiv.com/content/7/1/12

96. Thompson ME, Jensen RA, Obermiller PS, Page DL, Holt JT: Decreased
expression of BRCA1 accelerates growth and is often present during
sporadic breast cancer progression. Nat Genet 1995, 9(4):444-450.

97. Malcovati L, Della Porta MG, Pietra D, Boveri E, Pellagatti A, Galli A,
Travaglino E, Brisci A, Rumi E, Passamonti F, et al: Molecular and clinical
features of refractory anemia with ringed sideroblasts associated with
marked thrombocytosis. Blood 2009, 114(17):3538-3545.

98. Lapidot-Lifson Y, Patinkin D, Prody CA, Ehrlich G, Seidman S, Ben-Aziz R,
Benseler F, Eckstein F, Zakut H, Soreq H: Cloning and antisense
oligodeoxynucleotide inhibition of a human homolog of cdc2 required
in hematopoiesis. Proc Natl Acad Sci USA 1992, 89(2):579-583.

99. Khan SZ, Mitra D: Cyclin K inhibits HIV-1 gene expression and replication
by interfering with cyclin-dependent kinase 9 (CDK9)-cyclin T1
interaction in Nef-dependent manner. J Biol Chem 2011,
286(26):22943-22954.

100. Kulkarni PA, Sano M, Schneider MD: Phosphorylation of RNA polymerase I
in cardiac hypertrophy: cell enlargement signals converge on cyclin T/
Cdk9. Recent Prog Horm Res 2004, 59:125-139.

101. Lin C, Smith ER, Takahashi H, Lai KC, Martin-Brown S, Florens L,

Washburn MP, Conaway JW, Conaway RC, Shilatifard A: AFF4, a
component of the ELL/P-TEFb elongation complex and a shared subunit
of MLL chimeras, can link transcription elongation to leukemia. Mol Cell
2010, 37(3):429-437.

102. Mueller D, Bach C, Zeisig D, Garcia-Cuellar MP, Monroe S, Sreekumar A,
Zhou R, Nesvizhskii A, Chinnaiyan A, Hess JL, et al: A role for the MLL
fusion partner ENL in transcriptional elongation and chromatin
modification. Blood 2007, 110(13):4445-4454.

103. Bitoun E, Oliver PL, Davies KE: The mixed-lineage leukemia fusion partner
AF4 stimulates RNA polymerase Il transcriptional elongation and
mediates coordinated chromatin remodeling. Hum Mol Genet 2007,
16(1):92-106.

104. He N, Liu M, Hsu J, Xue Y, Chou S, Burlingame A, Krogan NJ, Alber T,
Zhou Q: HIV-1 Tat and host AFF4 recruit two transcription elongation
factors into a bifunctional complex for coordinated activation of HIV-1
transcription. Mol Cell 2010, 38(3):428-438.

105. Sobhian B, Laguette N, Yatim A, Nakamura M, Levy Y, Kiernan R,
Benkirane M: HIV-1 Tat assembles a multifunctional transcription
elongation complex and stably associates with the 7SK snRNP. Mol Cell
2010, 38(3):439-451.

106. Krystof V, Chamrad I, Jorda R, Kohoutek J: Pharmacological targeting of
CDK9 in cardiac hypertrophy. Med Res Rev 2010, 30(4):646-666.

107. Chao SH, Fujinaga K, Marion JE, Taube R, Sausville EA, Senderowicz AM,
Peterlin BM, Price DH: Flavopiridol inhibits P-TEFb and blocks HIV-1
replication. J Biol Chem 2000, 275(37):28345-28348.

108. Kohoutek J, Li Q, Blazek D, Luo Z, Jiang H, Peterlin BM: Cyclin T2 is
essential for mouse embryogenesis. Mol Cell Biol 2009, 29(12):3280-3285.

109. Westerling T, Kuuluvainen E, Makela TP: Cdk8 is essential for
preimplantation mouse development. Mol Cell Biol 2007,
27(17)6177-6182.

110. Brown EJ, Baltimore D: ATR disruption leads to chromosomal
fragmentation and early embryonic lethality. Genes Dev 2000,
14(4):397-402.

111. de Klein A, Muijtjens M, van Os R, Verhoeven Y, Smit B, Carr AM,
Lehmann AR, Hoeijmakers JH: Targeted disruption of the cell-cycle
checkpoint gene ATR leads to early embryonic lethality in mice. Curr Biol
2000, 10(8):479-482.

112. Hakem R, de la Pompa JL, Sirard C, Mo R, Woo M, Hakem A, Wakeham A,
Potter J, Reitmair A, Billia F, et al: The tumor suppressor gene Brcal is
required for embryonic cellular proliferation in the mouse. Cell 1996,
85(7):1009-1023.

113. Neumuller RA, Richter C, Fischer A, Novatchkova M, Neumuller KG,
Knoblich JA: Genome-wide analysis of self-renewal in Drosophila neural
stem cells by transgenic RNAI. Cell Stem Cell 2011, 8(5):580-593.

114. Zhu H, Doherty JR, Kuliyev E, Mead PE: CDK9/cyclin complexes modulate
endoderm induction by direct interaction with Mix.3/mixer. Dev Dyn
2009, 238(6):1346-1357.

doi:10.1186/1747-1028-7-12
Cite this article as: Kohoutek and Blazek: Cyclin K goes with Cdk12 and
Cdk13. Cell Division 2012 7:12.

Page 10 of 10

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/7795653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7795653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7795653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19692701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19692701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19692701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1731328?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1731328?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1731328?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21555514?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21555514?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21555514?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14749500?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14749500?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14749500?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20159561?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20159561?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20159561?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17855633?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17855633?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17855633?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17135274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17135274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17135274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20471948?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20471948?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20471948?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20471949?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20471949?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19757441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19757441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10906320?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10906320?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19364821?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19364821?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17620419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17620419?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10691732?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10691732?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10801416?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10801416?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8674108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8674108?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21549331?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21549331?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19347956?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19347956?dopt=Abstract

ARPPENDIX 7

PACULOVA, Hana, Juraj KRAMARA, Sarka SIMECKOVA, Radek FEDR, Karel
SOUCEK, Ondfej HYLSE, Kamil PARUCH, Marek SYVOBODA, Martin MISTRIK and
Jiri KOHOUTEK. BRCA1 or CDK12 loss sensitizes cells to CHK1 inhibitors. Tumour
Biology: The Journal of the International Society for Oncodevelopmental Biology
and Medicine. 2017, 39(10), 1010428317727479.



1) Check for updates

Tumor
Biology

Original Article

Tumor Biology

BRCAI or CDKI2 loss sensitizes O The b 2017

Reprints and permissions:

Cel IS to C H K I in h i b ito rs sagepub.co.uk/journalsPermissions.nav

DOI: 10.1177/1010428317727479
journals.sagepub.com/home/tub

®SAGE

Hana Paculoval, Juraj Kramara?, Sarka Simeé&kovad4,
Radek Fedr35, Karel Souéek’+5, Ondfej Hylse%¢, Kamil Paruch®¢,
Marek Svoboda’, Martin Mistrik? and Jifi Kohoutek!

Abstract

A broad spectrum of tumors develop resistance to classic chemotherapy, necessitating the discovery of new therapies.
One successful strategy exploits the synthetic lethality between poly(ADP-ribose) polymerase 1/2 proteins and DNA
damage response genes, including BRCAI, a factor involved in homologous recombination—-mediated DNA repair, and
CDKI2, a transcriptional kinase known to regulate the expression of DDR genes. CHKI inhibitors have been shown
to enhance the anti-cancer effect of DNA-damaging compounds. Since loss of BRCAI increases replication stress and
leads to DNA damage, we tested a hypothesis that CDK12- or BRCA|-depleted cells rely extensively on S-phase-related
CHKI functions for survival. The silencing of BRCA| or CDK12 sensitized tumor cells to CHKI inhibitors in vitro and
in vivo. BRCA| downregulation combined with CHKI inhibition induced excessive amounts of DNA damage, resulting
in an inability to complete the S-phase. Therefore, we suggest CHKI inhibition as a strategy for targeting BRCAI- or
CDK2-deficient tumors.
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Introduction Various CHK 1 inhibitors have been tested as anti-tumor
agents in combination with DNA-damaging agents, such

A shared feature of various malignancies is the dysregula- as hydroxyurea, cisplatin, and topoisomerase inhibitors

tion of DNA damage response (DDR), which leads to
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(topotecan, irinotecan), and antimetabolites, such as gem-
citabine.>"!% Several studies have reported that the anti-
tumor effect of CHKI1 inhibitors is determined by p53
status, with p53-deficient cells more responsive to CHK1
inhibitor treatment.2!! However, other authors have
reported that CHK1 inhibitors decrease cellular viability
irrespective of p53 suppressor status,® showing that CHK 1
inhibitors strongly potentiate the effects of DNA-damaging
agents in p53—/— cells. These results suggest that patients
with p53-mutated tumors could benefit from treatment
approaches that include CHK1 inhibition.!-12 The identifi-
cation of cellular factors that, when combined with CHK 1
inhibitors, confer synthetic lethality could strengthen the
portfolio of combinatory treatments with CHK1 inhibitors
or potentially lead to the discovery of monotherapy
approaches for tumors with relevant mutations. Certain
scenarios have been described recently; for example, cells
deficient in Fanconi anemia genes are hypersensitive to
CHKI inhibition, and a novel essential interplay between
CHKI1 and I-kappa-B kinase epsilon was observed in ovar-
ian cells.!3.14

The CDK 12 regulates the elongation phase of transcrip-
tion by phosphorylating the C-terminal domain of RPB1, a
subunit of RNA polymerase II (RNAPII).!>-'8 We previ-
ously identified CDK12 as a cellular factor that orches-
trates the expression of several key DDR genes, for
example, BRCAI1, ATR, ATM, FANCI, and FANCD2.16
By regulating DDR genes, CDK12 consequently affects
homologous recombination (HR)-mediated DNA repair.
A downregulation of CDK12 leads to increased endoge-
nous DNA damage, DDR activation, and pronounced sen-
sitivity to DNA-damaging agents.!®!® Cancer-associated
CDK12 mutations are predominantly located within the
kinase domain and result in a catalytically inactive pro-
tein.?’ Based on these observations, CDK12 has been sug-
gested to be a tumor suppressor candidate.!®-2!

The breast cancer—associated gene 1 (BRCA1) tumor
suppressor protein is a central component of several dis-
tinct protein complexes that are vital to HR-mediated DNA
damage repair, cell cycle checkpoints, and transcriptional
regulation.?223 BRCAL is inheritably mutated in about 9%
and 13% of unselected women with newly diagnosed tri-
ple-negative breast cancer and ovarian cancer (respec-
tively). If metastatic, these patients have generally very
unfavorable prognosis and currently are candidates for tar-
geted drug therapy, such as poly(ADP-ribose) polymerase
(PARP) inhibitors.?#2¢ The loss of BRCAI1, caused by
homozygous mutations, reduces the ability of cells to carry
out HR-mediated DNA repair, resulting in cellular genomic
instability.?* Interestingly, BRCA1 mutations are mutually
exclusive with CDK12 mutations, which suggests that
CDK12 belongs to the same HR-mediated DNA damage
repair pathway as BRCA1.2!

HR deficiency presents an opportunity for cancer treat-
ment. Tumors exhibiting HR deficiency, especially those

with loss of BRCAI1 or 2, are sensitive to inhibitors of
PARP1/2, a protein involved in DNA repair. As with the
loss of BRCA1/2, the loss or inhibition of CDK12 sensi-
tizes cells to PARP inhibitors, which have recently been
approved for the treatment of ovarian cancer.?!#!
Nevertheless, research has reported that certain tumors
have become resistant to PARP inhibitors as a result of
restored HR capacity, altered non-homologous end-joining
(NHEJ) capacity, decreased levels or activity of PARPI,
and/or decreased intracellular availability of PARP inhibi-
tors.> Thus, novel alternatives to PARP1 inhibitors are
necessary for further patient treatment.

Although the genomic instability that results from DDR
deficiency often drives tumor development, it also pro-
vides a great opportunity for cancer treatment.?¢ The loss
of BRCA1 and CDK12 function most likely potentiates
the anti-tumor effects of PARP1/2 inhibitors by crippling
HR-mediated DNA repair, with this mechanism a perfect
example of the concept of synthetic lethality. Since the loss
of BRCA1 compromises DDR and leads to replication
stress and DNA damage,?” we hypothesized that BRCA1-
or CDK12-deficient cells will extensively rely on the
S-phase-related kinase activity of CHK1 for survival. In
this study, we demonstrate that silencing BRCA1 or
CDK12 indeed sensitizes cancer cells to CHKI
inhibitors.

Materials and methods

Synthesis of CHK inhibitors

The racemic CHKI1 inhibitor SCH900776 (Merck,
Darmstadt, Germany) was prepared in-house through a
previously published route.282° The enantiomers were sep-
arated by high-performance liquid chromatography
(HPLC) with a chiral stationary phase (Chiralcel® OJ™
column (Daicel Corporation, Tokyo, Japan), diameter
21 mm, length 250 mm; mobile phase: n-hexane/ethanol
80:20+0.5% diethylamine, flow: 20 mL/min). The desired
active R-enantiomer of SCH900776 eluted faster (reten-
tion time: 10:04min) than the inactive S-enantiomer
(retention time: 13:07min). LY2603618 was purchased
from Selleckchem (Houston, TX, USA; cat. no. S2626).

Cell culture

HCT116 p53+/+ and pS3—/— cells were a kind gift from B.
Vogelstein.’® The cells were cultivated in Dulbecco’s
Modified Eagle’s Medium (DMEM; Sigma-Aldrich,
D6429, Darmstadt, Germany) medium supplemented with
5% fetal bovine serum (FBS; Sigma-Aldrich, FO804) at
37°C. MDA-MB-231 cells were obtained from the
American Type Culture Collection (ATCC, Rockville,
MD, USA) and were cultivated in DMEM medium sup-
plemented with 10% FBS at 37°C with 5% CO.,.
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Proliferation assays

HCT116 cells were transfected with the following small
interfering RNAs (siRNAs; Santa Cruz Biotechnology,
Dallas, TX, USA): CTRL A (sc-37007), BRCA1 (s¢c-29219),
CDKI12 (sc-44531), CDK13 (sc-72836), and CDK12 2
(Sigma-Aldrich, SIHK0490) using Lipofectamine RNAi
MAX (Invitrogen, 13778150, Carlsbad, CA, USA). Viable
cells were counted after 24 h and equal cell concentrations
were seeded into 96-well plates. After an additional 24 h,
cells were treated with a CHK 1 inhibitor, either SCH900776
or LY2603618, in dimethyl sulfoxide (DMSO) for 6 days.
The medium was exchanged after 48 and 96h, and fresh
inhibitors were added to the medium at these time points.
For each siRNA, the cell viability was assessed with the
CyQuant NF Cell Proliferation Assay Kit (Invitrogen) and
normalized to the relative growth of cells treated with
DMSO. All experiments were performed three times in
triplicates.

MDA-MB-231 cells were seeded at equal concentra-
tions into six-well plates. After 24 h, they were exposed to
DMSO, along with either 0.3 or 1 uM SCH900776. After
72h, the cells were trypsinized and counted with a hemo-
cytometer. Cell viability was normalized to relative growth
of cells treated with DMSO for each short hairpin RNA
(shRNA). The experiments were performed three times in
duplicates.

Western blot

Cells were lysed in lysis buffer (100 mM Tris, pH 7.4, 1%
sodium dodecyl sulfate (SDS), 10% glycerol), sonicated,
and protein concentrations were assessed by the bicin-
choninic acid (BCA) assay. Laemmli buffer (3x) was then
added, and lysates were boiled for Smin at 100°C. Cell
lysates were separated with electrophoresis employing
8%—15% gels and then wet blotted to a nitrocellulose mem-
brane (GE Healthcare, Amersham, #10600008, Little
Chalfont, UK). Individual proteins were detected with spe-
cific antibodies: BRCA1 (Santa Cruz, sc-6954), CDK12
(Cell Signaling, #11973, Danvers, MA, USA), CDKI3
(rabbit serum produced in-house), Cyclin K (Santa Cruz,
sc-376371), p53 Pantropic Ab-6 (Millipore, OP43,
Billerica, MA, USA), Cyclin T1 (Santa Cruz, sc-8127),
CHK1 (Cell Signaling, #2360), CHKI1-pSer296 (Cell
Signaling, #2349), PARP (Cell Signaling, #9542), YH2AX
pSer 139 (Biolegend, 613402, San Diego, CA, USA), p21
(Santa Cruz, sc-397), p27 (Santa Cruz, sc-528), pRb (Cell
Signaling, #9309), and pRb-pSer780 (Cell Signaling,
#8180). Anti-rabbit and anti-mouse secondary horseradish
peroxidase (HRP)-linked antibodies were obtained from
GE Healthcare (NA934V, NA931V), and anti-goat anti-
body was obtained from Sigma-Aldrich (A5420). The
immunoreactive bands were visualized using the Western
blot Luminol reagent (Santa Cruz Biotechnology, SC-2048).

Reverse transcription—polymerase
chain reaction

HCTI116 cells were transfected with control or specific
siRNAs using lipofectamine RNAIMAX (Invitrogen,
13778150). After 72 h, cells were harvested, and total RNA
was isolated with RNAzol (Molecular Research Centre,
RN190, Cincinnati, OH, USA). Reverse transcription (RT)
and quantitative polymerase chain reaction (qQPCR) were
performed according to the method described by Blazek
et al.!® Changes in gene expression were calculated using
the comparative threshold cycle method with Hypoxanthine
Phosphoribosyltransferase 1 (HPRT) to normalize for vari-
ations in RNA input. The following primers were used for
PCR: CDKNIA—forward: CTGGAGACTCTCAGGGT
CGAAA and reverse: GATTAGGGCTTCCTCTTG and
HPRT—forward: 5'-CCAGACAAGTTTGTTGTAGG
ATATGCCCTTGAC-3"andreverse:5'-ACTCCAGATG
TTTCCAAACTCAACTTGAACTCTC-3'.

Plasmids

The pLKO.1 shBRCA1-2 and pLKO.1 shBRCA1-4 plas-
mids, which were used to generate stable BRCA1 knock-
down cell lines, were part of the MISSION library
(Sigma-Aldrich; construct numbers TRCN0000244985
and TRCN0000244987). The lentiviral packaging plas-
mids pMD2.G and psPAX2 were purchased from Addgene
(Cambridge, MA, USA; Plasmids numbers 12259 and
12260).

Generation of MDA-MB-23 | shBRCAI cell lines

Lentiviral transduction was used to generate MDA-MB-231
cell lines that harbor a stable shRNA knockdown of
BRCAL. Lentivirus production and transduction was per-
formed according to the method described by Tiscornia
et al.3! Briefly, lentiviruses were generated by co-transfect-
ing 293T cells with 4 pg of pMD2.G, 7 pg of psPAX2, and
9ug of a lentiviral plasmid of interest using the CaPO4
precipitation method. Next, 68 h post-transfection, cells
were washed with pre-warmed phosphate-buffered saline
(PBS) and the medium was changed. Supernatant contain-
ing lentiviruses was collected 48 h later and supplemented
with 4 ng/mL polybrene (Sigma-Aldrich, 107689). Target
cells were transduced at multiplicities of infection (MOIs)
of 1-10. The medium was changed 24 h post-transduction,
and the cells were selected with 1pg/mL puromycin.
Resistant colonies were evaluated for expression of sSIRNA
and the consequent reduction in BRCA1 protein levels.

Clonogenic assay

MDA-MB-231 cells were seeded at equal concentrations
into six-well plates (150 cells/well) and, after 24 h, treated
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with 0, 0.3, or 1 uyM SCH900776 for 14 days. Medium was
exchanged and fresh inhibitors were added every 3 days.
After 2weeks of treatment, the cells were fixed with 4%
paraformaldehyde and stained with Gram [ Solution
(PENTASs.1.0., cat. no. 14600-11000, Prague, Czech Republic).

Cell cycle analysis

HCT116 or MDA-MB-231 cells were trypsinized, washed
in PBS, and fixed with ice-cold 70% ethanol overnight.
Cells were then washed in PBS and stained with Vindelov
solution (1M TrisHCI, pH 8.0; 0.1% Triton-X100; 10 mM
NaCl; propidium iodide, 50 pg/mL; RNAse A 50Kunitz U/mL)
for 30 min at 37°C.

Xenograft model

All animal procedures were performed in strict accord-
ance with the Guide for the Care and Use of Laboratory
Animals and approved by the Institutional Animal Care
and Use Committee. Tumor xenografts were generated
by injecting 2 x 106 MDA-MB-231 parental or ssiBRCA
#4 breast cancer cells, in PBS with a final volume of
100 pL, into the left mammary fat pads of Ctrl: SHO-
PrkdcS™® Hrfr mice (Charles River Laboratories,
Wilmington, MA, USA). In total, 12 mice were injected
with MDA-MB-231 parental or shBRCA #4 cells and
half of them (six mice) from particular transplantation
was treated with the vehicle or CHKI inhibitor
SCH900776. Drug treatment began once a tumor had
reached 0.03 cm?. The CHK1 inhibitor SCH900776 was
dissolved in 20% Kolliphor ELP (Sigma-Aldrich, 30906)
and administered intraperitoneally at a final concentra-
tion of 25 mg/kg for 5 days. This dose was selected based
on a previously published study that investigated the
same CHKI1 inhibitor.® Two-dimensional calipers were
used to measure tumor volumes during and after the
treatment period, and volume was calculated based on
the equation: m/6 % length x width2.® Data were normal-
ized to the starting tumor volume of 0.03 cm3. The whole
experiment was carried out in two independent replicates.
Increase in tumor volume after the treatment was statisti-
cally analyzed by Student’s #-test.

Statistical analysis

All data were statistically analyzed and visualized using
Prism5 (GraphPad Software, Inc., La Jolla, USA). Results
were expressed as mean with standard error of the mean
(SEM). Viability assays data were fitted to sigmoidal dose
response curve and were analyzed with analysis of vari-
ance (ANOVA) test, and data from other experiments were
analyzed by Student’s ¢-test. Symbols used to express sta-
tistical significance are as follows: *p<0.05; **p<0.01;
and ***p<0.001.

Results

CDK12 and BRCA| downregulation sensitizes
HCT1 16 cells to CHK inhibition irrespective
of p53 status

CDKI12 regulates BRCA1 expression, and a loss of
BRCALI results in increased DNA damage and replication
stress.'%27 Thus, we hypothesized that cells with depleted
BRCA1 or CDK 12 should be extensively dependent on the
S-phase-related function of CHK1. We tested how the
CHK1 inhibitors SCH900776 and LY2603618 affect the
proliferation of BRCA1- and CDK12-silenced tumor cells.
Whether the functional status of p53 influences the anti-
proliferative effect of CHK1 inhibitors remains an open
question, so we employed a pair of HCT116 cell lines with
p53 null and p53 WT status.3? In addition to CDK12 we
validated the effects of CHKI inhibitors on cells with
silenced CDK 13, another kinase binding Cyclin K that can
phosphorylate RNAPIIL,3?® but that has no impact on
BRCALI levels.

We performed 6-day proliferation assays to assess the
relationship between CDK12 or BRCAL1 deficiency and
CHKI1 inhibition (Figure 1). The siRNA-transfected cells
were treated with different concentrations of CHK1 inhibi-
tor SCH900776. We used two distinct siRNAs against
CDK12, a pool of three siRNAs (CDK12), and a single
sequence different from the other three (CDKI2 2).
CDK12 and BRCAT silencing significantly sensitized both
p53+/+ and p53—/— cell lines to the CHKI inhibitor
SCH900776. In contrast, CDK 13 silencing had no effect on
sensitivity to SCH900776 (Figure 1(a) and (b)). To avoid
the risk that the effect of SCH900776 on cell proliferation
is compound-specific (i.e. that it employs unknown off-
target effects), we tested the effect of another CHK 1 inhibi-
tor, LY2603618, which has a different chemical structure,3*
using the same setup as in Figure 1(a) and (b). This experi-
ment provided similar results as those obtained when
SCH900776 was used (Figure 1(c) and (d)). It is important
to note that sensitivity to both tested CHK1 inhibitors was
independent of the p53 status. In order to demonstrate that
effect of CHK 1 inhibitor is not limited only to the colorec-
tal cell line HCT116, the same type of experiment as in
Figure 1(a) was performed with an ovarian cancer cell line
OVSAHO, which bears p53 mutation and wild-type
BRCA1.% Sensitization to CHK1 inhibitor after BRCAI
and CDK12 silencing was observed similar to HCT116 cell
line (Supplementary Figure S1).

The effective downregulation of CDK12, CDK13, cyc-
lin K (associating partner of CDK12 and CDK13), and
BRCAL in the cells was verified by Western blot analysis
(Figure 1(e)). As expected, the protein levels of cyclin K
and BRCA1 decreased after CDK12 downregulation,
which corresponds to our previous observations.!6-20,
Cyclin T1, an associating partner of CDK9 kinase involved
in transcription elongation, was used as a loading control.
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Figure |I. Downregulation of CDK 12 or BRCAI sensitizes HCT | 16 cells to CHK I inhibitors. Six-day survival curves of (a, c) HCTI 16
p53+/+or (b, d) HCT 16 p53—/— cells transfected with various siRNAs (CTRL, CDK 12, CDK 3, and BRCA) and treated with either the
CHKI inhibitor (a, b) SCH900776 or (c, d) LY2603618. Cell viability for each siRNA-treated cell line was assessed by the CyQuant NF kit
and normalized to the relative growth of cells treated with DMSO. Error bars represent SEM for three independent experiments. CDK | 2-
and BRCA | -silenced cells are sensitive to CHK inhibitors (b <0.001, ANOVA). (e) The effective knockdown of indicated proteins after
siRNA transfections was examined by Western blot analysis. HCT I 16 p53+/+ and HCT | | 6 p53—/— cells were transfected with various
siRNAs and protein levels were assessed by Western blot analysis after 72 h. The protein level of Cyclin T| was used as a loading control.

BRCA| or CDK2 depletion coupled with
CHK inhibition induces p2 |-dependent
proliferation block

We also investigated endogenous DNA damage, apoptosis,
autophagy, and cell cycle status to gain more insight into
the molecular mechanisms responsible for the enhanced
cytostatic effect of CDK12 or BRCA1 downregulation
coupled with CHKI1 inhibition. HCT116 cells were
depleted of CDK12, CDK13, or BRCA1 by siRNAs and
were then, 24h post-transfection, exposed to a CHKI
inhibitor (SCH900776) for an additional 96h. Samples
were collected and assessed for the DNA damage marker

yH2AX3¢ and CHK1 autophosphorylation at serine 296,
an indication of activated CHK1 kinase.'

BRCAT1 and Cyclin K levels once again decreased fol-
lowing CDK12 knockdown (Figure 2(a)). As expected,
treatment with CHK 1 inhibitor SCH900776 led to a notice-
able decrease in the detected p-S296 CHKI1 signal at all
tested conditions (Figure 2(a)), and also induced CHK1
degradation in a dose-dependent manner, which is consist-
ent with published research.! Importantly, the yH2AX sig-
nal, which reflects the amount of endogenous DNA damage,
significantly increased after SCH900776 treatment. This
effect was exacerbated in CDK12- and BRCA1-depleted
cells, but not in CDK 13 cells (Figure 2(a)).



6 Tumor Biology
(@) Ctrl CDK12 CDK13 BRCA1 SiRNA (b) Ctrl CDK12 CDK13 BRCA1  siRNA
0031 0031 0031 0 03 1 SCHI0776(uM) 0031 0031 0031 0 03 1 SCHI00776 (M)
- - - P &= ICDK12 m.PARP
--—-dﬂ_—ﬂmcnms S S S SRS S e S s S PARP - cleaved
§ _J
S BRCA1 I~ — -y P2

e = Cyclin K

— —— - ——

CHK1

— — —

. e . . - —— — (|

- ——— e - HZAX

———— —— — — — — — — CyC|iI1T1

172 3 4 5 6 7 8 9 10 11 12

. p27

—— S - - Db

e e o @R W S g = DRDb - pSer780

—————— — —— — —— YCliIN T

1 2 3 4 5 6 7 8 9 10 11 12

Figure 2. Impact of CDK 12 and BRCAI downregulation on DDR, apoptosis and cell cycle. (a) The effective knockdown of various
proteins after siRNA transfection, CHKI inhibition and DNA damage induction was assessed by Western blot analysis. HCT116
p53+/+ cells were transfected with control or specific siRNAs (CTRL, CDKI12, CDKI3, and BRCAI) and 2days post-transfection
cells were treated with 0, 0.3, or | yM CHKI inhibitor SCH900776 for an additional 96 h. The protein levels of the studied proteins
were elucidated by Western blot with indicated antibodies. The protein level of Cyclin T| was used as a loading control. (b) Status
of cellular factors participating in regulation of apoptosis and cell cycle. The protein levels of PARP, a marker of late apoptosis, tumor
suppressor p53, and the cell-cycle regulating proteins p21, p27, pRb, and pRB-pSer780 were elucidated by Western blot with indicated
antibodies. The protein level of Cyclin T| was used as a loading control.

Together, these results verified that our experimental
setting was successfully able to inhibit CHK1 and con-
firmed our hypothesis that CHK1 is necessary for the
effective repair of endogenous DNA damage, especially in
cells lacking functional components of DDR such as
CDKI12 or BRCAL.

Next we focused on induction of apoptosis, which was
examined by the presence of cleaved PARP and Caspase 3,
a commonly used markers of apoptosis. Surprisingly,
SCH900776 treatment of CDKI12-depleted cells only
moderately increased PARP-1 cleavage (Figure 2(b)). In
addition, no cleaved Caspase 3 was detected after transfec-
tion with any siRNAs or after administration of CHK1
inhibitor (Supplementary Figure S2). Furthermore, we
were interested whether other types of cell death that might
play a role in viability of CDK12-silenced cells, therefore
the protein levels of specific autophagy markers were eval-
uated. As depicted in Supplementary Figure S2, no signifi-
cant change in the protein level of Beclin, factor associated
with vesicle-trafficking during autophagy, after CHKI1
inhibitor administration in combination with any of the
tested siRNAs was identified. Also, no detectable change
in protein level of the cleaved product of LC3B protein
was detected in any tested conditions.

Because decreased cell viability cannot be entirely
explained by apoptosis or autophagy, we elucidated cell
cycle progression. To corroborate this further, we checked

the status of the p21 (Cip1/Wafl), a protein that is a promi-
nent inhibitor of CDKs, can induce cell cycle blockade,
and is known to respond to CHK 1 inhibition.!# Indeed, p21
protein levels increased proportionally to CHK1 inhibition
under all tested conditions, with BRCA1-depleted cells
showing the strongest induction (HCT116 p53+/+) (Figure
2(b), lanes 3 and 12). Interestingly, a robust induction of
p21 was also observed upon CDK 12 downregulation, even
without CHK 1 inhibitor treatment (Figure 2(b), lanes 4-6).
The p21 induction was detected in HCT116 p53—/— cells
as well (Supplementary Figure S3). On the contrary, the
expression levels of a related cellular inhibitor of CDKs,
the p27 protein, did not change following CHK1 inhibitor
treatment, implying a specific induction of p21 in response
to CDK 12 downregulation (Figure 2(b)).

In addition to regulating G1/S progression through CDK
inhibition, p21 also induces the degradation of another cell
cycle regulator, the Retinoblastoma protein (pRb).?’
Therefore, we evaluated the levels and phosphorylation sta-
tus of pRb. Silencing of CDK12 led to degradation of pRb
regardless of CHK1 inhibition, and a moderate effect was
also observed in BRCA1 depleted cells after treatment with
1 uM of SCH900776 (Figure 2(b)). In addition, the cell
cycle status was examined by propidium iodide staining
followed by flow cytometry. Depletion of CDK 12 together
with administration of CHK1 inhibitor led to significant
prolonged G1 phase and shortened S phase of the cell cycle
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in comparison to CTRL-, CDK13-, or BRCA1-silenced
cells (Supplementary Figure S4).

Based on these data, we conclude that the enhanced
cytostatic effect of CHKI inhibition in CDKI2- or
BRCAI1-depleted HCT116 p53+/+ cells is a result of
increased DNA damage, which leads to a robust induction
of p21 and delayed cell cycle progression.

BRCAI depletion sensitizes MDA-MB-23 1| cells
to CHK inhibition

Next we tested whether BRCAT1 deficiency can sensitize
other cancer models to the chemical inhibition of CHK1
kinase. Since BRCA1 deregulation or loss-of-function
mutations are common characteristics of ovarian and
breast cancers,’®3 we chose to manipulate MDA-MB-231
breast cancer cells, which have mutated form of p53 and
normal BRCAL status, prior to the administration of a
CHK1 inhibitor. The therapeutic potential of CHK1 inhibi-
tors has been already tested in triple-negative breast can-
cer (TNBC) cell lines and pre-clinical mouse models, but
the status of BRCA1 has not been modified.!!

First, we generated two MDA-MB-231 cell lines with
stable expression of BRCA1 shRNA (MDA-MB-231
shBRCA1 #2 and #4). Successful BRCAT1 depletion at the
protein and mRNA level was confirmed by Western blot
and RT-PCR, respectively (Figure 3(a)). The effect of
BRCA1 downregulation and CHK1 inhibition on cellular
viability was assessed by a survival assay that employed
the same sectup as for HCT116 cells (Figure 3(Db)).
Treatment with 1 uM of SCH900776 led to a severe reduc-
tion in cell viability, decreasing the cell counts of both
depleted cell lines by 70% when compared to the parental
non-transfected cells (Figure 3(b)). We examined the
effect of CHKI inhibition on cell viability in
MDA-MB-231 (shBRCAT1 #2 and #4) cell lines further by
performing a clonogenic survival assay, which better
reflects the effects of long-term exposure (Figure 3(c)).
After 14 days of cultivation, we noticed that the colonies
of both untreated shBRCA1 cell lines were larger than
those of the parental cell line, suggesting faster cell cycle
progression and higher mitotic potential. This is in line
with the observation that BRCA1 loss accelerates the
growth of cancer cells.** However, treatment with a CHK 1
inhibitor (1 uM) noticeably reduced colony size in both
shBRCAT1 cell lines and also led to dramatic decrease in
cell counts (Figure 3(c))

Moreover, the 3-day inhibition of CHK1 had no appar-
ent effect on cell cycle in the parental MDA-MB-231 cell
line, whereas the sSABRCA1 clones experienced a promi-
nent increase in the S-phase cells, suggesting major prolif-
eration arrest (Figure 3(d)).

We then tested how BRCA1 downregulation enhances
endogenous DNA instability. A rather moderate, yet

reproducible, increase in YH2AX levels was observed in
both shBRCA1 cell lines in comparison to the parental
cells (Figure 3(e), lanes 1, 4, and 7). Interestingly, CHK 1
inhibition led to a dramatic increase in the yH2AX signal
in both shBRCAL1 cell lines, while the parental cells only
demonstrated a moderate dose-dependent yYH2A X response
(Figure 3(e)). As was earlier observed in the HCT116 cells,
CHK1 inhibition led to a reduction in CHK1 levels and a
dose-dependent decrease in total and phosphorylated pRb
levels (Figure 3(¢)).

In summary, BRCA1 downregulation also sensitizes
MDA-MB-231 breast cancer cells to CHK1 inhibitors. As
in HCT116 cells, treatment with a CHK 1 inhibitor induced
excessive DNA damage followed by arrest in the S-phase.

Xenograft mouse model

Based on our in vitro results, we decided to assess the in
vivo therapeutic effects of CHK1 inhibitors by employing a
mouse orthotopic xenograft model of the MDA-MB-231
parental and shBRCA1 #4 human breast carcinoma cells in
the fat pads of SHO-PrkdcSCP Hrl'r mice. Mice were con-
tinuously monitored for the development of a primary xen-
ograft tumor and sacrificed when tumors reached 10% of
body weight. Besides the observation that animals trans-
planted with either parental or ssBRCA1 #4 MDA-MB-231
cells all formed tumors (100% tumor growth), mice injected
with shRBCA1 cells showed a slightly higher proportion of
tumor volume, reflecting faster growth of shBRCAT1 cells
(Figure 3(c)). Furthermore, the growth rate and final size of
the tumors differed distinctly between populations after
CHKI1 inhibitor treatment. The parental MDA-MB-231
control cells formed significant tumors over the course of
44 days, but treatment with a CHK1 inhibitor did not sig-
nificantly affect the size of the tumors when compared to
control animals (Figure 4(a)). In contrast, the animals
injected with shBRCA1 MDA-MB-231 cells developed
significantly larger tumors than the control group, and
treatment with a CHKI1 inhibitor significantly decreased
tumor size (Figure 4(b)).

Discussion

CHKI1 inhibitors represent a promising cancer therapy
approach.? Since the anti-cancer effect of CHK1 inhibitors
is potentiated by DNA damaging drugs, we hypothesized
that impaired DDR will have a similar synergistic effect. In
our previous study, we demonstrated that CDK 12 regulates
the transcription of certain DDR genes, particularly HR
genes (including BRCA1), and is necessary for maintaining
genomic stability.'® In line with this observation, the loss of
either BRCA1 or CDKI12 is a prerequisite for sensitizing
cancer cells to PARP1/2 inhibitors.2!#! In this study, we
demonstrate that the loss of BRCA1 or CDK12 also poten-
tiates the anti-proliferative effect of CHK1 inhibitors.
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Figure 3. Downregulation of BRCAI sensitizes MDA-MB-231 cells to CHKI inhibitor. (a) BRCAI protein levels were evaluated in
shBRCAI #2 and shBRCAI #4 MDA-MB-231 cell lines by Western blot analysis. GAPDH was used as a loading control. The mRNA
levels of BRCALI in these cell lines were measured by RT-qPCR (p<0.05, Student’s t-test). These experiments confirmed effective
BRCAI downregulation by shRNAs in these cell lines. (b) CHKI inhibition reduced the viability of MDA-MB-231 cells expressing
shRNAs against BRCAI. The graphs show the results of survival assays of parental, shBRCA| #2 and shBRCAI| #4 MDA-MB-231 cells
treated with 0, 0, 3, or | pM CHKI inhibitor SCH900776 for 3 days. For each cell line, the cell numbers were normalized to the relative
growth of cells treated with DMSO. Error bars represent SEM for three independent experiments (p<0.05, Student’s t-test). (c) A
14-day clonogenic assay showed that the combination of BRCAI silencing and CHKI inhibition reduces cell viability. MDA-MB-23 |
cell lines were seeded and treated with the indicated SCH900776 concentrations. The experiment was performed three times in
duplicates. BRCAI silencing combined with CHKI inhibition reduces cell viability. (d) CHKI inhibition strongly affected the cell cycle
progression of BRCAI-silenced MDA-MB-231 cell lines. Cells were cultivated and treated as described in (b). Cell cycle progression
was evaluated by the incorporation of propidium iodide followed by flow cytometry. Error bars represent SEM from three experiments.
(e) The combination of BRCAI silencing and CHKI inhibition induces a stronger activation of DDR. Cell were prepared and treated
as described in (b). The activation of DDR and inhibition of CHKI by SCH900776 were validated by Western blot with antibodies
against YH2AX pSer139 and CHKI, respectively. The dose-dependent degradation of total pRb and pRb phosphorylated on serine 780
following CHK inhibition was examined by Western blot. Cyclin T| was used as a loading control.

Our results show that the anti-proliferative effect of
CHKI1 inhibitor treatment combined with BRCA1 or
CDK12 deficiency is comparable in both cell lines regard-
less of p53 status. Previous reports have shown that CHK 1
inhibition leads to increased DNA damage by measuring

the induction of YH2AX pSer139 in HCT116 cells.®!'* The
strongest effect was obtained when CHK1 inhibition was
combined with CDK12 silencing. Interestingly, in contrast
to the results obtained in HeLa cells,!® we did not observe
increased YH2AX Ser139 phosphorylation upon CDK12
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Figure 4. Inhibition of CHKI prevents tumor growth in vivo. The CHKI inhibitor SCH900776 decreased tumor growth.
The (a) parental and (b) shBRCAI MDA-MB-231 cells were transplanted into the mammary pads of SCID mice. When tumor mass
reached a volume of 0.03 cm3, mice were treated with either a vehicle solution of 20% Kolliphor ELP or SCH900776 25 mg/kg/day
dissolved in the same 20% Kolliphor solution, every day for 5days. The growth of tumor mass was then monitored over set time
periods. Each data point represents the mean increase in tumor volume after the beginning of treatment and error bars represent
SEM, where n for each cohort was six animals (p<0.001, Student’s t-test for shBRCA| SCH900776 vs shBRCAI vehicle).

depletion in HCT116 cells. This may be partially due to
differences between these cell lines. However, we observed
robust YH2AX pSer139 induction in the MDA-MB-231
BRCA-silenced cells after CHK1 inhibition. CHK1 inhibi-
tion was previously reported to induce the cell cycle regu-
lator p21.14 We observed a particularly robust p21 increase
in BRCA1-silenced cells. CDK12 silencing (regardless of
CHKI inhibition) resulted in increased apoptosis, which
was consistent with result obtained from CDKI12 inhibi-
tion.*? Based on the data obtained from MDA-MB-231
cells, one could speculate that CHK1 inhibitors trigger
increased DNA damage and replication stress during the
S-phase of the cell cycle, which is incompatible with cell
proliferation or survival. Moreover, the potential of CHK1
inhibitors to weaken tumor growth has been reported by
several groups, but, as of yet, the synergy between impaired
CDK12 function and CHK1 inhibition to counteract tumor
progression has not been investigated.®%!!

It has been demonstrated that CDKI12 regulates the
expression of DDR genes including CHK1.29 Importantly,
high-grade serous ovarian tumors bearing CDK12 muta-
tions have reduced CHKI1 expression.?? Therefore, we
speculate that viability of CDKI12-depleted cells rely
extensively on the residual activity of CHK1 making these
cells sensitive to lower doses of CHK1 inhibitors.

Several studies have demonstrated that CDK 12 regu-
lates the expression of DDR genes (BRCA1, FANCI,
FANCD2, and ATM).16:2042 Nevertheless, the precise
mechanism of this regulation has not yet been described.
CDK12 loss might downregulate DDR genes directly
through the role of CDKI12 in the transcription of
these genes, as has been suggested by numerous
studies.16’19’20=42543

In addition, a recent publication reported that genomic
instability in ovarian tumors with a loss of CDK12 has a
specific pattern of defective HR caused by BRCA1/2

deficiency suggesting that CDK12 functions in additional
parts of the DNA repair machinery.* From the clinical
point of view, about 9% and 13% of unselected women
with newly diagnosed triple-negative breast cancer and
ovarian cancer (respectively) have an inheritable BRCA1
mutation. If metastatic, these patients have generally very
unfavorable prognosis and currently are candidates for
targeted drug therapy, such as PARP inhibitors.?*26 We
confirmed the additive effect of BRCA1 loss-of-function
and CHK1 on cell proliferation in vitro and in vivo. A
xenograft model was employed to evaluate whether
CHKI inhibition confers an anti-proliferative effect on
tumor growth in vivo. CHK1 inhibitor administration had
no substantial impact on the parental MDA-MB-231 cells,
which was in sharp contrast to significant decrease in
tumor mass observed in BRCA 1-silenced cells receiving
CHKI inhibitors (Figure 4). Recent studies have clearly
shown that patients can develop a resistance to PARP1/2
inhibitors over the course of PARP inhibitor therapy.*’
Since many factors, such as HR and NHE]J status, as well
as the level, activity, or intracellular concentration of
PARP proteins, can influence the efficacy of PARP inhibi-
tors, it is vital to identify different conditions that can
either re-sensitize tumor cells to PARP inhibitors or ena-
ble the use of additional strategies that target the systems
necessary for cell survival to treat resistant tumors. The
anti-proliferative effect of CHK1 inhibitors in BRCA1-
deficient (HR compromised) tumor cells differs from that
of PARP1 inhibitors; hence, it seems rational to investi-
gate how using CHKI inhibitors as a second round of
therapy will affect patients who have tumors resistant to
PARP inhibitors due to the restoration of HR.

In summary, we have found that CHK1 inhibition is a
promising strategy for targeting BRCA 1- or CDK12-deficient
cells. We propose that BRCA1 and CDK 12 deficiency should
be considered a CHK1 sensitivity biomarker candidate. The
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cell cycle arrest triggered by recently developed specific
CDK 12 inhibitors is in line with our presented observations.*
Moreover, combination therapy with PARP1/2 inhibitors and
a CDK 12 inhibitor conferred a strong anti-proliferative effect
in breast cancer cells.*! Our results provide promising evi-
dence for the combinatory effect of CDK 12 and CHK1 inhib-
itors in treating cancer patients.*!-43

Acknowledgements

The authors certify that they have NO affiliations with, or involve-
ment in, any organization or entity with any financial or non-
financial interest (such as personal or professional relationships,
affiliations, knowledge or beliefs) in the subject matter or materi-
als discussed in this manuscript. The authors would like to thank
Dr Sabina Sevcikova and members of the J. Kohoutek laboratory
for critical discussion and their suggestions during the preparation
of this manuscript, Dr Jiri Jarkovsky for statistical analyses, Prof.
Jiri Bartek for helpful discussion, D. Blazek for providing us with
OVSAHO cells and Dr Miroslav Machala for the sharing antibod-
ies that were used in the Western blot analyses.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
study was supported by the Internal Grant Agency of the Ministry
of Health of the Czech Republic, grant NT14599-3/2013 (M.S.
and J.K.); the Ministry of Health of the Czech Republic, grant
16-34152A (J.K.); the Ministry of Agriculture, grant RO0517; the
European Regional Development Fund, project no. LQ1605 from
the National Program of Sustainability Il (MEYS CR) (K.S., K.P.,
and O.H.); the Ministry of Health of the Czech Republic, grant
15-33999A (M.S., K.P., and K.S.); CZ-OPENSCREEN: National
Infrastructure for Chemical Biology, LM2015063 (K.P.); the
Czech National Program of Sustainability, LO1304 (J.K. and
M.M.); and the Norwegian Financial Mechanism 2009-2014
Project, Contract 7F14061 (J.K.).

Supplementary material

Supplementary material is available for this article online

References

1. Hanahan D and Weinberg RA. Hallmarks of cancer: the
next generation. Cell 2011; 144: 646-674.

2. Ma CX, Janetka JW and Piwnica-Worms H. Death by
releasing the breaks: CHK1 inhibitors as cancer therapeu-
tics. Trends Mol Med 2011; 17: 88-96.

3. McNeely S, Beckmann R and Bence Lin AK. CHEK again:
revisiting the development of CHK 1 inhibitors for cancer
therapy. Pharmacol Ther 2014; 142: 1-10.

4. Thompson R and Eastman A. The cancer therapeutic poten-
tial of chkl inhibitors: how mechanistic studies impact on
clinical trial design. BrJ Clin Pharmacol 2013; 76: 358-3609.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bahassi EM, Ovesen JL, Riesenberg AL, et al. The check-
point kinases Chkl and Chk2 regulate the functional
associations between hBRCA2 and Rad51 in response to
DNA damage. Oncogene 2008; 27: 3977-3985.

Guzi TJ, Paruch K, Dwyer MP, et al. Targeting the replica-
tion checkpoint using SCH 900776, a potent and function-
ally selective CHK1 inhibitor identified via high content
screening. Mol Cancer Ther 2011; 10: 591-602.

Kim MK, James J and Annunziata CM. Topotecan syner-
gizes with CHEK1 (CHK1) inhibitor to induce apoptosis in
ovarian cancer cells. BMC Cancer 2015; 15: 196.

Ma CX, Ellis MJ, Petroni GR, et al. A phase II study of
UCN-01 in combination with irinotecan in patients with
metastatic triple negative breast cancer. Breast Cancer Res
Treat 2013; 137: 483-492.

Montano R, Thompson R, Chung1, etal. Sensitization of human
cancer cells to gemcitabine by the Chk1 inhibitor MK-8776:
cell cycle perturbation and impact of administration schedule
in vitro and in vivo. BMC Cancer 2013; 13: 604.

Perez RP, Lewis LD, Beelen AP, et al. Modulation of cell
cycle progression in human tumors: a pharmacokinetic and
tumor molecular pharmacodynamic study of cisplatin plus
the Chk1 inhibitor UCN-01 (NSC 638850). Clin Cancer Res
2006; 12: 7079-7085.

Ma CX, Cai S, Li S, et al. Targeting Chk1 in p53-deficient
triple-negative breast cancer is therapeutically beneficial in
human-in-mouse tumor models. J Clin Invest 2012; 122:
1541-1552.

Chen Z, Xiao Z, Gu WZ, et al. Selective Chkl inhibitors
differentially sensitize p53-deficient cancer cells to cancer
therapeutics. Int J Cancer 2006; 119: 2784-2794.

Chen CC, Kennedy RD, Sidi S, et al. CHK1 inhibition as
a strategy for targeting Fanconi Anemia (FA) DNA repair
pathway deficient tumors. Mol Cancer 2009; 8: 24.

Kim MK, Min DJ, Wright G, et al. Loss of compensatory
pro-survival and anti-apoptotic modulator, ikkepsilon,
sensitizes ovarian cancer cells to CHEK1 loss through an
increased level of p21. Oncotarget 2014; 5: 12788-12802.
Bartkowiak B, Liu P, Phatnani HP, et al. CDK12 is a tran-
scription elongation-associated ctd kinase, the metazoan
ortholog of yeast Ctk1. Genes Dev 2010; 24: 2303-2316.
Blazek D, Kohoutek J, Bartholomeeusen K, et al. The cyclin
K/Cdk12 complex maintains genomic stability via regula-
tion of expression of DNA damage response genes. Genes
Dev2011;25:2158-2172.

Cheng SW, Kuzyk MA, Moradian A, et al. Interaction
of cyclin-dependent kinase 12/CrkRS with cyclin K1 is
required for the phosphorylation of the C-terminal domain
of RNA polymerase II. Mol Cell Biol 2012; 32: 4691-4704.
Kohoutek J and Blazek D. Cyclin K goes with Cdk12 and
Cdk13. Cell Div 2012; 7: 12.

Joshi PM, Sutor SL, Huntoon CJ, et al. Ovarian cancer-
associated mutations disable catalytic activity of CDK12, a
kinase that promotes homologous recombination repair and
resistance to cisplatin and poly(ADP-ribose) polymerase
inhibitors. J Biol Chem 2014; 289: 9247-9253.

Ekumi KM, Paculova H, Lenasi T, et al. Ovarian carcinoma
CDK12 mutations misregulate expression of DNA repair
genes via deficient formation and function of the Cdk12/
Cyck complex. Nucleic Acids Res 2015; 43: 2575-2589.



Paculova et al.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Bajrami I, Frankum JR, Konde A, et al. Genome-wide pro-
filing of genetic synthetic lethality identifies CDK12 as a
novel determinant of PARP1/2 inhibitor sensitivity. Cancer
Res 2014; 74: 287-297.

Deng CX. BRCAL: cell cycle checkpoint, genetic instabil-
ity, DNA damage response and cancer evolution. Nucleic
Acids Res 2006; 34: 1416-1426.

Jiang Q and Greenberg RA. Deciphering the BRCA1 tumor
suppressor network. J Biol Chem 2015;290: 17724-17732.
Helleday T. Homologous recombination in cancer devel-
opment, treatment and development of drug resistance.
Carcinogenesis 2010; 31: 955-960.

Konecny GE and Kristeleit RS. PARP inhibitors for
BRCA1/2-mutated and sporadic ovarian cancer: current prac-
tice and future directions. BrJ Cancer 2016; 115: 1157-1173.
Bartek J, Mistrik M and Bartkova J. Thresholds of replica-
tion stress signaling in cancer development and treatment.
Nat Struct Mol Biol 2012; 19: 5-7.

Gaillard H, Garcia-Muse T and Aguilera A. Replication
stress and cancer. Nat Rev Cancer 2015; 15: 276-289.
Dwyer MP, Paruch K, Labroli M, et al. Discovery of
pyrazolo[1,5-a]pyrimidine-based CHK1 inhibitors: a tem-
plate-based approach—part 1. Bioorg Med Chem Lett 2011;
21: 467-470.

Labroli M, Paruch K, Dwyer MP, et al. Discovery of
pyrazolo[1,5-a]pyrimidine-based CHK1 inhibitors: a tem-
plate-based approach—part 2. Bioorg Med Chem Lett 2011;
21: 471-474.

Bunz F, Dutriaux A, Lengauer C, et al. Requirement for
p53 and p21 to sustain g2 arrest after DNA damage. Science
1998; 282: 1497-1501.

Tiscornia G, Singer O and Verma IM. Production and puri-
fication of lentiviral vectors. Nat Protoc 2006; 1: 241-245.
Dai Y, Chen S, Kmieciak M, et al. The novel Chk1 inhibitor
MK-8776 sensitizes human leukemia cells to HDAC inhibi-
tors by targeting the intra-S checkpoint and DNA replica-
tion and repair. Mol Cancer Ther 2013; 12: 878-889.
Greifenberg AK, Honig D, Pilarova K, et al. Structural and
functional analysis of the CDK13/Cyclin K complex. Cell
Rep 2016; 14: 320-331.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Wang FZ, Fei HR, Cui Y], et al. The checkpoint 1 kinase
inhibitor LY2603618 induces cell cycle arrest, DNA dam-
age response and autophagy in cancer cells. Apoptosis 2014;
19: 1389-1398.

Domcke S, Sinha R, Levine DA, et al. Evaluating cell lines
as tumour models by comparison of genomic profiles. Nat
Commun 2013; 4: 2126.

Sedelnikova OA, Rogakou EP, Panyutin IG, et al.
Quantitative detection of (125)IdU-induced DNA double-
strand breaks with gamma-H2AX antibody. Radiat Res
2002; 158: 486-492.

Broude EV, Swift ME, Vivo C, et al. P21(Waf1/Cip1/Sdil)
mediates retinoblastoma protein degradation. Oncogene
2007; 26: 6954—6958.

Cancer Genome Atlas Network. Comprehensive molecu-
lar portraits of human breast tumours. Nature 2012; 490:
61-70.

Cancer Genome Atlas Research Network. Integrated
genomic analyses of ovarian carcinoma. Nature 2011; 474:
609-615.

Mullan PB, Quinn JE and Harkin DP. The role of BRCAT1 in
transcriptional regulation and cell cycle control. Oncogene
2006; 25: 5854-5863.

Johnson SF, Cruz C, Greifenberg AK, et al. CDKI12
inhibition reverses de novo and acquired PARP inhibi-
tor resistance in BRCA wild-type and mutated mod-
els of triple-negative breast cancer. Cell Rep 2016; 17:
2367-2381.

Zhang TH, Kwiatkowski N, Olson CM, et al. Covalent tar-
geting of remote cysteine residues to develop CDK12 and
CDK13 inhibitors. Nat Chem Biol 2016; 12: 876.

Blazek D. Transcriptional kinases caught by a sticky drug.
Nat Chem Biol 2016; 12: 765-766.

Popova T, Manie E, Boeva V, et al. Ovarian cancers har-
boring inactivating mutations in CDK12 display a distinct
genomic instability pattern characterized by large tandem
duplications. Cancer Res 2016; 76(7): 1882—1891.

Ricks TK, Chiu HJ, Ison G, et al. Successes and challenges
of parp inhibitors in cancer therapy. Front Oncol 2015;
5:222.



APPENDIX 8

PACULOVA, Hana a Jiti KOHOUTEK. The emerging roles of CDK12 in
tumorigenesis. Cell Division. 2017, 12, 7.



Paculova and Kohoutek Cell Div (2017) 12:7
DOI 10.1186/513008-017-0033-x

Cell Division

REVIEW Open Access

The emerging roles of CDK12

in tumorigenesis

Hana Paculové and Jitf Kohoutek™

@ CrossMark

Abstract

inhibitors of CDK12 in future cancer treatment.

Cyclin-dependent kinases (CDKs) are key regulators of both cell cycle progression and transcription. Since dysregula-
tion of CDKs is a frequently occurring event driving tumorigenesis, CDKs have been tested extensively as targets for
cancer therapy. Cyclin-dependent kinase 12 (CDK12) is a transcription-associated kinase which participates in various
cellular processes, including DNA damage response, development and cellular differentiation, as well as splicing and
pre-mRNA processing. CDK12 mutations and amplification have been recently reported in different types of malig-
nancies, including loss-of-function mutations in high-grade serous ovarian carcinomas, and that has led to assump-
tion that CDK12 is a tumor suppressor. On the contrary, CDK12 overexpression in other tumors suggests the possibil-
ity that CDK12 has oncogenic properties, similarly to other transcription-associated kinases. In this review, we discuss
current knowledge concerning the role of CDK12 in ovarian and breast tumorigenesis and the potential for chemical

Keywords: CDK12, RNA pol II, Suppressor, Oncogene, Dinaciclib, THZ531

Background

Cyclin-dependent kinases (CDKs) are principal regula-
tors of various cellular processes. They are divided into
two subfamilies: cell cycle-associated CDKs (CDK1, 2, 4,
6), which directly regulate progression through individ-
ual cell cycle phases, and transcription-associated CDKs
(CDK7, 8, 9, 11, 12, 13), which regulate gene transcrip-
tion. These kinases phosphorylate the C-terminal domain
(CTD) of Rbpl, the largest subunit of RNA polymerase II
(RNA pol II) as well as various transcription regulatory
factors. Since CDKs are frequently dysregulated in tumor
cells, therefore they are attractive therapeutic targets for
a broad spectrum of tumors [1, 2].

Eukaryotic transcription is very complex and tightly
regulated. Essential cellular processes, including differ-
entiation and response to extracellular stimuli, depend
on regulation at the transcriptional level [3]. In addition,
precise coordination of transcription with other events,
such as mRNA processing, splicing, chromatin remod-
eling, and modification of histones is crucial for normal

*Correspondence: kohoutek@vri.cz
Department of Chemistry and Toxicology, Veterinary Research Institute,
Hudcova 296/70, Brno 621 00, Czech Republic

( ) BiolMed Central

cellular physiology. Consequently, deregulation of these
processes drives cancer onset and progression [4].

Transcription factors are frequently mutated in cancer
cells and represent typical oncogenes and tumor sup-
pressors. These mutations lead to alterations in the gene
expression programs and might create dependency on
certain transcriptional regulators making cancer cells
addicted to their activities [5]. Such a phenomenon is
called “Transcriptional Addiction’, and it provides oppor-
tunities for novel therapeutic interventions in cancer [5].

CDK12 is a transcription-associated CDK that phos-
phorylates the CTD of RNA pol II and it is essential for
DNA damage response (DDR), splicing, and differentia-
tion [6]. CDK12 mutations as well as overexpression have
been reported in various malignancies. Subsequently, two
CDK12 inhibitors were developed independently. They
will be instrumental for studying physiological function
of CDK12 and could be tested as anti-cancer drugs [7,
8]. In this review, we summarize current knowledge con-
cerning CDK12 role in tumorigenesis and its therapeutic
potential.

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
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CDKs in transcription regulation

Transcription is a complex process coordinated by
numerous factors. Posttranslational modifications (par-
ticularly phosphorylation) of RNA pol II CTD constitute
one of the crucial mechanisms of transcription regulation
[3, 4]. RNA pol II is a multi-subunit complex responsible
for RNA synthesis of eukaryotic genes coding most pro-
teins and small RNAs. Modifications of CTD, which con-
sists of repeated YSPTSPS heptapeptides, form patterns
that enable specific binding of various factors coordinat-
ing transcription as well as co-transcriptional pre-mRNA
processing [3, 4]. Phosphorylation of serines, threonine
and tyrosine, among other post-translational modifica-
tions, is essential for the transition between individual
phases of transcription, such as initiation, elongation,
termination, and individual steps of pre-mRNA process-
ing. The majority of kinases phosphorylating CTD of
RNA pol II belong to the group of transcription-related
CDKs. CDK7 is a part of transcription initiation factor
TFIIH. CDK9, responsible for the activity of P-TEFb, is
associated with early elongation [3, 4].

CDK12 structure, homologs and associating cyclin
In 2001, a new transcription-related kinase was discov-
ered. It was described as a Cdc2-related kinase with an
arginine/serine-rich (RS) domain (CrkRS). The CrkRS
consists of 1490 amino acids and has a kinase domain,
proline-rich regions and a serine-rich domain, which is
typical for splicing factors from the SR protein family [9].
Later on, cyclins L1 and L2 were described as CDK12-
associating cyclins and the CrkRS was renamed to CDK12
[10]. Nevertheless, the cloning of Drosophila CDK12
led to identification of cyclin K as a bona fide CDK12-
associating cyclin. The cyclin K/CDK12 complex was
demonstrated to phosphorylate the CTD of RNA pol II
in vitro, and CDK12 was established as a CTD kinase
[11]. The association between cyclin K and CDK12 was
further confirmed by mass spectrometry and immu-
noprecipitation in mammalian cells [12, 13]. Addition-
ally, the ability of CDK12 to phosphorylate the CTD of
RNA pol II was clearly demonstrated [12]. Analogically
to CDK9, CDK12 is expected to phosphorylate additional
substrates other than CTD, such as transcription or splic-
ing factors, which may be critical for CDK12 role in regu-
lation of transcription and related processes. Additional
CDK12 phosphorylation targets and related biological
functions remain to be determined. The crystal structure
of CDK12 was later described, opening new possibili-
ties to study its function and its potential as a drug tar-
get and to develop specific CDK12 inhibitors [14]. The
closest CDK12 human homologue is CDK13 (also known
as CDC2L5, CHED). It contains a kinase domain which
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displays high sequence identity to CDK12 kinase domain,
but its sequence is unrelated on C- and N- terminus.
CDK13 associates with Cyclin K and forms a separate
complex [12]. Similarly to CDK12, CDK13 is capable
of phosphorylating CTD [12]. Nevertheless, CDK13 is
much less studied than CDK12 and its function is less
clear. Due to the sequence similarity, one can expect a
redundancy or overlap in functions of these two kinases.

In yeast (S. cerevisiae), there are two kinases capable
of phosphorylating Ser2 of CTD, Ctkl and Burl. Before
CDK12 and CDK13 were discovered, it was assumed that
CDKO9 is the only metazoan orthologue of Ctkl and Burl.
Based on evolutionary and functional evidence Bar-
tkowiak et al. identified Drosophila CDK12 and human
CDK12 and CDK13 as an ortholog of yeast Ctkl, while
Burl is CDKO9 orthologue [11, 15] Lsk1, less studied Ser2
CTD phosphorylating protein, is CDK12 ortholog in S.
pombe [11].

CDK12 in transcription regulation
Similarly to CDK9, CDK12 is associated with transcrip-
tion elongation and is able to phosphorylate the RNA
pol II CTD serine at position 2 (Ser2) in Drosophila
[11] and in human cells [12, 13]. However, downregula-
tion of CDK12 activity does not affect the global tran-
scription rate, and when CDK12 is depleted from cells,
transcription of a unique subset of genes is altered (inter-
estingly mainly the genes necessary for DDR). Depletion
of CDK12 and Cyclin K results in decreased expression
of long genes (> 10 kb) and genes with higher number
of exons. Observations have led to the hypothesis that
CDK12 is a kinase that promotes transcription of a set of
specific genes [12]. Supporting this hypothesis, CDK12
was found to be necessary for the expression of Nrf2-
dependent genes in Drosophila cells, where CDK12 does
not affect the overall transcription but is rather involved
in the transcriptional stress response [16].

Nevertheless, recent studies provide arguments against
a hypothesis that CDK12 is a gene-specific CDK kinase.
According to this concept, CDK12 is actively recruited
to the body of transcribed genes by fully operated Pol
II associated factor 1 (Pafl) right after paused RNA pol
II is released into the productive elongation phase [17].
Also, when specific anti-CDK12 antibody was used in a
ChIP-Seq experiment, it was found that CDK12 binds
to promoters and bodies of protein-coding genes and to
active transcription enhancers, with the ChIP-seq sig-
nal overlapping with the RNA pol II signal [8]. The same
group developed a specific CDK12 inhibitor and identi-
fied CDK12-responsive genes in microarray experiments.
Critically, a lower dose of the CDK12 inhibitor reduced
transcription of core DDR genes (including BRCAI,
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FANCF and ERCC4) and higher inhibitor dose decreased
expression of super-enhancer-associated genes compared
to genes associated with typical enhancers [8].

An additional aspect related to CDKI12 function in
transcription is the specificity of CDK12 in relation to the
specific serine within CTD. In the classical view, CDK12
phosphorylates CTD Ser2 in vivo and in vitro. In contrast
to CDK9, CDK12 is responsible for Ser2 phosphorylation
on the 3’ prime end of genes [8]. In an attempt to clarify
CDK12 substrate preference, the Geyer group performed
in vitro kinase assays and immunoprecipitation experi-
ments. They described CDK12 ability to phosphorylate
both CTD Ser2 and Ser5; however, it needs pre-phos-
phorylation of CTD on Ser7 for optimal activity [14].
Nonetheless, inhibition of CDK12 in HeLa cells led to a
severe block of cell growth but global phosphorylation of
individual CTD related serines was affected only moder-
ately [18]. Finally, CDK12 inhibition leads to a reduction
in global Ser2 but not Ser5 or Ser7 phosphorylation of
the CTD [8]. To date, CTD substrate specificity studies
have been dependent on antibodies against specific CTD
modifications, such as H5, H14, and antibodies prepared
by the Eick group [19]. The specificity of these antibodies
seems to be affected by neighboring modifications [18],
which could bias the results and make it challenging to
draw conclusions. A cellular system suitable for mass
spectroscopy analyses of CTD of RNA pol II modifica-
tions was recently developed. It provides a promising tool
for elucidating the specificity of CDK12 and other CDKs
in relation to individual CTD serines [20].

In addition to regulating the elongation phase of tran-
scription, CDK12 participates in transcription termina-
tion. Polyadenylation-coupled phosphorylation of Ser2
at the 3’ end of the MYC gene by CDK12 is necessary
for recruitment of polyadenylation factor CstF77 and is
therefore necessary for effective transcription termina-
tion [21]. Similarly, CDK12 depletion leads to reduced
Ser2 phosphorylation and cleavage stimulation factor 64
(CstF64), thereby leading to impaired 3’ end processing
of the ¢-FOS gene after activation of EGF signaling [22].
These two studies clearly demonstrated how regulation
of transcription is coupled to pre-mRNA processing by
recruiting different factors to modified CTD.

It is evident that transcription elongation and ter-
mination serve as regulatory steps in gene expression.
Dysregulation of these processes may alter levels of
tumor suppressors or oncogenes and possibly result in
tumorigenesis. Nevertheless, the exact role of CDK12
in transcription regulation is not fully understood.
The fundamental question remains unanswered as to
whether CDK12 affects transcription globally or if it is
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kinase-specific for a unique set of genes, such as DDR
or super-enhancer-associated genes? Similarly to CDKO9,
CDK12 could bind and phosphorylate also additional
factors and thus regulate transcription employing CTD
phosphorylation independent mechanisms.

CDK12 function in splicing

Since its discovery, it has been known that CDK12 co-
localizes with SC35 (also known as SRSF2 or SFRS2), a
spliceosome component, and contains the RS domain
which is typical for RNA-interacting and splicing fac-
tors [9]. Supporting CDK12 involvement in RNA-splicing
machinery, three studies independently identified sev-
eral factors of the splicing apparatus and components of
nuclear speckles to be putative CDK12-associating part-
ners based on mass spectrometry analyses [18, 22, 23].
Nevertheless, most of these associations have not yet
been confirmed by immunoprecipitation with endog-
enous CDK12. One example of CDKI12 involvement
in splicing is based on the observation that depletion
of CDK12 leads to dysregulated alternative splicing of
serine/arginine splicing factorl (SRSF1). In addition to
its association with splicing factors, CDK12 was dem-
onstrated to co-immunoprecipitate proteins of exon
junction complexes and RNA-binding proteins [22]. In
addition, Drosophila CDK12 is involved in the alterna-
tive splicing of neurexin IV in coordination with mRNA—
binding protein HOW during Drosophila nervous system
development [24].

A recent study confirmed that CDK12 is involved in
splicing. The authors described interaction of CDK12
with spliceosome components and splicing regulatory
factors using immunoprecipitation followed by mass
spectroscopy [25]. In RNA-seq experiments, Tien et al.
described a new role of CDK12 in splicing: CDK12 reg-
ulates alternative last exon splicing, gene- and cell type-
specific specialized type of alternative splicing. In breast
cancer cells, depletion or overexpression of CDK12 leads
to altered alternative last exon splicing of a subset of
genes and may contribute to tumorigenesis [25].

Despite a growing body of evidence supporting CDK12
involvement in splicing, the precise role of CDK12 in this
process as well as other co-transcriptional events is yet to
be elucidated. Description of additional binding factors
and new potential phosphorylation substrates may clarify
the precise function of CDK12 in this process. CDK12
could form a functional link between transcription regu-
lation and co-transcriptional pre-mRNA splicing. Alter-
native splicing affects a large number of transcripts in
mammals and provides regulation for the majority of cel-
lular processes. Aberrant splicing of various regulatory
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factors also leads to tumorigenesis [26—28] providing one
of the explanatory roles for CDK12 deficiency in tumori-
genesis via splicing dysregulation.

CDK12 in development

Even though CDKI12 is ubiquitously expressed, the
CDK12 protein level differs in particular tissues. High
human CDK12 levels can be found in testes, ovaries, leu-
kocytes and adrenal gland, measured by mRNA levels
[29]. High mouse CDK12 protein levels are in testes as
well as in highly proliferative tissues and mouse embry-
onic stem cells [30]. This suggests that CDK12 could have
tissue-specific roles in cellular commitment and differen-
tiation. Several studies have pointed out CDK12 function
in neuronal development and differentiation [31-33].
For instance, depletion of CDK12 (and CDK13) leads to
reduced axonal outgrowth mediated probably by lowered
CDK5 expression [32]. Ser2 phosphorylation in C. ele-
gans germline depends on the activity of CDK12/cyclin K
rather than on CDK9 [34].

As is evident from mouse studies, both CDK12 and its
associating cyclin K are essential for early embryogenesis
in mice. In vitro cultured CDK12 —/— blastocysts fail
to undergo inner cell mass outgrowth due to increased
apoptosis and impaired repair of DNA damage [33].

CDK12 associating cyclin K is highly expressed in
murine embryonic stem cells but not in their differenti-
ated derivatives. The cyclin K protein level decreases with
differentiation and correlates with levels of Oct4, Sox
and Nanog proteins known to be necessary for maintain-
ing stemness. These observations suggest that cyclin K/
CDK12 and also cyclin K/CDK13 complexes take part in
maintaining the self-renewal capacity of murine embry-
onic stem cells [35].

One of the features of various tumors is stemness and
cell dedifferentiation. Since CDK12 maintains a dediffer-
entiated state in mouse embryonic stem cells, one could
envision a scenario where CDK12 maintains the dedif-
ferentiated state of cancer stem cells. High CDK12 activ-
ity would therefore accelerate tumor progression and
therapy resistance, paradoxically to its proposed role as a
tumor suppressor.

CDK12 role in DNA damage response

Even though the exact function of CDK12 is not fully
understood, it is evident that it plays a significant role
in DDR by affecting the expression of genes involved
in homologous recombination (HR) promoted DNA
damage repair and probably also other repair pathways
[7, 12, 36]. Consequently, CDK12 silencing results in
increased endogenous DNA damage [12]. Cells express-
ing catalytically inactive mutant forms of CDK12 exhibit
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a compromised ability to effectively execute HR [36].
CDK12 —/— cells derived from mouse blastocysts show
decreased expression of DDR genes and increased levels
of DNA damage [33]. Administration of CDK12 inhibi-
tor THZ531 also reduces expression of DDR-associated
genes [8].

However, a recent study pointed out that the DNA
damage pattern in ovarian tumors with CDK12 loss is
different than in the case of loss of HR-associated genes.
Samples bearing inactive CDK12 have been shown to
contain large tandem duplications rather than markers of
impaired HR [37].

Cyclin K (in addition to BRCA1) was found in a global
screen for genes sensitizing cells to the DNA-damaging
drug camptothecin [38]. Furthermore, downregulation of
CDK12 leads not only to spontaneous cell death but also
to sensitization of cells to various DNA-damaging agents
such as etoposide, mitomycin C and camptothecin [12].
Also, mutant, inactive forms of CDK12 sensitize cancer
cells to cisplatin [39]. CDK12 deficiency sensitizes cells
to inhibitors of PARP1/2, an important factor involved in
DNA repair (discussed further in more detail) [7, 39, 40].

Despite the fact that CDK12 role in DDR is not yet fully
understood, it is clear that CDK12 is necessary for main-
taining genomic stability and functional DDR, particu-
larly HR promoted DNA damage repair. Impaired DDR
and accumulation of DNA damage is a typical hallmark
of cancer [41], which directly links CDK12 deficiency to
tumorigenesis.

Transcriptional CDKs and cancer

CDKs are principal regulators of the cell cycle and con-
sequently participate in control of cell proliferation. Each
CDK plays a distinct role in this process and is activated
in coordination with multiple factors. Dysregulation
of CDKs is a feature typical of a large number of tumor
types. Hence, CDKs are attractive targets for cancer ther-
apy and numerous CDK inhibitors have been synthesized
and tested as anti-cancer drugs [1, 42]. In addition to cell
cycle-associated CDKs, transcription-associated CDKs
have emerged as prospective therapeutic targets, exploit-
ing the so-called transcriptional addiction, According to
this concept, cancer cells depend on dysregulated tran-
scriptional programs maintained by principal transcrip-
tional regulators, among them transcription-associated
CDKs [5]. An increasing number of studies have pointed
out the connection between individual transcriptional
CDKs and cancerogenesis [5].

CDKO9, a kinase responsible for the activity of posi-
tive transcription elongation factor (P-TEFb), regulates
transition from the initiation to the productive elonga-
tion phase of transcription. Overexpression of oncogenic
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transcription factor c-Myc leads to increased activity of
CDKO9 and enhances the current transcriptional program
by stimulating RNA pol II elongation [43]. Consequently,
CDKO inhibitors have been shown to limit proliferation
in Myc-overexpressing liver cancer cells [44] and B cell
lymphoma [45]. CDK9 is activated in different types of
leukemia. MLL, a histone methyltransferase, frequently
fuses with components of the super-elongation complex
to form oncogenic factors which activate P-TEFb and
promote transcription. Inhibition of CDK9 subsequently
limits proliferation of these cells [46].

After CDK13 amplification was described in hepatocel-
lular cancer, CDK13 was consequently proposed to be an
oncogene [47]. A high level of CDKI11 in breast cancer
correlates with clinicopathological parameters. CDK11
downregulation limits cell proliferation and migration in
breast cancer cell lines. Targeting CDK11 has been pro-
posed for breast cancer treatment [48].

In conclusion, overstimulation of transcription-asso-
ciated CDKs promotes proliferation of various cancer
types. Analogously, cancer cells may depend on CDK12
and thus it can serve as a therapeutic target. Importantly,
CDK12 overexpression has been documented in breast
tumors [49, 50].

CDK12 inhibitors
The anti-tumor potential of various CDK inhibitors has
been tested in clinical trials. In addition to the pan-selec-
tive inhibitors such as flavopiridol and roscovitine, inhib-
itors showing specificity for individual CDKs have been
developed targeting cell cycle- as well as transcription-
linked CDKs [1]. Taking into account that CDK12 plays a
critical role in multiple cellular processes and is mutated
or overexpressed in various types of cancer, CDK12 inhi-
bition emerges as a favorable strategy for cancer treat-
ment. Two studies recently described CDK12 inhibitors
with different chemical structure and specificity range.
Initially, dinaciclib (SCH 727965) was described as
a potent inhibitor of CDK2, CDK5, CDK1 and CDK9
exhibiting an anti-proliferative effect in various cell
lines [51]. Johnson et al. (2016) discovered that dinaci-
clib potently inhibits also CDK12 with IC,, comparable
to CDK9. Dinaciclib administration, similarly to CDK12
silencing, leads to reduced expression of HR genes and
reduced RNA pol II CTD Ser2 phosphorylation, and the
effects of dinaciclib are thus reminiscent of CDK12 inhi-
bition. Moreover, BRCA1 wild-type cells treated with
dinaciclib exhibit compromised HR, which conveys a
sensitivity to PARP1 inhibitors. Importantly, combined
treatment with PARP1/2 inhibitor veliparib and CDK12
inhibitor dinaciclib efficiently inhibited tumor growth in
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a patient-derived xenograft model. These findings fore-
see a possibility to use a CDK12 inhibitor to sensitize or
reverse PARP1/2 inhibitor resistance in tumors [7].

CDK?7 inhibitor THZ1 has recently been shown to limit
the transcription of factors dependent on super-enhanc-
ers, among them MYC proto-oncogenes, and it has been
pre-clinically tested for treatment of lung carcinoma [43],
T-cell acute lymphoblastic leukemia [44], and triple nega-
tive breast cancer [45]. THZ1 inhibits CDK12 at higher
concentrations and its biological effect could be partly
ascribed to CDK12 inhibition [52].

A selective and potent CDK12/13 inhibitor TZH531
was recently developed [8]. The attempt to synthesize
a CDK12 inhibitor was based on THZ1, which cova-
lently binds cysteine 312 located on an extension of
the CDK7 kinase domain. CDK12 and CDK13 possess
cysteines 1039/1017 in a similar extension close to the
kinase domain. The authors exploited structural dif-
ferences between CDK7 Cys312 and CDK12/13 Cys
1039/1017 and screened for an inhibitor specific solely
for CDK12/13. THZ531 selectively inhibits CDK12/13
activity 50 times more efficiently than CDK7 or CDKO.
In cells, THZ531 induced apoptosis, inhibited elonga-
tion of genes and led to reduced expression of DDR and
super-enhancer dependent genes. THZ531 exhibited an
antiproliferative effect in Jurkat T-cell acute lymphoblas-
tic leukemia cells [8]. Yet, respective contributions of
CDK12 and CDK13 to observed biological effects are not
known [40].

In summary, CDK12 inhibitors show promise as anti-
cancer drugs, either as a stand-alone treatment or in
combination with other compounds such as PARP1/2
inhibitors.

CDK12 mutations in high-grade serous ovarian
cancer (HGSOC)

Genomic instability is a typical feature of various malig-
nancies. Mutations in DDR genes resulting in accumula-
tion of DNA damage are often driving progressive events
in cancerogenesis. Defective DNA repair machinery
results in accumulation of mutations and accelerated
cancer transformation and progression [41].

HR deficiency and genomic instability are characteris-
tic for about 50% of HGSOC [53]. HR-associated genes
such as BRCA1 or BRCA2 are mutated most frequently
and represent typical tumor suppressors. In addition
to p53, BRCA1 and BRCA2, CDK12 is one of only nine
recurrently mutated genes; it is mutated in about 3% of
HGSOC cases [53]. Additional studies have described
these mutations in more detail. Mostly they are homozy-
gous point mutations in the CDK12 kinase domain
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leading to the loss of CDKI12 function [36]. Mutant
CDK12 forms have compromised ability to phospho-
rylate RNA pol II CTD, and cells display impairment in
HR promoted DNA repair. This is caused predominantly
by an inability to bind cyclin K [36, 39]. Furthermore,
two studies have pointed out that in patients samples,
BRCA1, BRCA2 and CDKI12 mutations were mutually
exclusive [40, 54]. This observation strongly suggests that
BRCA1 and CDK12 participate in one regulatory path-
way and supports the hypothesis that CDK12 controls
expression of BRCA1 and other DDR genes. This sug-
gestion can be further supported by the fact that more of
the key DDR proteins were observed to be deregulated in
patient tumor samples bearing CDK12 mutations [36].
Considering these observations, CDK12 was suggested to
be a tumor suppressor.

CDK12 loss confers sensitivity to PARP1/2
inhibitors

Despite its contribution to tumor promotion, genomic
instability also provides an opportunity for cancer ther-
apy. Inhibitors of PARPI, a protein which participates in
DDR, require defective HR for their anti-cancer activ-
ity. As defective HR is common in some tumors, PARP1
inhibition is becoming synthetically lethal to such cells
[41]. Hence, loss-of-function mutations of HR regula-
tors BRCA1 and BRCA?2 are markers of application of
PARP1/2 inhibitors-based therapy [55, 56]. Although
PARP1/2 inhibitors have recently been translated into
clinics, certain tumors develop resistance to PARP1/2
inhibitors, and new strategies for restoring PARP1/2
inhibitors sensitivity are needed [57].

A synthetic lethality screen determined CDKI2 to be
one of the additional genes conferring sensitivity to the
PARP1/2 inhibitor olaparib [40]. Ovarian cancer cell lines
with lower expression of CDK12 are more sensitive to
olaparib treatment, and downregulation of CDK12 leads
to increased olaparib sensitivity. The therapeutic effect
of olaparib on CDK12-silenced tumor cells was con-
firmed in vivo in xenograft experiments [40]. Increased
sensitivity of CDK12-compromised cells to cisplatin,
the alkylating agent melphalan, and the PARPI1 inhibi-
tor veliparib was observed in a CDK12-silenced ovarian
cancer cell line [39]. In addition, Her2-positive breast
cancer cells with downregulated CDK12 display sensitiv-
ity to PARP1/2 inhibitors [58]. Finally, the CDK12 inhibi-
tor dinaciclib in combination with the PARP1/2 inhibitor
veliparib resulted in inhibition of tumor growth in vitro,
in vivo and in a patient-derived xenograft model [7].

Consistent with the fact that CDK12 is necessary for
expression of HR genes, loss of CDK12 confers sensitivity

Page 6 of 10

to PARP1/2 inhibitors. CDK12 loss in a tumor could
serve as another marker for treatment with PARP1/2
inhibitors or additional inhibitors of DDR network, as
well as with other DNA-damaging compounds.

CDK12 dysregulation in breast cancer

In addition to HGSOC, several studies have shown dys-
regulation of CDK12 in individual subtypes of breast
cancer.

Triple-negative breast cancer (TNBC) samples contain
mutational spectrum similar to ovarian cancer. These
tumors do not amplify any characteristic receptor (ER,
HER2, or PR) but display mutations in DDR genes that
promote genomic instability. Recurrently mutated genes
include p53 (80% of cases) and BRCA1 (30% of cases)
[59]. CDK12 mutations were identified in 1.5% of TNBC
cases [59, 60]. TNBC patients with defective HR (includ-
ing loss-of-function mutated CDK12) may benefit from
treatment using PARP1/2 inhibitors [59].

A large number of breast tumors are dependent on an
overexpressed estrogen receptor (ER) and therefore its
targeted inhibition is used for counteracting the tumor
growth [61]. CDK12 silencing modifies the sensitivity of
ER-positive cells to tamoxifen, a drug blocking ER sign-
aling. CDK12 downregulation activates the mitogen-
activated protein kinase (MAPK) pathway, which in turn
leads to loss of ER dependency and causes resistance to
tamoxifen [62].

Another subtype of breast cancer is characterized by
amplification of oncogene HER2 (also known as ERBB2
or EGFR2), a tyrosine kinase receptor, which stimulates
cell proliferation and inhibits apoptosis [59]. In breast
cancer, HER2 is a part of the frequently amplified and
overexpressed 17q12-q21 locus [63]. In addition to HER2,
17q12-q21 amplicon commonly contains several neigh-
boring genes including MEDI1, GRB7, MSL1, CASC3 and
TOP2A [50, 59]. Interestingly, the HER2 amplicon also
contains the CDK12 gene in 71% of cases [50, 64].

HER2-amplified tumors may benefit from therapy
based on usage of antibodies against HER2 receptor
(trastuzumab, pertuzumab) or tyrosine-kinase inhibitors
(lapatinib) [59]. In addition to HER2, overexpression of
co-amplified genes might also have an impact on breast
cancer development. Additional genes involved in the
17q12-q21 amplicon might therefore be oncogene can-
didates [63]. Moreover, amplification of additional genes
in the 17q12-q21 locus might be responsible for resist-
ance of certain tumors to HER2-targeted therapy. These
oncogenic factors, including CDK12, represent poten-
tial druggable targets [64]. Mertins and colleagues ana-
lyzed the proteome of breast cancer samples and found
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CDK12 amplification on mRNA and protein level as well
as increased CDK12 phosphorylation in HER2-amplified
tumors [50]. These observations indicate elevated CDK12
activity in these tumors, and CDK12 has been proposed
as an additional druggable target in HER2-amplified
breast tumors [50]. In parallel, the diFiore group per-
formed a broad screen of serine/threonine kinases with
altered expression in several human cancers, among
them breast cancer. They found that CKD12 is upregu-
lated in HER2—-positive breast cancer samples and dem-
onstrated a strong correlation between CDK12 level and
high tumor grade. They also proposed that a high CDK12
level could serve as a prognostic marker [49].

In 13% of cases, rearrangements in 17q12-q21 ampli-
cons lead to disruption of the CDK12 gene and resulted
in CDK12 loss of function and PARP1/2 inhibitor sen-
sitivity of these cells. This observation suggests that the
subset of HER2-amplified patients with disrupted CDK12
could benefit from PARP1/2 inhibitor treatment [58].
Additionally, a fusion form of the likely nonfunctional
CDK12 gene was also found in a micropapillary breast
cancer sample [58].

An increasing number of studies describe loss of func-
tion or amplification of CDK12 in breast cancer sam-
ples. Loss of function in CDK12 may lead to genomic
instability and be predictive of PARP1/2 inhibitor treat-
ment. Tumors displaying CDK12 amplification, on the
other hand, may be dependent on its overexpression and
CDK12 may provide a new therapeutic target for breast
malignancies.

Is CDK12 a tumor suppressor or does it have
oncogenic properties?

Loss of tumor suppressors and addiction to oncogenes
are mechanisms driving cancer onset and progression. A
growing number of studies describe mutations or ampli-
fication of the CDKI2 gene in tumor samples. These data
may seem contradictory, since CDK12 functions either
as a tumor suppressor or it has features that resemble an
oncogene.

In HGSOC and TNBC, CDK12 is a tumor suppres-
sor. CDK12 is necessary for expression of DDR genes
and it is essential for HR mediated DNA repair [12, 50].
Consequently, CDK12 loss leads to increased genomic
instability, which is a typical feature of these tumors and
represents one of the hallmarks of cancer progression
[65]. CDK12 loss-of-function mutations or inhibition
confers sensitivity of cells to PARP1/2 inhibitors [7, 39,
40].
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In a different context, CDK12 has properties that
resemble oncogenes. CDK12 amplification, resulting
in its overexpression, correlates with more aggressive
tumor progression in HER2-positive breast cancers [49].
CDK12 is highly active in these tumors, and it has been
proposed as a druggable target in HER2-amplified breast
cancer [50]. This idea might be supported by the fact that
CDK12 inhibition limits the growth of cancer cells [8,
66]. The concept of transcriptional addiction describes
dependency of cancer cells on a certain transcriptional
regulator, which maintains an altered transcriptional pro-
gram [5]. In line with this concept, inhibitors of CDK12-
related transcriptional kinases CDK7 and CDK9 reduce
proliferation of cancer cells and are being tested as anti-
tumor drugs. Similarly to CDK7, CDK12 inhibitors limit
the expression of super-enhancer-associated oncogenic
transcriptional factors [8, 67]. This suggests that certain
tumors might be transcriptionally addicted to CDK12
and so CDK12 inhibition might be a promising anti-can-
cer strategy. A recent study described that CDK12 over-
expression affects alternative last exon splicing. Therefore
CDK12 overexpression can increase the invasiveness of
a breast cancer cell line, by decreasing the expression of
the long isoform of DNAJB6 [25].

Taken together, the dual role of CDK12 in cancerogen-
esis could be explained by the fact that CDK12 is essential
for expression of both tumor suppressors and oncogenes,
and it participates in multiple cellular processes. In dif-
ferent tissues and cell types, the process of tumorigenesis
depends on amplification of particular oncogenes or loss
of suppressors. Consequently, CDK12 can act as a tumor
suppressor or its amplification can contribute to cancero-
genesis depending on cellular context (Fig. 1).

Conclusions

CDK12 is a transcription-associated CDK essential for
multiple cellular processes, including splicing, differen-
tiation and DDR. Despite the fact that CDK12 has been
extensively studied, our understanding of its functions
remains limited. In vitro models will be instrumental to
identify CDK12-associating factors and additional kinase
targets and to elucidate whether it is a general transcrip-
tional regulator or a specific factor for particular sets
of genes. Mouse models recapitulating CDK12 loss or
gain of function will be illustrative in studying particu-
lar aspects of diseases and development. Elucidation of
CDK12 functions would lead to better assessment of its
roles during tumorigenesis.
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Fig. 1 Role of CDK12 in cancer. a CDK12 has the tumor-suppressive properties. CDK12 loss-of function mutations lead to decreased expression
of HR genes resulting in genomic instability and tumorigenesis. CDK12 loss or inhibition sensitizes tumor cells to PARP1/2 inhibitors. b CDK12 has
oncogenic properties. CDK12 amplification might lead to increased expression of various oncogenes and consequently participate in tumorigen-
esis. Therefore targeting CDK12 with specific inhibitors in these tumors could be beneficiary for patient treatment

CDK12 mutations and amplification in tumors have
been documented in an increasing number of studies.
Recently developed CDK12 inhibitors constitute not only
powerful research tools but also promising anti-cancer
drugs. CDK12 inhibitor monotherapy could be useful for
cancer patients tumors with overexpressed and activated
CDK12. CDK12 inhibition increases sensitivity of cells to
PARP1/2 inhibitors, thus presenting a potential strategy
for targeting PARP1/2-resistant tumors.
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The positive transcription elongation factor b (P-TEFb) is essential for the elongation of transcription and
cotranscriptional processing by RNA polymerase II. In mammals, it contains predominantly the C-type cyclin cyclin
T1 (CycT1) or CycT2 and cyclin-dependent kinase 9 (Cdk9). To determine if these cyclins have redundant functions
or affect distinct sets of genes, we genetically inactivated the CycT2 gene (Ccnt2) using the 3-galactosidase-neomycin
gene ([3-geo) gene trap technology in the mouse. Visualizing (3-galactosidase during mouse embryogenesis revealed
that CycT2 is expressed abundantly during embryogenesis and throughout the organism in the adult. This finding
was reflected in the expression of CycT2 in all adult tissues and organs. However, despite numerous matings of
heterozygous mice, we observed no CycT2~/~ embryos, pups, or adult mice. This early lethality could have resulted
from decreased expression of critical genes, which were revealed by short interfering RNAs against CycT2 in
embryonic stem cells. Thus, CycT1 and CycT2 are not redundant, and these different P-TEFb complexes regulate

subsets of distinct genes that are important for embryonic development.

Eukaryotic transcription by RNA polymerase II (RNAPII)
is regulated at several distinct steps, which include initiation,
promoter clearance, elongation, and cotranscriptional process-
ing of primary transcripts (19, 25, 27). Of these, elongation is
regulated by the positive transcription elongation factor b (P-
TEFDb), which contains predominantly the C-type cyclin cyclin
T1 (CycT1) or CycT2 and cyclin-dependent kinase 9 (Cdk9).
All these different P-TEFb complexes phosphorylate serines at
position 2 (S2) in the C-terminal domain (CTD) of RNAPII, as
well as components of the negative transcription elongation
factor, which contains minimally the DRB (5,6-dichloro-1-3-
D-ribofuranosylbenzimidazole)  sensitivity-inducing  factor
(DSIF) and the negative elongation factor. These posttransla-
tional modifications exchange basal transcription factors for
splicing and polyadenylation machineries on RNAPII, as well
as modify DSIF for productive elongation (25).

Although these P-TEFb complexes can phosphorylate the
CTD and lead to transcriptional elongation when recruited to
RNAPII via heterologous nucleic acid-tethering systems, it is
not clear whether they have redundant or unique functions in
cells (18, 33). Thus far, CycT1, which is the most abundant of
these cyclins, has been implicated as the coactivator of the
transcriptional transactivator Tat from human immunodefi-
ciency virus, RelA from NF-kB, class II transactivator, the
protooncogene c-myc, several members of the steroid hormone
receptor family, and the autoimmune regulator AIRE (3, 8,
14-16, 24, 29, 36). Moreover, Runx1, which is the active re-
pressor of CD4 expression in double-negative thymocytes, de-
coys CycT1 away from the CD4 promoter, thus keeping the
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engaged RNAPII from elongating on this gene (13). On the
other hand, CycT2 has been implicated as the coactivator of
MyoD, pRb, and ENL (23, 31, 32). However, except for Tat, it
has not been ruled out formally that these two cyclins cannot
substitute for one another.

Besides these specific interactions, little is known about the
roles of different P-TEFb complexes during development and
in the adult organism. Thus far, only the genetic inactivation of
CycT1 has been reported, but with CycT1~/~ mice still ex-
pressing small amounts of the wild-type (WT) protein, only
minor immunological defects were observed (24). Moreover, in
Caenorhabditis elegans, the genetic inactivation of CycT1 or
CycT2 alone had no effect, whereas inhibiting both cyclins led
to the same severe phenotype as the genetic inactivation of
RNAPII itself (28). Given these findings, we wanted to deter-
mine if these different P-TEFb complexes played redundant or
unique roles in mammals. To this end, we genetically inacti-
vated CycT2, which led to an embryonic-lethal phenotype. In
this report, we present our findings with our CycT2™/~ mice
and stem cells.

MATERIALS AND METHODS

Generation of CycT2*/~ mice. Embryonic stem (ES) cells (clone W048F02-
04304) bearing a B-galactosidase-neomycin (B-geo) trap in the CycT2 gene
(CycT2.B-geo), were obtained from the German Gene Trap Consortium (30).
Morula-ES cell aggregations were carried out by the Mouse Genetics Core at the
University of California at San Francisco (UCSF). They were injected into
superovulated C57BL/6 morulas, and chimeric mice were generated. Chimeric
males were then bred with C57BL/6 females, and heterozygous animals were
identified by PCR genotyping. Staging of embryos for LacZ staining was also
performed. After the breeding was set up, females were examined for vaginal
plugs, and this developmental stage was set as embryonic day 0.5 (E0.5). Mid-
gestation and preimplantation embryos at various stages were obtained by dis-
secting the uterine horn or the oviducts. The mice were maintained in accor-
dance with UCSF regulations for the humane use of animals in research.

Genotyping. To distinguish WT and trapped (TR) CycT2.p-geo genes, one
common forward primer (WTf, 5'-CCAAGTGATCGCCTCCAAGTTATCAG
G-3') and two specific reverse primers (TRr, 5'-ATGCCCAGCCAAAATCTT
TCTGGCCTC-3', and WTr, 5'-GGATGGTAGTAGGAATCTCTACCAGGT-
3") were designed. Direct sequencing revealed the expected sequences of these
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PCR amplicons. They also validated the integration site of B-geo within intron 7
of the CycT2 gene. Genomic DNA was isolated from mouse tails with the
REDExtract-N-Amp tissue PCR kit (Sigma, St. Louis, MO).

Western blotting. For detection of the fusion protein between the N terminus
of CycT2 and the B-Geo protein in donor ES cells (W048F(02-04304) or for the
detection of decreased expression of CycT1 and CycT2 after RNA interference,
ES cells were collected in lysis buffer (10 mM Tris-HCI, pH 8.0, 25 mM EDTA,
1% sodium dodecyl sulfate), sonicated, and cleared by centrifugation at 10,000 X
g for 10 min at 4°C. Concentrations of total proteins were determined with the
TMB Substrate Kit (Pierce, Rockford, IL). Lysates were diluted to the same
concentration, mixed with Laemmli sample buffer, and boiled for 5 min. Western
blotting was performed with anti-B-galactosidase (Z378A; Promega, Madison,
WI) or anti-CycT1, -CycT2, and -Cdk9 (sc-10750, sc-12421, and sc-484; Santa
Cruz Biotechnology, Santa Cruz, CA).

For the assessment of protein levels of subunits of P-TEFb in diverse mouse
organs, the heart, brain, lung, skeletal muscle, spleen, kidney, thymus, liver,
testis, and pancreas were isolated from WT mice, lysed on ice in lysis buffer,
sonicated, and cleared by centrifugation at 10,000 X g for 10 min at 4°C. Con-
centrations of total proteins were determined with the TMB Substrate Kit
(Pierce). Lysates were diluted to the same concentration, mixed with Laemmli
sample buffer, and boiled for 5 min. Western blotting analyses were carried out
with anti-CycT1, -CycT2, and -Cdk9 antibodies (sc-10750, sc-12421, and sc-484;
Santa Cruz Biotechnology).

LacZ staining. Embryos at a given developmental stage were removed from
the uteruses of pregnant heterozygous female mice, after which supporting and
extraembryonic tissues were dissected. Whole embryos were washed in cold
phosphate-buffered saline and immediately transferred to 0.2% glutaraldehyde
in phosphate buffer (23 mM NaH,PO, - H,O, 72 mM Na,HPO,, 5 mM EGTA,
and 2 mM MgCl,) for 15 min on ice. The embryos were then washed three times
with washing buffer (23 mM NaH,PO, - H,O, 72 mM Na,HPO,, 2 mM MgCl,,
0.01% deoxycholate, and 0.02% NP-40) for 15 min on ice. Finally, the embryos
were transferred to staining solution [washing buffer supplemented with 5 mM
K,Fe(CN)g - 3H,0, 5 mM K;Fe(CN)g, and 1 mg/ml X-Gal (5-bromo-4-chloro-
3-indolyl-B-p-galactopyranoside)] and incubated at 30°C overnight.

Knockdown of CycT1 and CycT2 and microarray analyses. Feeder-free mouse
E14 ES cells were maintained in the presence of LIF (Millipore). Cells in 6-cm
plates were transfected with 200 pmol of individual short interfering RNAs
(siRNAs) in duplicate with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) fol-
lowing the manufacturer’s instructions. Control siRNA contained an RNA du-
plex that did not match any sequence from the mouse genome (Integrated DNA
Technologies, San Diego, CA). The siRNA duplex against CycT1 contained
5'-UUCCGAAUACGUUUCAGCCUGCUUGGA-3' (sense) and 5'-AAGGC
UUAUGCAAAGUCGGACGAAC-3" (antisense) sequences. Three siRNAs
from Santa Cruz Biotechnology targeted different regions of mouse CycT2
mRNA. Forty-eight hours after the transfection, the cells were harvested. Half of
the cells were lysed with protein-loading buffer. We determined the concentra-
tions of cell lysates with the bicinchoninic acid protein assay kit (Pierce). Equal
amounts of protein were loaded for Western blotting. Total RNA was also
extracted from the remaining cells with Trizol (Invitrogen), followed by RNeasy
column purification (Qiagen). The concentration and quality of RNA were
determined with an Agilent 2100 bioanalyzer, and all the purified RNA samples
had scores of more than 9.80. Total RNA from each siRNA knockdown was
amplified with an Illumina TotalPrep RNA Amplification kit (Ambion). The
amplified RNA was examined with an Agilent 2100 bioanalyzer before microar-
ray analysis to ensure that similar amplification efficiencies were achieved. Mi-
croarray analysis with MouseWG-6 v2.0 chips (Illumina) was carried out with the
help of the UCSF Microarray Core. Data were extracted with the BeadStudio
Gene Expression Module (Illumina), and gene ontology analysis was carried out
using DAVID (http://david.abcc.ncifcrf.gov/) and grouped based on the Kyoto
Encyclopedia of Genes and Genomes pathway.

RESULTS

Generation and characterization of CycT2*/~ mice. To gain
more insight into the physiological function of CycT2, we uti-
lized mouse ES cells (W048F02-04304) with a B-geo gene trap
insertion (pT1ATGbetageo) in intron 7 from the German
Gene Trap Consortium (Fig. 1A) (30). After implantation into
mouse blastocysts, we achieved stable germ line transmission
of our transgene (Fig. 1B). Indeed, the trap could be detected
easily using primers to intron 7 (WTf) and B-geo (TRr) se-
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FIG. 1. Analysis of CycT2"~ ES cells and mice. (A) Schematic
representation of WT and TR (CycT2.B3-geo) alleles. The integration
of the gene trap vector containing part of intron 1 and exon 2 of the
engrailed 2 (en) gene and B-galactosidase—neomycin gene (B-geo) into
intron 7 inactivated the CycT2 gene (Ccnt2). The arrows under the
scheme represent DNA primers WTf, TRr, and WTr, which were used
in panel B. (B) Representative result of PCR genotyping and protein
expression. (Left) Genomic DNA was isolated from E12.5 embryos
and genotyped with two sets of primers—WTf and WTr, and WTf and
TRr—which distinguished WT from TR alleles of CycT2. (Right) The
fusion protein between CycT2 and B-Geo was detected in parental
WO048F02-04304 ES cells by Western blotting. The lower band repre-
sents a degradation product. B-Gal, B-galactosidase. (C) Ratios of
genotypes from heterozygous breedings. A total of 125 WT
(CycT2*/") and 234 heterozygous (CycT2"'~) mice were obtained and
genotyped. No homozygous (CycT2 /") mice were observed.

quences (Fig. 1A). This insertion created a fusion protein be-
tween the N terminus of CycT2 and the B-Geo protein. We
detected this fusion protein, which consisted of 235 and 1,323
residues from CycT2 and B-Geo (170 kDa), respectively, with
anti B-galactosidase antibodies by Western blotting (Fig. 1B,
right). Of note, the fusion protein created a loss-of-function
allele, which contained only the N terminus of CycT2 but
lacked the middle and C-terminal regions of the protein. Im-
portantly, in the absence of complete cyclin boxes, this trun-
cated CycT2 protein neither binds nor exerts a dominant-
negative phenotype on Cdk9 (17). Indeed, we demonstrated
previously that these missing sequences were essential for the
function of this cyclin (17).

Although our WT and heterozygous CycT2"/~ mice were
healthy, appeared normal, and reproduced well, their mating
did not generate any homozygous CycT2™/~ mice (Fig. 1C).
From analyzing 359 pups, we noted the Mendelian ratio of 1:2
for WT to CycT1"/~ mice, which indicates that the two strains
have equal fitness. However, the predicted ratio (or 25%) of
homozygous CycT2™/~ mice did not materialize. We conclude
that our trapped allele does not encode a functional protein
and that CycT2 is essential for mouse development.

CycT2 is expressed abundantly throughout mouse embryo-
genesis. To define further the function of CycT2 during mouse
development, embryos at E7.5, E9.5, E10.5, and E14.5 or more
from matings of heterozygous CycT2"/~ mice were genotyped
(Table 1). Importantly, no CycT2 ™/~ embryos were detected in
any given time period, suggesting that CycT2 might play an
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TABLE 1. Genotyping of mutant CycT2 embryos and pups

No. of embryos screened/genotyped®

Embryo stage

CycT2*/+ CycT2*/~ CycT27/~
>E15 4 11 0
El14.5 1 2 0
E10.5 7 9 0
E9.5 4 7 0
E7.5 11 14 0
Blastocyst (E3.5) 11 28 0
Morula 1 2 0
4-cell 2 4 0

“ Total numbers of embryos screened/genotyped from all litters examined.

important role even prior to implantation. To access this pe-
riod of mouse development, E3.5 aggregates, which represent
the blastocyst stage, were isolated from pregnant females.
Again, no CycT2 ™/~ embryonic tissue was found, supporting
an important role for CycT2 in early mouse development (Ta-
ble 1).

CycT2 is expressed ubiquitously during mouse embryogen-
esis. To elucidate the spatiotemporal expression of CycT2 in
developing mouse embryos, LacZ staining was monitored in
E7.5, E8.5, E9.5, E11.5, and E14.5 embryos. Since the CycT2
promoter directed the expression of the hybrid CycT2.p-Geo
protein (Fig. 1A), this staining reflects the transcription of
CycT2 at any given developmental stage. As presented in Fig.
2, B-galactosidase was expressed in the embryonic region
(E6.5) (data not presented), the embryonic ectoderm (E7.5),
the forming brain and neural tube (E8.5/9.5), and throughout
the forming tissues and organs (E11.5 and E14.5) (Fig. 2). This
staining suggests further that this P-TEFb complex (CycT2-
Cdk9) plays an important role throughout mouse embryogen-
esis.

CycT2 is expressed in all tissues and organs of the adult
mouse. To extend these findings to the adult organism, we
prepared lysates from various mouse tissues and organs. West-
ern blotting was performed with anti-CycT1, -CycT2, and
-Cdk9 antibodies (Fig. 3). Since previous studies had revealed
that CycT2 is the coactivator of MyoD (32), it was not surpris-
ing that we found high levels of expression in skeletal muscle
(Fig. 3). Significant levels of CycT2 were also found in the
heart, brain, kidney, liver, testis, and pancreas, followed by
lesser amounts in the lung, spleen, and thymus (Fig. 3, middle).
Although CycT2 is spliced differentially to produce CycT2a
and CycT2b, our Western blots did not differentiate between
them. In addition, levels of Cdk9 did not reflect those of CycT2
(Fig. 3, bottom), which suggests that CycT1 is the predominant
cyclin in all P-TEFb complexes in the organism. Importantly,
this pattern of expression parallels that found in a previous
study (2). In contrast, since CycT1 is found abundantly in
hematopoietic cells, its highest levels were observed in the
lung, spleen, and thymus (Fig. 3, top) (13, 20, 38). Interestingly,
both cyclins were expressed abundantly in organs such as the
testis, which contain many proliferating cells.

P-TEFb complexes containing CycT1 and CycT2 perform
redundant and nonredundant functions in ES cells. Since the
genetic inactivation of CycT2 had such a dramatic effect on
mouse development, we decided to study the functions of
CycT1 and CycT2 in ES cells. These cells form the inner cell
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FIG. 2. Expression of CycT2 during mouse midgestation and early
embryogenesis. LacZ staining of heterozygous embryos was used to
visualize the spatiotemporal expression of CycT2.3-Geo, which reflects
transcription from the Cyc T2 promoter. WT (+/+) and heterozygous
(+/—) mouse embryos were isolated at the indicated embryonic days
after conception, fixed with glutaraldehyde, and stained with X-Gal.
CycT2 was expressed in all forming organs and supporting tissues in
E10.5 to E14.5 embryos. Interestingly, the expression of CycT2 was
mostly localized to the embryonic ectoderm and the forming brain and
neural tube in E7.5 and E8.5/E9.5 embryos, respectively.

mass of blastocysts and can differentiate into various cell types.
We used specific siRNAs to decrease the levels of CycT1 and
CycT2 (Fig. 4A). We analyzed RNA expression profiles after
only 48 h so as to minimize secondary effects by transcription
factors, whose expression depends on these different P-TEFb
complexes. By densitometry, better than 90% reduction of
both cyclins was achieved, and specific siRNAs for one cyclin
did not affect the expression of the other (Fig. 4A, lanes 2 and

skeletal muscle
pancreas

G2 —vm — I~ - e
Cad — - g D -~
1 2 3

4 5 6 7 8 9 10
FIG. 3. CycT2 is expressed in all tissues and organs in the adult
mouse. Expression patterns of subunits of different P-TEFb complexes
in tissues and organs from 3-month-old mice were probed with appro-
priate antibodies by Western blotting. Presented are data with anti-
CycT1, -CycT2, and -Cdk9 antibodies.
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FIG. 4. Genes regulated by CycT1 and CycT2 in mouse ES cells. (A) Knockdown of CycT1 and CycT2 in ES cells. Specific siRNAs were used
to decrease the expression of CycT1 and CycT2 in ES cells. Western blotting with antibodies against CycT1, CycT2, and Cdk9 detected the levels
of these proteins. The arrows on the left point to specific proteins. (B) Mouse whole-genome RNA expression profiles between ES cells with siRNA
species against CycT1 and CycT2. Forty-nine and 43 differentially expressed genes are depicted by pie charts for CycT1 and CycT2 knockdowns,
respectively. Their expression differed more than 1.5-fold between control and CycT1 and CycT2 knockdown ES cells. Ontologic analyses were
carried out using DAVID (http://david.abcc.nciferf.gov/) and grouped based on the Kyoto Encyclopedia of Genes and Genomes pathway. The
black and white slices denote shared and unique categories of proteins, respectively. The supplemental material provides a list of genes that showed
more than 1.5-fold reduction in their mRNA levels when CycT1 or CycT2 was knocked down in a descending order of reduction.

3). Levels of Cdk9 were reduced slightly, which reflects the
almost equivalent levels of CycT1 and CycT2 in these cells.
Similar downregulation of Cdk9 in vivo or in cultured cell lines
was also reported by other researchers (24, 37).

Global gene expression profiles were examined with mouse
whole-genome microarrays. If the functions of CycT1 and
CycT2 were redundant, the expression of a majority of genes
should not be altered. Out of ~8,600 genes expressed in ES
cells (with signals twofold above background levels), only 59 or
76 genes demonstrated a 1.5-fold reduction in the amounts of
mRNA when CycT1 or CycT2 was knocked down, respectively
(see the supplemental material). Gene ontology analyses dem-
onstrated that these knockdowns affected a distinct set of cel-
lular genes and pathways (Fig. 4B; see the supplemental ma-
terial). For CycT1 knockdown, 22 of 49 annotated genes were
involved in fatty acid and glucose metabolism (45%). For
CycT2 knockdowns, 14 out of 43 genes affected purine and
glucose metabolism (32%) (see the supplemental material).
Interestingly, although glucose metabolism was affected in
both cases, the genes that were targeted were different. Knock-
down of CycT1, but not CycT2, also affected genes involved in
cell communication (39%), while knockdown of CycT2, but not
CycT1, affected pathways important for early embryogenesis,
including transforming growth factor 8 (TGF-B), Notch, Wnt
signaling, and autophagy (58%) (Fig. 4B; see the supplemental
material). From all these data, we conclude that different P-
TEFb complexes are mostly redundant but that there is a set of
genes that are specifically under the control of CycT1 or
CycT2, some of which are also critical for the early develop-
ment of the mouse embryo.

DISCUSSION

In this report, we analyzed the function of CycT2 for the
organism. Since we found no CycT2 ™/~ embryos or blastocysts,
its genetic inactivation must have led to preimplantation le-
thality. Nevertheless, the nature of the B-geo trap allowed us to
follow the expression of CycT2 during embryogenesis. We
found it expressed in all organs, which was confirmed with
tissues from adult mice by Western blotting. Finally, we found
that CycT1 and CycT2 are also required for the expression of
distinct and important genes in ES cells. We conclude that
different cyclins involved with P-TEFb serve many redundant
and some nonredundant functions in the embryogenesis and
early development of mammals.

Since these cyclins are redundant in C. elegans, it was sur-
prising that genetic ablation of CycT2 led to embryonic lethal-
ity in mice. In C. elegans, genetic inactivation of CycT1 or
CycT2 had no apparent phenotype (28). In contrast, their
combined ablation had the same phenotype as the genetic
inactivation of RNAPII, which resulted in early embryonic
lethality. In addition, mice with greatly reduced levels of CycT1
are viable, albeit with several immunological defects (24).
However, given their nonoverlapping critical target genes, as
evidenced by our siRNA experiments (Fig. 4B), we expect that
the complete genetic inactivation of CycT1 would also lead to
an embryonic-lethal phenotype. Thus, both major P-TEFb
complexes appear to be essential for the development and
viability of mammals.

It is most likely that the lack of CycT2 directly caused this
preimplantation lethality. When comprehensive analyses of ex-
pressed sequence tags were carried out in different develop-
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mental stages of female gametogenesis, i.e., in oocytes prior to
meiotic maturation, fully grown eggs, and two-cell embryos, an
intriguing expression pattern of P-TEFb transcripts was re-
vealed (11). Importantly, CycT1 and CycT2 mRNA species
were found in the fully grown egg, but not in the two-cell
embryo. Since, substantial amounts of stored RNA are de-
stroyed shortly after fertilization (12, 26), it is likely that CycT1
and CycT?2 transcripts are also lost at this stage. However, the
expression of these cyclins must commence soon thereafter, as
S2 in the CTD of RNAPII is heavily phosphorylated during
zygotic gene activation, when transcription becomes a require-
ment for further development (4). However, with CycT2~/~
eggs, once maternal P-TEFb complexes are depleted and no
new CycT2 is synthesized, this change in the transcriptional
program could have lethal consequences. As a result, no blas-
tocysts should be observed and all further embryonic develop-
ment should stop.

Transcription of most genes by RNAPII requires P-TEFb
(7). The best-characterized example is with human immuno-
deficiency virus, where the transcriptional transactivator Tat
binds CycT1 (and not CycT2) on the transactivation response
RNA stem-loop, which recruits and/or repositions Cdk9 to
modify RNAPII for elongation and cotranscriptional process-
ing of viral transcripts (35). Subsequent studies demonstrated
that other activators also recruit P-TEFDb via their interactions
with CycT1 or CycT2 (3, 6, 10, 15-17). Among them, ENL
binds CycT2 (23). Of note, attempts to inactivate the ENL
gene also found no ENL™/~ embryos at E8.5 or earlier (9),
which might provide another clue to the demise of our
CycT2™/~ mice. Further candidates might have been revealed
by our microarray data. We chose mouse ES cells, not only
because of early embryonic lethality of our CycT2™/~ blasto-
cysts, but because most developmental genes are expressed in
these cells. Indeed, we found a subset of genes that were
differentially regulated by P-TEFb complexes, which contained
CycT1 or CycT2. Since the levels of transcripts encoding Oct-4,
Nanog, and Sox2, which maintain stem cells, were unaltered,
the observed effects with our siRNA species were not second-
ary to ES cell differentiation. In addition, our transfected cells
appeared morphologically normal and stained positive for al-
kaline phosphatase. Since siRNA against CycT1 did not affect
levels of CycT2, and vice versa, these effects were also cyclin
specific. Importantly, levels of CycT1 and CycT2 were de-
creased substantially. We conclude that CycT1 and CycT2
serve redundant and nonredundant functions in mammals and
that some of their target genes are essential for early embry-
onic development.

Which additional target genes could lead to this phenotype?
Gene ontology analyses revealed that a reduction in CycT2
affected mostly TGF-B and Wnt signaling pathways, as well as
autophagy. The most affected genes were those for Lefty 1 and
Lefty 2, members of the TGF-B superfamily. Of note, the
expression of Lefty is positively regulated by Wnt signaling in
ES cells, which was also affected by siRNA against CycT2 (5).
Importantly, both arms are critical components of early devel-
opment and differentiation, as is autophagy. For example,
Lefty proteins are highly expressed in the inner cell mass and
trophoectoderm during embryogenesis (1). Whereas there are
abnormalities in left-right axis formation in Lefty 1-deficient
mice, excessive mesoderm is formed in Lefty 2-deficient mice
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(21, 22). Moreover, during the transition from oocytes to em-
bryos, maternal proteins are rapidly degraded and replaced by
zygotic proteins. This process is mediated by the ubiquitin-
proteasomal system and autophagy. Interestingly, autophagy-
defective oocytes fail to develop beyond the four- and eight-
cell stages, and its zygotic mRNA components can be detected
as early as the two-cell stage (34). Thus, CycT2 and genes
regulated by this form of P-TEFb are critically important for
early developmental pathways in mice.

In summary, CycT2 is essential for mouse embryogenesis.
Although most genes appear to be regulated by either or both
cyclins, there are sets of genes that are specifically under the
control of CycT1 or CycT2. Further studies will be needed to
examine these direct targets of CycT2 during development. In
addition, conditional knockouts will be instructive to further
analyze their physiological functions in the adult organism.
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AIRE is a transcriptional activator that directs the ectopic expression of many tissue-specific genes in
medullary thymic epithelial cells, which plays an important role in the negative selection of autoreactive T cells.
However, its mechanism of action remains poorly understood. In this study, we found that AIRE regulates the
step of elongation rather than initiation of RNA polymerase II. For these effects, AIRE bound and recruited
P-TEFD to target promoters in medullary thymic epithelial cells. In these cells, AIRE activated the ectopic
transcription of insulin and salivary protein 1 genes. Indeed, by chromatin immunoprecipitation, we found that
RNA polymerase II was already engaged on these promoters but was unable to elongate in the absence of AIRE.
Moreover, the genetic inactivation of cyclin T1 from P-TEFb abolished the transcription of AIRE-responsive
genes and led to lymphocytic infiltration of lacrimal and salivary glands in the CycT1~/~ mouse. Our findings
reveal critical steps by which AIRE regulates the transcription of genes that control central tolerance in the

thymus.

Among genetic factors implicated in autoimmunity, the au-
toimmune regulator (AIRE) is an important transcriptional
activator that mediates central tolerance in the thymus. Loss-
of-function mutations in the human Aire gene lead to the
development of autoimmune polyendocrinopathy syndrome
type 1 (APECED), which is manifested by the destruction of
mostly endocrine glands (31). AIRE is expressed mainly in the
thymus but is also present in low levels in lymph nodes, spleen,
and fetal liver (16, 31). In the thymus, its expression is re-
stricted to a subpopulation of medullary thymic epithelial cells
(mTECs) (16). Indeed, mTECs express ectopically a number
of tissue-restricted antigens (9, 19), which is abolished in
AIRE '~ mice (4). This absence leads to a defect in negative
selection of autoreactive T cells in the thymus (3, 26) and
autoimmunity in the periphery, which is manifested by the
infiltration of autoreactive T cells in many tissues and the
expression of autoantibodies in the periphery (4, 40).

AIRE is a 55-kDa nuclear protein. It has several functional
domains, such as the N-terminal homogenously staining re-
gion, a functional bipartite nuclear localization signal, a puta-
tive DNA-binding SAND (Sp100, AIRE, NucP41/75, and
DEAF-1) domain (5, 10), two plant homeodomain (PHD)-type
Zn** fingers separated by a proline-rich region, and four
LXXLL nuclear receptor motifs (1, 15). When fused to a
heterologous DNA-binding domain, AIRE can activate tran-
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scription in transient-expression assays (37). Because it binds
preferentially to GG repeats and AT-rich sequences (24, 39),
its interactions with DNA could be rather promiscuous (re-
viewed in references 28 and 36). The first PHD may also
function as an E3 ubiquitin ligase (47). Finally, analyses of
AIRE ™'~ mice revealed that mouse insulin 2 (Ins2), salivary
protein 1 (Sptl), casein a, and several hundred other genes are
regulated by AIRE (4). Interestingly, some of these genes are
localized in chromosomal clusters (9, 19).

Eukaryotic transcription starts with the recruitment of RNA
polymerase II (RNAPII) to start sites of transcription. This
process requires DNA-bound activators, general transcription
factors, chromatin remodeling machinery, and RNAPII. This
recruitment leads to the formation of the preinitiation complex
(PIC) (reviewed in reference 30). At this stage, transcription is
initiated but further elongation is blocked by the negative
transcription elongation factor (N-TEF), which contains the
DRB sensitivity-inducing factor and the negative elongation
factor (reviewed in reference 35). To enable efficient elonga-
tion and cotranscriptional processing of primary transcripts,
positive transcription elongation factor b (P-TEFb) must be
recruited to the PIC. It counteracts N-TEF and prepares
RNAPII for elongation. P-TEFD is a heterodimer of a C-type
cyclin (CycT1, CycT2, or CycK) and cyclin-dependent kinase 9
(Cdk9). P-TEFb phosphorylates N-TEF and the C-terminal
domain of RNAPII, and this change enables RNAPII to tran-
sition from abortive to productive elongation. In cells, P-TEFb
is found in two molecular complexes. In the small complex, the
catalytically active P-TEFb associates with activators and
RNAPII In the catalytically inactive large complex, P-TEFb
binds 7SK snRNA and hexamethylene bis-acetamide inducible
protein 1 (HEXIM1) (reviewed in reference 35). Thus,
HEXIMLI is a specific inhibitor of P-TEFb.
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Transcriptional activators can be divided into three groups:
type I (e.g., Spl and CTF), which stimulate initiation; type ITA
(e.g., Tat from human immunodeficiency virus), which stimu-
late predominantly elongation; and type IIB (VP16, class II
transactivator [CIITA], and NF-«B, among others), which
stimulate both initiation and elongation of transcription (6).
Moreover, type I and type IIA activators can synergize with
one another but not with type IIB activators. Synergy occurs
from concerted actions of factors stimulating two different
steps in transcription: initiation and elongation (6). In this
study, we wanted to determine how AIRE regulates transcrip-
tion in mTECs.

MATERIALS AND METHODS

Plasmids. Plasmid targets and effectors were described previously (34, 46).
pMycAIRE, pFlagAIRE, and insulin reporters were generous gifts from P.
Peterson (16) and M. German (33), respectively. We also moved AIRE cDNA
into the retroviral expression vector pBABE-puro (pBABE.AIRE).

Chemicals and immunoreagents. Trichostatin A (TSA) and anti-Flag M2
(«Flag M2) agarose beads were from Sigma (St. Louis, MO). aMyc, aCdk9,
aAIRE, aCycT1, and «RNAPII were from Santa Cruz Biotechnology (Santa
Cruz, CA); «GAPDH (GAPDH is glyceraldehyde-3-phosphate dehydrogenase)
was from Ambion (Austin, TX); «HEXIMI was from Antibody Solutions
(Mountain View, CA); and o AIRE 6.1 was from J. Pitkdnen.

Cell culture and transient-expression studies. HeLa-MAGI, 1C6, and Phoenix-
ampho cells were grown and transfected as described in the supplemental ma-
terial.

Activation of endogenous genes. 1C6 cells were grown, transfected, and ana-
lyzed as described in the supplemental material.

GST pulldowns, immunoprecipitations, and Western blotting. Glutathione
S-transferase (GST) pulldowns and immunoprecipitations were performed es-
sentially as described previously (20). In brief, 20 pg of GST or GST fusion
proteins was incubated with cell lysates, reacted with beads, and washed four
times with lysis buffer. Bound proteins were eluted by being boiled in sodium
dodecyl sulfate sample buffer, resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) on a 12% gel, and analyzed by Western blot-
ting using o AIRE 6.1 antibody. For immunoprecipitation, cells were lysed and
immunoprecipitated with aFlag M2 agarose beads (Sigma) overnight. Bound
proteins were eluted and separated by SDS-PAGE and analyzed by immuno-
blotting with aCycT1, aCdk9, aCdk7, and oFlag M2 antibodies.

Knockdown of HEXIM1 by use of siRNA and chloramphenicol acetyltrans-
ferase (CAT) reporter assays. In brief, 1C6 cells were transfected with specific or
negative-control scrambled small interfering RNA (siRNA) (mock siRNA) by
use of Lipofectamine 2000 (Invitrogen, Carlsbad, CA), analyzed for the expres-
sion of HEXIMI, and later transfected with plasmid effectors and targets. Fur-
ther details are provided in the supplemental material.

ChIP. 1C6 and 1C6.AIRE cells were grown on 15-cm plates. They were
subjected to chromatin immunoprecipitation (ChIP) by use of a ChIP assay kit
(Upstate Biotechnology, Charlottesville, VA) according to the manufacturer’s
instructions. Lysates were sonicated at power 4 four times for 10 s each by use of
a Sonic Dismembrator model 100 (Fisher Scientific, Pittsburgh, PA) to shear
genomic DNA. The average size of sheared fragments was 300 to 500 bp. We
used the following antibodies from Santa Cruz: a AIRE, aRNAPII, aCycT1, and
aCdk9. A portion (2 pl) of the extracted DNA was amplified in 30-pl reactions
by use of ExTaq polymerase (Takara, Shiga, Japan) for 24 to 36 cycles, integrated
over that range, and normalized to input DNA as described previously (51).
Further details are provided in the supplemental material.

Generation of CycT1~/~ mice, histopathology, and clinical scoring. Details of
the generation and characterization of CycT1~/~ mice are provided in the sup-
plemental material.

RESULTS

AIRE is a type IIA activator and promotes transcriptional
elongation. To investigate the mechanism of action of AIRE,
we used a well-established assay for differentiating between
transcriptional initiation and elongation (43). We chose three
artificial plasmid targets, which differ by ability to recruit and
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load RNAPII to the promoter and thus to initiate and/or elon-
gate transcription. The plasmid target pG5CAT contains five
Gal4 DNA-binding sites (upstream activation sequences [UASs])
placed in front of the E1b TATA promoter linked to the CAT
reporter gene (Fig. 1A, pG5CAT) (43). pGSCAT recruits
RNAPII inefficiently and thus cannot initiate or elongate tran-
scription. The second plasmid target, pG6SpCAT, contains six
UASs and three Spl binding sites placed in front of the E1b
TATA promoter and the CAT gene (Fig. 1A, pG6SpCAT)
(45). The third plasmid target, pG6TARCAT, contains six
UASs positioned upstream of the kB sites in the human im-
munodeficiency virus type 1 long terminal repeat, which also
transcribes the transactivation response (TAR) RNA stem
loop and the CAT gene (45). Three Spl sites load and position
RNAPII on these two promoters, but they require an enhancer
to recruit P-TEFb for the transition to the elongation phase of
transcription and the expression of the CAT gene (45). We
used these plasmid targets to determine whether AIRE stim-
ulates the initiation and/or elongation of transcription.

To test whether AIRE can activate transcription in different
cell types, we used the human epithelial HeLa-MAGI (49) and
mouse 1C6 mTEC (22) cell lines, which do not express AIRE
(47). Importantly, 1C6 cells were derived from primary mTECs
and were never immortalized with the help of an oncogene or
telomerase (22). As presented in Fig. 1A with pG5CAT, where
no Spl sites are present, AIRE did not activate transcription
(Fig. 1A, lanes 3 and 10). Indeed, neither AIRE nor the
Gal4 DNA-binding domain protein from positions 1 to 147
(GalDBD) could activate transcription when coexpressed with
this plasmid target alone (Fig. 1A, lanes 2, 3, 10, and 11). Of
interest, GalDBD contains a weak activation domain (27),
which behaves as a type I activator. In sharp contrast, when
coexpressed with AIRE, GalDBD activated transcription 50-
fold (Fig. 1A, lanes 4 and 12). Importantly, AIRE did not have
to be tethered artificially to DNA for these effects. Therefore,
our results suggest that AIRE promotes the elongation of
transcription.

To confirm this observation, we used a cooperativity assay
(43) with pG6SpCAT, where AIRE should synergize with Sp1.
Indeed, in the presence of Sp1 sites, AIRE activated transcrip-
tion 30- and 15-fold over background levels in HeLa-MAGI
and 1C6 cells, respectively (Fig. 1A, lanes 5, 6, 13, and 14).
AIRE also activated transcription of the pG6TARCAT re-
porter gene equivalently (Fig. 1A, lane 8). Thus, the presence
of TAR did not alter the effects of AIRE on plasmid targets in
cells. Importantly, the expression of GalDBD alone did not
activate transcription of pG6SpCAT or pG6TARCAT re-
porter genes (data not presented). Furthermore, the exoge-
nous expression of increasing amounts of AIRE resulted in a
dose-dependent increase of transcriptional activation (Fig. 1B,
lanes 2, 3, and 4). Thus, AIRE appears to function as a type
IIA activator, which is unable to recruit RNAPII and assemble
the PIC but can act synergistically with type I activators to
stimulate transcriptional elongation.

To determine if AIRE affects the movement of RNAPII, we
used an established assay for transcriptional elongation, which
looks for promoter-proximal short transcripts (ST) and elon-
gated long transcripts (LT) by use of quantitative reverse tran-
scription-PCR (RT-qPCR) approaches (Fig. 1C) (21). Since
AIRE behaved identically in 1C6 and HeLa-MAGTI cells (Fig.
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FIG. 1. AIRE cooperates with initiation factors to activate transcription. (A) (Top) Schematic representations of plasmid targets used in CAT
assays. pGSCAT contains the CAT gene and five repeats of the GAL4 DNA-binding site (5XUAS) in front of the E1b TATA box (T). pG6SpCAT
contains a complete promoter of three Spl sites (3XSpl) and the E1b TATA box in addition to six UASs and the CAT gene. pPG6TARCAT
contains a TAR RNA structure in addition to the elements present in pG6SpCAT. pA represents the polyadenylation signal. (Bottom) AIRE
requires the presence of initiation factors to activate transcription in 1C6 and HeLa-MAGI cells. Cells expressed the indicated plasmid targets
alone or with AIRE (lanes 3, 4, 6, 8, 10, 12, and 14) and GalDBD (lanes 2, 4, 11, and 12). Expression levels of AIRE and GalDBD, as determined
by Western blotting, are presented below the CAT data. Levels of endogenous GAPDH were determined by Western blotting to validate input
for each sample. Error bars denote standard errors of the means of three independent experiments. (B) AIRE activates transcription in a
dose-dependent manner. 1C6 cells expressed pG6SpCAT and increasing amounts of AIRE (0.1, 0.25, and 0.8 pg in lanes 2, 3, and 4, respectively).
Expression levels of AIRE and GAPDH, as determined by Western blotting, are presented below the CAT data. Error bars denote standard errors
of the means of three independent experiments. (C) AIRE induces the elongation of transcription. (Top) Primer combinations for the amplifi-
cation of primary transcripts. Primers 1 and 2 amplify TAR and thus all transcripts (ST). Primers 1 and 3 amplify only the LT. nt, nucleotides.
(Bottom) Total RNA was extracted from HeLa-MAGI cells coexpressing pG6TARCAT and AIRE or GalDBD and was analyzed by RT-qPCR.
The Gal.CycT1 chimera was used as the positive control. Data are representative of three independent experiments.

1A), we used the latter cells for our studies. We analyzed RNA of steady-state mRNA also correlated directly with RNase
samples from cells coexpressing pG6TARCAT with AIRE, the protection and nuclear run-on data (2). Only ST corresponding
Gal.CycT1 chimera, or GalDBD as positive or negative con- to TAR were observed when GalDBD was coexpressed
trols, respectively. The specificity of our primers and the ability =~ with pG6TARCAT (Fig. 1C, lane 1). In sharp contrast, the
to isolate ST or LT were demonstrated previously, where levels Gal.CycT1 fusion protein, which served as the positive control
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FIG. 2. AIRE binds CycT1 in vitro and in cells. (A) AIRE binds the
GST.CycT1 chimera in vitro. Binding reactions were performed be-
tween GST and the GST.CycT1 chimera, which were expressed in
Escherichia coli, and AIRE, which was expressed in HeLa-MAGI cells.
(Left) Lanes 1 to 4 contain specific pulldowns, and lane 6 contains 10%
of the input AIRE protein. (Right) Input of GST proteins, which were
visualized by Coomassie blue staining of SDS-PAGE. Molecular size
markers (in kilodaltons) are given in lane M. (B) AIRE interacts with
the endogenous CycT1 and Cdk9 proteins in 1C6 cells. The Flag
epitope-tagged AIRE protein (lanes 1 to 6) was expressed in 1C6 cells.
Total cell lysates were immunoprecipitated (IP) with aFlag M2 aga-
rose beads (lane 2), aCycT1 (lane 5), or mouse IgG (lanes 3 and 6)
antibodies and examined for the presence of CycT1, Cdk9, Cdk7, and
AIRE by Western blotting (WB) with aCycT1, «aCdk9, aCdk7, and
aFlag antibodies, respectively. Lanes 1 and 4 represent 10% of the
input of indicated proteins.

(46), and AIRE promoted the elongation of ST to LT (Fig. 1C,
lanes 2 and 3). These results demonstrate that AIRE enables
RNAPII to elongate.

AIRE binds P-TEFb in vitro and in cells. As type IIA acti-
vators, including Tat, recruit P-TEFb to promote transcrip-
tional elongation, we wanted to test whether AIRE also binds
and recruits P-TEFb to the transcriptional machinery. First, we
performed GST pulldown assays using the GST.CycT1 chi-
mera or GST alone, which was incubated with lysates of HeLa-
MAGTI cells expressing AIRE. As shown in Fig. 2A, lane 2,
AIRE bound the GST.CycT1 chimera. Since no interaction
between GST alone and AIRE was detected, this binding was
specific (Fig. 2A, lane 4). The inputs of AIRE, the GST.CycT1
chimera, and GST alone are also presented (Fig. 2A, lanes 6,
8, and 9, respectively).

Next, the endogenous CycT1 and Cdk9 proteins could be co-
precipitated with AIRE from cells. We expressed the Flag
epitope-tagged AIRE protein in 1C6 cells. Lysates were immu-
noprecipitated with aFlag M2 or normal mouse immunoglobulin
G (IgG) antibodies as the negative control, and immunoprecipi-
tation products were subjected to Western blotting with aCycT1
or aCdk9 antibody. Whereas no CycT1 or Cdk9 was coimmuno-
precipitated by mouse IgG antibodies (Fig. 2B, lane 3), both
CycT1 and Cdk9 bound AIRE (Fig. 2B, lane 2). We further
confirmed this interaction by immunoprecipitating CycT1 from
cell lysates with aCycT1 antibodies and Western blotting for
AIRE. Whereas no binding was observed with normal rabbit IgG
antibodies (Fig. 2B, lane 6), AIRE bound CycT1 (Fig. 2B, lane 5).
In contrast, Cdk7, which is not in the P-TEFb complex, did not
bind AIRE (Fig. 2B, lane 2, Cdk7). In Fig. 2B, lanes 1 and 4
present inputs of the indicated proteins.
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FIG. 3. HEXIMI inhibits the transcriptional activity of AIRE. (A) In-
creased levels of HEXIM1 block AIRE-mediated transcription from
pGO6SpCAT. 1C6 cells coexpressed AIRE and increasing amounts of
HEXIMI1 (0.125,0.25, and 0.5 p.g). CAT assays were performed 24 h after
transfection. CAT activity of the plasmid target alone is given as 1 (white
bar). Black bars represent activation (n-fold) by AIRE (lane 3). In the
presence of increasing amounts of HEXIMI, the activity of AIRE de-
creases (lanes 4 to 6). Below the bar graphs are presented levels of AIRE,
HEXIMI, and GAPDH as determined by Western blotting. Error bars
denote standard errors of the means of three independent experiments.
(B) Depletion of endogenous HEXIM1 protein increases the transcrip-
tional activity of AIRE. 1C6 cells were transfected with mock siRNA
(lanes 1 and 2) or siRNA-Hex1 (lanes 3 and 4). The next day, cells were
cotransfected with pG6SpCAT and the plasmid encoding MycAIRE
(lanes 2 and 4) or the empty plasmid vector as the control (lanes 1 and 3).
After an additional 24 h, CAT assays were performed. Amounts of AIRE,
endogenous HEXIM1, and GAPDH proteins after siRNA treatment
were assessed by immunoblotting and are presented below the bar graph.
Error bars denote standard errors of the means of three independent
experiments.

To confirm that AIRE and CycT1 are expressed in the same
subcellular compartments, we also performed colocalization
studies of AIRE and CycT1. We expressed the Myc epitope-
tagged AIRE protein in 1C6 cells grown on coverslips and
performed double immunostaining with aMyc and aCycT1
antibodies. AIRE and CycT1 were expressed and colocalized
in a speckled pattern in the nuclei of 1C6 cells (see Fig. S1 in
the supplemental material, middle, colocalization). Although
all AIRE colocalized with P-TEFDb, since it was expressed at
physiological levels, the majority of P-TEFb remained free (see
Fig. S1 in the supplemental material, middle). We also ob-
served the colocalization of AIRE with the splicing factor
SC35, which localizes to sites of active transcription and was
shown previously to colocalize with CycT1 (17 and data not
presented). We conclude that AIRE binds and colocalizes with
P-TEFb in cells.

HEXIMI1 inhibits transcriptional activity of AIRE. A large
fraction of P-TEFb is bound by HEXIM1 and 7SK snRNA in
the inactive large complex (reviewed in reference 35). Thus,
increased levels of HEXIM1 block the activity of P-TEFb and
should therefore decrease the transcriptional activity of AIRE.
To test this hypothesis, we coexpressed pG6SpCAT, AIRE,
and increasing amounts of HEXIMI1 in 1C6 cells. When
AIRE was coexpressed with pG6SpCAT alone, the CAT ac-
tivity increased 11-fold (Fig. 3A, lane 3). Importantly, the co-
expression of increasing amounts of HEXIM1 (ratios between
amounts of plasmids coding for AIRE and HEXIM1 increased
from 8:1 to 4:1 and 2:1, respectively) resulted in a dose-depen-
dent decrease of this activity (Fig. 3A, compare lanes 4, 5, and
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6). Expression levels of AIRE and HEXIMI1 are presented
below the bar graph. Also, to ensure that equivalent amounts
of lysates were loaded for each sample, levels of GAPDH were
determined with « GAPDH antibodies (Fig. 3A, bottom).

Because transcriptional effects depend on the small complex
(reviewed in reference 35), the depletion of endogenous
HEXIM1 protein from cells increases this pool of active P-
TEFb (23). As a result, the effects of AIRE should be in-
creased. To address this hypothesis, levels of HEXIM1 were
decreased by siRNA against HEXIM1 (siRNA-Hex1) and ef-
fects of AIRE measured in 1C6 cells. In these cells, negative-
control scrambled siRNA (mock siRNA) (Fig. 3B, lanes 1 and
2) or specific siRNA-Hex1 (Fig. 3B, lanes 3 and 4) was coex-
pressed with AIRE and pG6SpCAT (Fig. 3B, lanes 2 and 4) or
the empty plasmid vector as the control (Fig. 3B, lanes 1 and
3). The use of siRNA-Hex1 has been validated previously (23).
CAT assays were performed after 36 h. When mock siRNA
was used, AIRE activity increased 10-fold (Fig. 3B, compare
lanes 1 and 2). Critically, when levels of HEXIM1 were re-
duced extensively by siRNA-Hexl, AIRE activity was in-
creased by 60% in comparison to activity when mock siRNA
was used (Fig. 3B, compare lanes 2 and 4). Western blotting
with « HEXIM1 antibodies revealed that whereas amounts of
HEXIMI1 were reduced with siRNA-Hex1 (Fig. 3B, middle
blot, lanes 3 and 4), the expression of AIRE and GAPDH
remained unaffected (Fig. 3B, top and bottom blots, lanes 3
and 4). These data strengthen the connection between AIRE
and P-TEFb for its transcriptional effects.

AIRE activates transcription from the human Ins promoter
and induces expression of mouse Ins2 and Sptl genes. In
mTECs of AIRE™/" mice, the expression of the mouse Ins2
gene is decreased (4). To extend our findings to this relevant
target in cells, we examined whether AIRE can activate tran-
scription from the human Ins promoter. To this end, we coex-
pressed AIRE and this promoter from positions —339 to +50
linked to the firefly luciferase reporter gene (HIP339) (33) in
1C6 cells. Renilla luciferase readings were used to normalize
the relative firefly luciferase activity of each sample. As pre-
sented in Fig. 4A, cells expressing the exogenous AIRE protein
increased the luciferase activity 52-fold over background levels
(Fig. 4A). Expression levels of AIRE and GAPDH are pre-
sented below the bar graph. These data demonstrate that
AIRE also activates the transcription of the Ins gene.

To determine if AIRE activates the expression of its endoge-
nous target genes in 1C6 cells, we performed semiquantitative
RT-PCR analyses with fourfold serial dilutions of cDNA from
1C6 cells, which expressed AIRE or the empty plasmid vector. As
presented in Fig. 4B, the two previously reported genes which are
dependent on AIRE, those encoding Ins2 and Sptl, were tran-
scribed only in the presence of AIRE (Fig. 4B, Ins2 and Sptl,
compare lanes 1 to 4 and lanes 5 to 8). Importantly, the expres-
sion of c-reactive protein (CRP), a tissue-specific antigen which
was reported previously to be independent of AIRE (4), and the
expression of actin were independent of AIRE (Fig. 4B, CRP and
actin, compare lanes 1 to 4 and lanes 5 to 8). Although we added
TSA in our transient-expression assays, as suggested by others (8),
TSA by itself had no effect on the expression of these genes (Fig.
4B, compare AIRE versus the vector control). Moreover, we
created the AIRE.1C6 cell line, which expresses AIRE stably, and
obtained identical results in the absence of TSA (Fig. 4B, lane 9).
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FIG. 4. AIRE activates the transcription of Ins and Sptl genes in
mTECs. (A) AIRE activates transcription from the human Ins pro-
moter. 1C6 cells coexpressed AIRE and the plasmid target containing
the human Ins promoter linked to the firefly luciferase gene, and
luciferase activity was measured. Renilla luciferase readings were used
to normalize the firefly luciferase activity of each sample for all trans-
fections. The expression of AIRE was confirmed by Western blotting
and is presented below the bar graph. Error bars denote standard
errors of the means of three independent transfections. (B) AIRE
activates expression of Ins2 and Sptl genes in mTECs. RNA was
extracted from 1C6 cells transiently expressing AIRE (lanes 1 to 4) or
the empty plasmid vector (lanes 5 to 8) and treated additionally with
100 mM TSA for 12 h or from AIRE.1C6 cells that stably expressed
AIRE (lane 9). Semiquantitative RT-PCR (fourfold serial dilution)
analyses of several tissue-specific genes were performed. PCR was
carried out using gene-specific primers as indicated. (C) AIRE mRNA
levels in mTECs. RNA was isolated from 1C6 cells (lane 1), primary
(1°) mTEC:s (lane 2), and transiently (lane 3) or stably (lane 4) trans-
fected 1C6 cells, and RT-qPCR was performed with primers specific
for AIRE. mRNA levels were normalized to actin.

{1

Importantly, mRNA levels of AIRE expression were comparable
between AIRE.1C6 and primary mTECs (Fig. 4C, lanes 2, 3, and
4). This finding extends previously published results obtained with
AIRE ™'~ mice (4) and confirms that AIRE regulates the expres-
sion of Ins2 and Sptl genes in mTECs.

AIRE recruits P-TEFb to Ins2 and Sptl promoters and
enables RNAPII to elongate. To determine if AIRE recruits
P-TEFb to promoters of AIRE-responsive genes, we per-
formed ChIP followed by quantitative PCR (ChIP/qPCR) as-
says (51) with 1C6 cells expressing AIRE or the empty plasmid
vector. Formaldehyde-cross-linked chromatin extracts were
prepared, and these extracts were immunoprecipitated with
specific ® AIRE, «RNAPII, aCycT1, and «Cdk9 antibodies.
Immunoprecipitated DNA was amplified by PCR using prim-
ers specific for the promoters and coding regions of two AIRE-
responsive genes, Ins2 and Sptl (Fig. SA and B), and two
AIRE-independent genes, mouse major histocompatibility
complex (MHC) class II (I-Aa) and CD4 (Fig. 5C and D). We
chose MHC class II because it is expressed in mTECs inde-
pendently of AIRE. In contrast, CD4 is not expressed in
mTECs, so no component of the transcriptional machinery
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FIG. 5. AIRE recruits P-TEFb to Ins2 and Spt1 promoters and stimulates transcriptional elongation by RNAPII. 1C6 (—AIRE) and 1C6.AIRE
(+AIRE) cells were analyzed. Formaldehyde-fixed and sonicated chromatin extracts were immunoprecipitated with the indicated antibodies.
ChIP/qPCR was performed with the indicated primers to determine the amounts of DNA associated with immunoprecipitated proteins on
promoters or coding sequences. The positions of primers are indicated in the diagrams above the graphs. We looked for the presence of AIRE,
RNAPII, and subunits of P-TEFb on AIRE-responsive genes (A and B) and AIRE-nonresponsive genes (C and D). ChIP/qPCR with rabbit IgG
antibodies was used as the negative control for specificity. All values are expressed relative to the control input DNA (% input) and represent

experiments performed in triplicate, with errors indicated.

should be present on its promoter. Data were normalized to
input DNA (Fig. 5).

First, we looked for the presence of AIRE and RNAPII on
the indicated chromatin regions of the Ins2 gene. Indeed,
AIRE was recruited to the Ins2 promoter and was absent from
its coding region (Fig. 5A, compare bars in lanes 1 and 6). In
sharp contrast, RNAPII was already engaged on the Ins2 pro-
moter whether or not AIRE was expressed (Fig. 5A, compare
white bars in lanes 2 and 7). Although amounts of RNAPII on
the Ins2 promoter were comparable, RNAPII was present on
the Ins2 coding region only in the presence of AIRE (Fig. 5A,
compare black bars in lanes 2 and 7). Thus, the presence of
AIRE coincides with the elongation of RNAPII on this gene.
Importantly, the same results were obtained when we analyzed
the Sptl locus. Indeed, AIRE was present on the Sptl pro-
moter (Fig. 5B, compare white bars in lanes 1 and 6) and
RNAPII was present on the Sptl coding region only in the
presence of AIRE (Fig. 5B, compare black bars in lanes 2 and
7). These data correlate the presence of AIRE with the elon-
gation of RNAPII on two AIRE-responsive genes in cells.

Next, we wanted to determine if the elongation of RNAPII
was due to the recruitment of P-TEFb, so we looked for the
presence of components of P-TEFb on the indicated chroma-
tin regions of the Ins2 gene. We found that CycT1 and Cdk9

subunits of P-TEFb were found on the Ins2 promoter (Fig. 5A,
compare white bars in lanes 3, 4, 8, and 9) and on the coding
region (Fig. 5A, compare black bars in lanes 3, 4, 8, and 9) only
in the presence of AIRE. Identical results were observed for
the Sptl gene (Fig. 5B, compare bars in lanes 3, 4, 8, and 9).
Importantly, in the case of the I-Aa gene, whose expression is
independent of AIRE but dependent on CIITA (reviewed in
reference 41), RNAPII was present on the promoter and on
the coding region whether or not AIRE was expressed (Fig.
5C, compare bars in lanes 2 and 6). It is known that CIITA also
recruits P-TEFb to MHC class II promoters (20, 23). We
observed that Cdk9 was also present on the I-Aa promoter and
coding region independently of AIRE (Fig. 5C, compare bars
in lanes 3 and 7). As an additional control, we analyzed the
CD#4 locus. Since this gene is not expressed in mTECsS, neither
RNAPII nor Cdk9 was present on the CD4 promoter or coding
regions in 1C6 cells (Fig. 5D, compare bars in lanes 2, 3, 4, 6,
7, and 8). We conclude that the presence of AIRE correlates
with the recruitment of P-TEFb and the elongation of RNAPII
on two AIRE-responsive genes in cells.

AIRE-responsive genes are not expressed in the thymuses of
CycT1™/~ mice. Next, we wanted to demonstrate that P-TEFb
plays an important role in the transcription of AIRE-respon-
sive genes in the organism. To this end, we generated mice with
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FIG. 6. CycT1~/~ mice do not express AIRE-responsive genes in the thymus and display lymphocytic infiltration of lacrimal and salivary glands.
(A) Absent expression of CycT1 in the thymus (see Fig. S3 in the supplemental material) parallels the lack of Spt1 and Ins2 transcripts in CycT1 ™/~
mice. We assessed levels of CycT1, HEXIM1, Cdk9, and GAPDH in the thymuses from WT or CycT1 /" mice by Western blotting (top). Next,
primary mTECs were isolated from the thymuses of WT or CycT1~/~ mice, followed by isolation of total RNA and analyses by RT-qPCR with
primers specific for AIRE, actin, Sptl, and Ins2 transcripts (bottom, 1 to 4). WT and CycT1 '~ denote parental CycT1"/* and genetically
inactivated CycT1™/~ mice, respectively. Amounts of RNA are expressed relative to those in WT mTECs, with standard errors from three
independent measurements. (B) Lack of CycT1 in the mouse results in lymphocytic infiltration of lacrimal and salivary glands. Hematoxylin and
eosin staining of formalin-fixed sections of lacrimal and salivary glands from 5- to 7-month-old WT and CycT1~/~ mice is presented. Arrows point
to lymphocytic infiltrates in these organs. Photographs were obtained at X40 and X100 (insets) magnifications. Below histological sections are
presented relative infiltrations of salivary and lacrimal glands of up to 10 CycT1*/* and CycT1*/~ (WT) and 21 CycT1 /" mice. Scoring was

performed blindly, as described previously (18).

a severe depletion of CycT1 (see Fig. S2 in the supplemental
material) in the thymus (Fig. 6A, top, lane 2) and other organs
(see Fig. S3 in the supplemental material) by means of gene
trap technology of embryonic stem cells (50). Interestingly, this
ablation of CycT1 also resulted in decreased expression of
HEXIMI and Cdk9 (Fig. 6A, top, lane 2). Moreover, whereas
levels of AIRE transcripts were not affected, those of Ins2 and
Sptl were decreased greatly in mTECs from CycT1~/~ mice
(Fig. 6A, bottom, compare bars in lanes 1, 2, 3, and 4).

Since AIRE™/~ mice exhibited an autoimmune phenotype
(4), which was manifested by lymphocytic infiltrates in many
organs, we investigated if the same situation pertains to our
CycT1™/~ mice. Paraffin sections from eye, lung, stomach,
spleen, ovary, and lacrimal and salivary glands were prepared,
stained with hematoxylin and eosin dyes, and examined for the
presence of lymphocytic infiltrates. Importantly, we detected
such infiltration in lacrimal and salivary glands in CycT1 "/~
but not parental, wild-type (WT) mice (Fig. 6B, top right).
Moreover, these infiltrations occurred in fewer than half of our
CycT1™/~ mice and were relatively mild (Fig. 6B, bottom) (18).
In contrast, their WT littermates had little to no infiltration of
these organs (Fig. 6B, bottom). We conclude that the inacti-
vation of the CycT1 gene in the mouse has a severe impact on
the expression of AIRE-responsive genes in mTECs and leads
to lymphocytic infiltration in endocrine organs, which resem-
bles the autoimmune phenotype of AIRE™'~ mice.

DISCUSSION

In this study, we found that AIRE acts as a type I1A activator
that regulates the elongation phase of transcription. First,

AIRE cooperated with initiation factors, such as Sp1, to elon-
gate stalled transcripts. Second, AIRE bound CycT1 from P-
TEFb. Third, the specificity of this interaction was confirmed
by the inhibition of AIRE by HEXIMI. As a corollary, the
depletion of HEXIM1 by siRNA led to the increased activity
of AIRE. Fourth, AIRE activated the transcription of human
and mouse Ins genes as well as the Spt1 gene in mTECs. Fifth,
AIRE and P-TEFb were colocalized on Ins2 and Sptl promot-
ers and P-TEFb was found there only in the presence of AIRE,
which was required for the elongation of RNAPII on these
genes. Finally, the genetic inactivation of CycT1 led to loss
of expression of AIRE-responsive genes and infiltration of
lacrimal and salivary glands in the mouse. We conclude that by
interacting with P-TEFb, AIRE stimulated transcriptional
elongation of its target genes in mTECs.

Previously, AIRE was found to activate transcription via
heterologous DNA tethering using the Gal.AIRE fusion pro-
teins (14, 37, 38). In our study, we demonstrated that the free
AIRE protein also acted synergistically with GalDBD or Sp1
to activate transcription. GalDBD has a weak activation do-
main (from positions 74 to 147), which can initiate but not
elongate primary transcripts in higher eukaryotic cells (27).
Spl interacts with general transcription and TATA binding
protein-associated factors (reviewed in reference 30). This
binding leads to the formation of the PIC at the start site of
transcription and, in the presence of an activator, such as
AIRE, to the elongation of transcription. Thus, AIRE is the
first cellular type IIA activator besides the viral Tat protein,
both of which promote transcriptional elongation.

In cells and synthesized in vitro, AIRE forms oligomers.
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They migrate as a 670-kDa complex, which could contain up to
12 AIRE proteins (14). Monomers of AIRE neither bind DNA
in vitro (24, 39) nor activate transcription in cells (14). Of
interest, most mutations in patients disrupt this oligomeriza-
tion of AIRE (14, 32). Moreover, the homogenously staining
region, SAND, and two PHD motifs are necessary for the
formation of oligomers as well as the transcriptional activity of
AIRE (5, 48). Thus, although discrete functional domains have
not been defined, we were able to demonstrate that AIRE
binds CycT1 and P-TEFb in vitro and in cells. AIRE and
CycT1 also colocalized in cells. Furthermore, this interaction
was confirmed functionally by its inhibition with HEXIMI,
which is a specific inhibitor of P-TEFb (29). Of interest, both
Tat and AIRE, two type ITA activators, proved to be exceed-
ingly sensitive to the inhibition of P-TEFb. Finally, in chroma-
tin, CycT1 and Cdk9 were present on promoters of AIRE-
responsive genes only in the presence of AIRE.

We also demonstrated effects of AIRE on two known target
genes in mTECs (4). Thus, the introduction of AIRE led to the
expression of mouse Ins2 and Spt1 genes in 1C6 cells. By ChIP,
this effect was on the elongation rather than the initiation of
transcription of these genes and depended on the recruitment
of P-TEFb. Our ChIP data also demonstrated that AIRE in-
teracts with cis-acting sequences, and future studies will reveal
further details of these DNA-protein interactions. Finally, the
genetic inactivation of CycT1 led to the loss of expression of
AIRE-responsive genes in the thymus and the lymphocytic
infiltration of lacrimal and salivary glands. Since hematopoietic
cells retained some expression of CycT1, these findings suggest
that although central tolerance was compromised, inflamma-
tory processes were preserved. Moreover, since only half of our
CycT1™/~ mice developed these infiltrates of lacrimal and sal-
ivary glands, this finding argues against a global defect in T
cells leading to this autoimmune phenotype. Consistent with
this notion, our CycT1~/~ mice had normal numbers of B and
T cells, with an appropriate ratio of CD4" and CD8" cells.
These cells also lacked activation markers (data not pre-
sented). Thus, a combination of biochemical and genetic data
indicate that P-TEFbD is an important coactivator of AIRE.

In conclusion, we present a mechanism for the regulation of
transcription by AIRE, which suggests that AIRE is a global
activator that affects different target genes via the recruitment
of P-TEFb. In prokaryotes, the mechanism of antitermination,
i.e., the regulation of transcription at the stage of elongation, is
well established and known to play a major role (13). However,
such regulation in eukaryotic systems has been appreciated
only recently. Indeed, RNAPII is engaged on many regulated
but silent promoters in organisms from Drosophila melano-
gaster to humans (25). P-TEFb is also required for the tran-
scription of many activated genes transcribed by RNAPII in
cells (7). Of note, activators found on enhancers, such as
CIITA, NF-kB, steroid hormone receptors, and c-Myc, all bind
and recruit P-TEFb to their transcription units (reviewed in
reference 35). An important difference is that unlike these type
IIB activators, AIRE cannot initiate transcription and its in-
teractions with DNA appear more promiscuous (24, 39). Thus,
it is able to interact with more targets but has a greater re-
quirement for a preassembled PIC. These features are ex-
pected to give it greater and lesser flexibilities in pluripotent
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and differentiated cells, where chromatin is relatively open and
closed, respectively.

Some genes that are regulated by P-TEFb are likely to clus-
ter. Indeed, DNA looping and interactions of distal enhancers
and locus control regions with promoters are important for the
expression of MHC class II and B-globin genes (12, 42), which
are regulated at the level of transcriptional elongation. More-
over, one study found AIRE to be associated with such matrix
attachment sites (44). Thus, global chromatin conformations
are also likely to play a critical role in the regulation of genes
by AIRE (9, 19). Different programs of gene expression would
then depend only on the stage of differentiation of mTECs. To
this end, it is interesting that populations of mTECs are highly
heterogeneous in the thymus (11). They appear to emerge
from pluripotent precursors and then differentiate so that in-
dividual populations express distinct sets of genes. In this sce-
nario, AIRE can be viewed as a promiscuous activator that
preys upon various differentiation profiles of mTECs to elicit
central tolerance to as many tissue-restricted proteins as pos-
sible. However, further details of these effects of AIRE and
P-TEFD in chromatin represent an important area for future
study.
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Congenital heart defects, dysmorphic facial features and intellectual developmental
disorders (CHDFIDD) syndrome in humans was recently associated with mutation
in CDK13 gene. In order to assess the loss of function of Cdk13 during mouse
development, we employed gene trap knock-out (KO) allele in Cdk73 gene. Embryonic
lethality of Cdk13-deficient animals was observed by the embryonic day (E) 16.5, while
live embryos were observed on E15.5. At this stage, improper development of multiple
organs has been documented, partly resembling defects observed in patients with
mutated CDK13. In particular, overall developmental delay, incomplete secondary palate
formation with variability in severity among Cdk13-deficient animals or complete midline
deficiency, kidney failure accompanied by congenital heart defects were detected.
Based on further analyses, the lethality at this stage is a result of heart failure most
likely due to multiple heart defects followed by insufficient blood circulation resulting
in multiple organs dysfunctions. Thus, Cdk13 KO mice might be a very useful model
for further studies focused on delineating signaling circuits and molecular mechanisms
underlying CHDFIDD caused by mutation in CDK173 gene.

Keywords: cyclin-dependent kinase (CDK), cyclin, transcription regulation, development, mouse, cyclin-
dependent kinase 13, cyclin K

INTRODUCTION

Recently, de novo missense variants in Cyclin-dependent kinase 13 (CDK13) gene have been
identified as an emerging factor involved in the onset of congenial heart defects (CHD) in humans
(Sifrim et al., 2016). Documented CHD cases were characterized by ventral and atrial septal defects
accompanied by pulmonary valve abnormalities. CHD patients had syndromic facial gestalt, and
two patients had agenesis of the corpus callosum. Additional mutations within the CDK13 gene
were recognized in humans resembling at clinical level many symptoms previously associated
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with loss of function of CDKI3 or newly described symptoms,
such as autism spectrum disorder, seizures, feeding difficulties
and craniofacial dysmorphism including short upslanting
palpebral fissures, hypertelorism or telecanthus, medial epicathic
folds, low-set, posteriorly rotated ears and small mouth with thin
upper lip vermilion (Hamilton et al., 2018). In addition, genome
wide search for de novo mutations responsible for developmental
disorders in patients in Great Britain and Republic of Ireland led
to identification of 14 genes that previously lacked compelling
evidence of involvement in developmental disorders, among
them the CDK13 gene (Deciphering Developmental Disorders
Study, 2017). However, heart defects do not seem to be the
key feature of this disorder since patients with heterozygous
constitutional mutation in CDKI3 lacking cardiac anomalies
were reported by two groups (Carneiro et al., 2018; Uechara
et al., 2018). Spectrum of clinical phenotypes of patients with
CDK13 mutations varies from mild to severe with the ubiquitous
intellectual disability and developmental delay (ID/DD) (van
den Akker et al., 2018). Based on these observations, congenital
heart defects, dysmorphic facial features and intellectual
development disorder (CHDFIDD) have been recognized as
novel syndrome caused by de novo variants of CDKI13 gene
(Sifrim et al., 2016; Bostwick et al., 2017; Carneiro et al., 2018;
van den AkKker et al., 2018).

Human CDK13 protein consists of 1512-amino acids with
a conserved kinase domain surrounded by N- and C-terminal
arms of undefined function (Kohoutek and Blazek, 2012). In
order to be active, CDK13 binds cyclin K (CycK) and forms
enzymatically active complex (Ko et al., 2001; Even et al., 2006;
Bartkowiak et al., 2010; Blazek et al., 2011; Cheng et al., 2012;
Dai et al, 2012; Kohoutek and Blazek, 2012; Liang et al,
2015). CDK13 belongs to the family of transcription-associated
cyclin-dependent kinases phosphorylating the carboxyl-terminal
domain (CTD) of RNA polymerase IT (RNAPII). In particular, the
CDK13 phosphorylates serine 2 (Ser2) and to a lesser extend also
serine 5 (Ser5) within Y/S?P3T4S°P°S” heptapeptides within the
CTD of RNAPII in vitro (Greifenberg et al., 2016). Nevertheless,
downregulation of CDK13 in tumor derived cell lines had a very
small, if any, effect on level of Ser2 within CTD of RNAPII (Blazek
et al,, 2011; Greifenberg et al., 2016). In parallel to CDK13, there
is CDK12 in mammalian cells able to associate with CycK as well
(Blazek et al., 2011; Dai et al.,, 2012; Liang et al., 2015). Even
though CDK13 shares high amino acid similarity with CDK12,
both kinases appear to function in mutually exclusive complexes
in mammalian cells (Blazek et al., 2011; Kohoutek and Blazek,
2012; Greenleaf, 2018).

In comparison to CDK12, there is a limited number of papers
envisioning the likely function of CDK13 in various biological
processes. For instance, the CDK13 was proposed to be involved
in oncogenesis; yet, its precise function is still under examination
(Kim et al., 2012; Pan et al., 2012). Even though factors involved
in RNA processing, RNA splicing, polyadenylation and RNA
cleavage were demonstrated to bind CDK13 as a result of global
protein-protein interactions, truly associating partners of this
kinase are still unknown (Davidson et al., 2014; Bartkowiak and
Greenleaf, 2015; Liang et al., 2015). In addition to involvement
of CDK13 in diverse cellular processes, this protein participates

in regulation of alternative splicing of HIV-1 or influenza virus
replication, thus suppressing viral production (Berro et al,
2008; Bakre et al, 2013). In developing mouse embryos and
murine cells, CDK13 regulates hematopoiesis, stemness and
axonal elongation, suggesting an important function in neuronal
development (Pan et al., 2012; Chen et al., 2014).

To this date, the impact of complete loss of Cdk13 function
during mammalian development has not been investigated.
Therefore, we employed a Cdk13 knock-out (KO) mouse model
to explore a novel role of Cdkl3 during mouse embryonic
development. We observed embryonic lethality of Cdk13 KO
animals at the embryonic day 16.5. At this stage, improper
development of multiple organs has been observed (heart, brain,
kidney, liver, and palate formation) resembling phenotype of
human patients with de novo missense variants of CDKI3
gene. Therefore, our Cdkl3-deficient mice may become an
important model to study dysregulation of developmental
processes occurring in human patients.

RESULTS

Disruption of Cdk13 Gene Leads to
Embryonic Lethality in Mice

To examine the role of CDK13 during mouse development, the
mice carrying Cdk13"1% allele were generated at the Transgenic
and Archiving Module CCP (Institute of Molecular Genetics of
the CAS, Prague). The Cdk13"™14 allele of Cdk13 gene enables
cessation of transcription due to presence of two strong poly A
sites leading to production of the aberrant transcript of Cdk13
mRNA resulting in non-functional truncated form of CDK13
protein harboring only N-terminal part of this protein, without
kinase domain and C-terminal part (Figure 1A). Heterozygous
Cdk13™19/+ mice were intercrossed to obtain Cdk13/m14/tmla
offspring. Newborn mice were genotyped with specific sets
of primers able to distinguish inserted cassette (257 bp PCR
product, KO) and wild-type (179 bp PCR product, WT) alleles
of Cdkl13 gene (Figure 1B). Although the offspring with Cdk13
WT and heterozygous alleles was born at the expected Mendelian
ratio, appeared normal and fertile, Cdk13"™14/1@ mice were
not born at all. This finding suggested that a homozygous
deficiency in CdkI3 gene leads to embryonic lethality in mice.
To determine the precise stage, when the embryonic lethality
occurs, mouse embryos were collected at various gestation time
points (Table 1). There were no living Cdk13"14//m1a embryos
after the embryonic stage 15.5 (E15.5) judging by the lack of
their heart beating. Moreover, from E13.5 to E16.5, we observed
increased number of absorbed embryos as a reflection of empty
decidua (Table 1). Based on these finding, we concluded that
the deficiency of CdkI3 causes severe adverse developmental
defects and consequent death from E14.5 resulting in total
lethality before E16.5.

To confirm the loss of CDK13 protein in Cdk13™14/tm14 mice,
developing brain from WT and Cdk13""14/t"14 homozygous
embryos at E14.5 were collected and western blot analyses were
carried out with specific antibodies recognizing CDK13 protein.
As expected, the WT form of CDK13 was present in Cdk13*/+
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FIGURE 1 | Generation of Cak13™ 7@ mice. (A) Scheme of Cak13!2 allele. The Cdk13! 2 allele consists of strong splicing acceptor (SA), B-galactosidase gene
(lacZ) and neomycine resistance gene (neo) both with poly A sites (pA), being surrounded by two FRT sites within intron 2, having two and one lox P sites within
intron 2 and 4. (B) PCR genotyping from E12.5 embryos using specific primers distinguishing Cak73" 72 mutant (KO, upper bands) and Cak13", wild-type, allele
(WT, lower bands). (C) Brain extracts were prepared from E14.5 embryos of Cak13+/*, Cdk13!m'a/+ and Cak13!m'2/im1a mice and protein levels of Ser2 and Ser5
of RNAPII, CDK13 and y-catenin (CTNNG) were evaluated by Western blotting. The short and long expositions for CDK13 are presented to demonstrate residual
expression of CDK13 in Cak13ma/tm1a gmpryos.

and Cdk]jtm]a/"" mice, but surprisingly, corroborated residual mutant phenotype. Because the anti-Cdk13 antibody used in
expression of CDK13 protein was detected in the embryonic ~western blot recognizes its N-terminal part of CDK13, we were
brain of Cdk13tmia/tmla homozygous embryos (Figure 1C), curious if the truncated form of CDK13, as a result of terminated
suggesting that Cdk13tmla/tmla phice represent a hypomorphic ~ transcription within intron 2, will be expressed in mice bearing
the Cdk13"™1% allele. Indeed, the truncated form of CDK13

was detected in CdkI13™1%/* and Cdki3tmia/tmla apimals

TABLE 1 | Genotypes of offspring from Cak13!™4/+ intercross. (Supplementary Figure S1). Since CDK13 was demonstrated to
phosphorylate CTD of RNAPII in vitro, we decided to evaluate
Empty  phosphorylation status of CTD in hypomorphic mice. Thus,

Stage  Cdk13*/*  Cdk13™'a/*  Cdk13tmia/tma  Litters decidua  the effect of CDKI13 downregulation on Ser2 was evaluated
in the animal tissue. Even though expression of CDKI13 was

(5%) (50%) (5%) significantly lowered in Cdk13"1%/t1¢ mice, no effect on either
E9.5 4(21.1%) 2(63.2%) 3 (15.8%)* 2 Ser2 or Ser5 phosphorylation within CTD of RNAPII was
E105  4(20%) 0 (50%) 6 (30%)* 0 detected (Figure 1C). The Ser5 phosphorylation was checked in
E115  14(31.8%) 3 (52.3%) 7 (15.9%)* 4 parallel since it is phosphorylated by other CDK kinase, CDK7 in
E125  31(30.7%) 52 (51.5%) 18 (17.8%)"# 15 13 particular (Kohoutek, 2009).
E135  6(16.2%) 8 (48.6%) 13 (35.1%)* 5
E145 48(27.6%)  95(54.6%)  31(17.8%)" 26 9 Cdk13 Loss Causes Growth Retardation,
E155  21(27.5%) 34 (58%) 10 (14.5%])" i 5 Developmental Delay and Its Failure
E165  8(25%) 8 (56.3%) 6(18.7%)"* 4 0 To examine deficiency of CDKI13 protein in Cdk13/m14/tmla
PO 39(33.1%) 79 (66.9%) 0 28 mice, morphology at different embryonic stages compared to
*Growth retardation, #dead embryo. the WT animals was examined and various abnormalities were
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which is characteristic of embryos E13.5.

FIGURE 2 | Comparison of gross morphology of wild-type, Cdk13™a/+ and Cak13!™'a/tm1a empryos at various stages. Cdk1317a/m1a embryos display
significant growth retardation compared to wild-type and heterozygous embryos. (D-F) Detailed images of Cak13tmTa/tmia ot rglevant developmental stages. (A)
Heterozygous and Cak13'm1a/tm1a embryos at E12.5. (D) Occasional chest wall deformities manifest at hypomorphs. (B) Wild-type and Cak13!™7a/im1a embryos at
E13.5. Cdk13im1a/tm1a empryo exhibits nuchal edema (black arrow). (E) Hypervascularization of the peripheral vessels capillaries (black arrow). (C) Wild-type and
Cak13m7a/imia empryos at E14.5. (F, top) Wild-type embryo demonstrates deep indentations between the developing fingers of embryos E14.5, although not yet
separated. (F, bottom) In contrast, Cak13!m7a/im1a embryo appears to be 1 day delayed in development as evidenced by the shallow indentation of the footpad,

observed in Cdk13"™14/tm14 embryos at each stage of gestation
(Supplementary Figure S2). Observed growth retardation of
Cdk13-deficient mice is presented in detail (Figure 2); however,
the severity of the developmental delay was variable. On average,

the Cdk13m14/tm1a embryos appeared to be one embryonic
day behind in comparison to their littermate controls as
evidenced by the shallow indentation of the footpad, which
is characteristic of embryos at E13.5 (Figure 2F, bottom).
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In contrast, Cdk13+/* littermates exhibited deep indentations
between the developing toes (not yet separated), what is
characteristic of embryos at 14.5 (Figure 2F, top). In addition,
the retarded embryo exhibited nuchal edema (black arrow,
Figure 2B), which correlates with the presence of cardiovascular
phenotypes. Occasionally, the pericardial effusion were detected
in developing Cdk13'™14/tm1a embryos, most likely caused by
dysfunction of the heart (Figure 2D). Summary of various
developmental defects associated with hypomorphic Cdk13"14
allele is presented in Supplementary Table S1.

Cdk13 Is Indispensable for the

Development of Several Organs

To narrow down possible cause of embryonic lethality, embryos
at E14.5 were contrasted with Lugol’s solution to visualize gross
morphology of individual soft tissues by microCT (Figure 3).
Indeed, several developmental abnormalities were detected
within developing embryos. The heart wall of both ventricles
in Cdk13"m14/tm1a embryos (Figures 3B,D) appeared thinner
in comparison to Cdk13*/* littermate controls (Figures 3A,C).
In addition, lung, liver and kidney in Cdk13"™14/tm1a embryos
were smaller and undeveloped (Figures 3D,EH) in comparison
to Cdk13*/ littermates (Figures 3C,E,G). However, detailed 3D
reconstruction of liver and kidney (Figures 3I-P) with movable
display of E14.5 embryos of Cdk13'™14/tm1a and Cdk13+/*
genotypes (Supplementary Figures S3A,B) revealed no defect in
general gross morphology of these organs.

To uncover possible discrepancies in developmental speed
of individual organs, the volume analysis was performed with
normalization to total body volume of given embryo. Liver
size of Cdk13"™14/!m14 embryos represented only about 46% in
comparison to Cdk13%/* littermates (Figures 3, 11). Similarly,
kidney size of Cdk13"™14/tm1a animals comprised only about
52% in comparison to CdkI137/*. In parallel, histological
sections of selected organs were analyzed at stages between
E14.5 and E16 (Figure 4). Decelerated development of kidneys
was identified in Cdk13"14/t1¢ embryos at E14.5 and E16
(Figures 4D,F) including nephron differentiation as shown by
altered proportional representation of individual nephron stages
at E14.5 (Figure 4G). Moreover, statistically significant reduction
in the number of S-shaped bodies and glomeruli was observed
in Cdk13'm14/tm1a embryos (Figure 4H). At lethality stage E16.5,
kidney tissue exhibited tissue abrogation with only few, much
reduced tubules visible (data not shown), very likely caused by
general pre-necrotic changes.

Brains of Cdk13/"14/1m14 embryos appeared developmentally
delayed as demonstrated by reduced size as compared to
littermate controls. Depicted in Figure 5 are E14.5 controls and
Cdk13fmia/tmla myutant samples from two separate litters. The
two litters were developmentally at different stages, pre-palatal
fusion in the control embryo depicted (Figures 5A,B) and post-
palatal fusion in the control embryo depicted (Figures 5E,F).
In order to assess the developmental delay in Cdk13/14/tmla
embryos the cell proliferation was examined by Ki67 staining, a
marker of proliferating cells (Figures 5A’-H’, embryos A and C,
as well as E and G are littermates, representative pictures of two

embryos are shown to display variability in mutant phenotype).
As evident from performed quantification, there was decrease
in number of proliferating cells in Cdk13"14/1m14 embryos in
comparison to Cdk13*/7 littermate controls, but this decrease
was not statistically significant (Figure 5I).

The analysis of craniofacial area revealed also defective
palatal shelves development in several Cdk13/™14/tmla
embryos resulting in their insufficient horizontal growth
and the formation of the cleft palate at E15.5 (Figure 6) in
Cdk13'™1a/tmla mouse, Incomplete secondary palate formation
exhibited variability in severity among Cdk13-deficient animals.
Observed penetrance of secondary cleft palate was 2/4 animals at
E15.5. In addition, Cdk13/™14/t1@ mouse at E15.5 had smaller
number of initiated nasal glands in comparison to the controls
(Supplementary Figure S4, compare A-D and B-E).

Embryonic Lethality in Cdk13tm1a/tm1a
Mice Is Due to Heart Failure

The heart is the one of the first organs to form during mammalian
development. During heart development, significant changes
in organ morphology and cardiomyocyte differentiation and
organization reflect the increasing needs of growing embryos
for nutrition and oxygen supply. Any of these developmental
steps are critical for further development of whole embryos.
Therefore, we analyzed the microscopic structure of the heart
and found that the heart wall of Cdk13""14/tm14 mice embryos
was less compact in comparison to the heart wall of Cdk131/*
mice (Figures 7C,D). Further, apparent disruption of tissue
architecture was detected in Cdk13"™14/'m1a embryos with the
reduction of myocardium (Figure 7, compare C, E and G to
D, F and H). The heart volume was slightly increased to 103%
(organ ratio to total body volume) in Cdk13""14/tm1a mice
compared to Cdk13™/* animals. However, the total volume
of heart tissue to the organ volume was significantly lower
in case of Cdk13"14/!m1a embryos (62.5%) in comparison to
WT littermates (80%) suggestive of the thinner heart wall at
E15.5 in Cdk13"14/tm1a embryos. Percent soft tissue volumes
were measured by microCT using Bruker-microCT CT-analyzer,
where the object volume representing soft tissues was divided
by total VOI volume. The VOI area referring to the heart
volume was selected from the dataset manually. Also, decreased
expression of myosin was detected in ventricle myocardium
of 14.5 hearts (Supplementary Figure S5, compare B and
B’ toEand E).

Since the heart mass of Cdk13/14/tm1a £14.5 — E16 embryos
is significantly reduced with hypomorphic muscular layers of
myocardium compared with Cdk13+/% mice (heart/body ratio),
we presume that heart developmental defect is the cause of
embryonic lethality. In order to evaluate cardiac circulatory
physiology, we performed non-invasive ultrasound Doppler
imaging to quantitatively assess the hemodynamic function in
E14.5 and E15.5 embryos. Out of nine Cdk13"14/t1@ embryos
dissected at E14.5 stage, only one was found dead (Table 2).
All the other Cdk13""14/!m1a embryos at this stage exhibited
comparable blood flow velocities and velocity-time integral (VTT)
in dorsal aorta (Figures 8A,B). However, this situation changed
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Cdk13** Cdk 13miwmla

FIGURE 3 | MicroCT analysis of wild-type and Cdk13!™'a/tm7a empryos. High-contrast differentiation resolution by X-ray computed microtomography, where
Lugol’s staining was used to visualize the soft tissues. Sagittal sections through body midline (A,B) and more lateral plane at E15.5 (C,D). Horizontal sections
through lung (E,F) and liver (G,H). 3D reconstruction of kidney and liver in the right side view of embryo (1,J), left side view (K,L) and caudal view (M,N) with embryo
outlined in gray where segmentation of serial sections was used for the liver and kidney reconstruction. (0,P) High power of 3D imaging for liver and kidney.
Horizontal view (Q,R) and sagittal detailed view (S,T) on kidney and suprarenal gland. Abbreviation used for individual organs: ag, adrenal gland; d, diencephalon; h,
heart; hb, hindbrain; k, kidney; I, lung; li, liver; mb, midbrain; t, tongue; te, telencephalon; s, stomach; sc, spinal cord. Scale bar = 1 mm.

Cdk13fmla/lmla

Cdk13**

dramatically at embryonic stage E15.5 (Figures 8C,D), where
only few Cdk13"14/tm1a embryos retained normal blood flow
parameters (5/16), while the rest of the embryos heart functions
declined (standard measurements were not possible due to
irregular or spare heart beating 11/16); moreover, an increased
portion of embryos were already dead (Table 2).

The assessment of cardiac function in developmental
interval E14.5 - EI15.5 embryos showed dramatic failure

in heart function, probably corresponding to increasing
needs of embryos at E15.5 for blood supply in growing
organ systems, which is very challenging for the defective
heart to achieve. The preserved blood flow in few
Cdk13"1a/tmla embryos was probably due to the observed
variability of the embryo size. Our findings suggest that the
heart failure appears in most cases during the transition
from E14.5 to E15.5.
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FIGURE 4 | Gross anatomy and microscopic structure of kidney in wild-type and Cak13™m7a/tm1a empryos. (A,B) High power view on segmented kidneys from
Lugol's stained sections and visualized by X-ray computed microtomography. Growth retardation of kidney is visible in Cdk13!™'a/tm7a embryos at E14.5 (D) and
E16 (F) in contrast to littermate wild-type, Cdk13+/*, controls (C for E14.5 and E for E16). (E,F) Only very few just forming glomeruli (gl) were found in
Cak13mTa/imia gmpryos. (G) Relative quantification of individual developmental stages of nephrogenesis in Cak13%/* and Cdk13!m78/im1a gmbryos. (H) Increased
amount of renal vesicles together with the reduction of S-shaped bodies and glomeruli (gl) was found in Cak1317a/m1a embryos. The graph values denote

median + s.d., *p < 0.05, by unpaired t-test. Scale bar (A,B) = 0.3 mm, scale bar (C-H) = 100 pm.
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FIGURE 5 | Cell proliferation in brain area in wild-type and Cak13tma/tm1a empbryos. (A,A’,B,B%) Cak13t/* and (C,C’,D,D’) Cak13m’a/m1a empryos before palatal
shelves fusion. (E,E’,F,F’) Cdk13"/* and (G,G’,H,H’) Cak13m78/im1a gmbryos after palatal shelves fusion. Immunohistochemical nuclear labeling of Ki67-positive
cells in the frontal head sections in the lower power view (A-H) and in detail (A’-H’). () Mitotic index was counted as the ratio between Ki67-positive cells and total
amount of prosencephalon cells in three biological triplicates for each group. The graph values denote mean =+ s.d, difference is not statistically significant according
to unpaired t-test (p-value: 0.1047). Ki67-positive cells - brown nuclei, Ki67-negative cells - blue nuclei (hematoxylin). Scale bar (A-C) = 1 mm; scale bar

Cdk13** Cdfc] 3m1@tmia

Cdk13miatmia

Cdk13 Is Expressed in Affected Organs

in the Prenatal and Also Postnatal Period
Currently, there is limited information about protein expression
pattern of CDK13 either in developing or adult organs; therefore,
we decided to evaluate expression of CDKI3 protein in
developing organs. First, the western blot of CDK13 protein was
carried out in selected developing organs (Figure 9). As expected,
expression of CDK13 was detected in organs with abnormal
embryonic development. The highest protein level of CDK13 was
detected in the brain, then lung, kidney and heart (Figure 9).

In case of detection of CDK13 in the developing heart, four
times concentrated protein lysates had to be used to detect any
reproducible signal.

To explore gene expression of CdkI3 in adult tissues
and organs, the particular organs were isolated and the
expression of Cdk13 was examined by activity of p-galactosidase
(Supplementary Figure S6). Cdkl3 was strongly expressed
in the retina of the eye, testes, ovary, uterus, gall bladder
(Supplementary Figures S6A,F-I). To a lesser extent, the
Cdk13 was detected in the urinary bladder (Supplementary
Figure S6D). Interestingly, rather localized, yet strong expression
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| Cdk13+"* [

Cdk13tmlu/tm1a

FIGURE 6 | Transversal sections of the head in control Cak13*/* and Cdk13m7a/tm1a empryos at E15.5. Rostro-caudal view in Cak13*/* animal (A) and four
Cdk13m7a/imia mytant mice to show variability in the secondary palate morphology (B-E). Palatal shelves do not meet each other in the midline (B”,E™) and cleft
of secondary palate is visible. Abnormal shape of palatal shelves was observed also caudally with cleft expanding into the soft palate area. (’-A””, B’-B””, C’-C””,
D’-D””) are transversal sections of head in individual embryos in rostrocaudal direction. Scale bar = 100 wm.

within organ structure was observed in renal pelvis in kidney,
thyroid gland and heart atrium, with substantial expression in the
heart ventricle (Supplementary Figures S6B,C,E).

Cdk13tm1d/tm1d Mice Exhibits More
Severe Phenotype and Earlier Lethality

As we observed residual expression of Cdk13 in analyzed organs
of hypomorphic Cdk13""14/tm1a mice, we decided to cross
Cdk13"1% mice with Flp-deleter mice and Cre-deleter (detailed
description of the utilized transgenic strains is provided at the
Section “Experimental Procedure”) mice to generate Cdk13""14
allele with deleted exons 3 and 4 (Figure 10A). As in case
of Cdk13"™14 mice, the expression of CDKI13 protein was
investigated in the Cdk13""1¢ mice. High expression of CDK13
was detected in the developing brain of WT Cdk13%/* embryos
(Figure 10B). Greatly downregulated expression of CDK13 was
detected in heterozygous Cdk13"!%/* brain with undetectable
expression of CDK13 protein in homozygous Cdk13"1/tm1d
brain (Figure 10B). As in the case of CdkI3"™!% mice, no

significant reproducible downregulation of Ser2 phosphorylation
was observed in Cdk13'14/t1d brain extract (Figure 10B).
Interestingly, expected Mendelian ratios were reflected in the
portion of Cdk13"14/tm14 mice. High number of empty decidua
at E12.5 were detected reflecting increased mortality before this
stage (Table 3). Critically, only 19 litters out of 42 contained
Cdk13tm1d/tmld embryos suggesting homozygous mice carrying
Cdk13/"14 glleles exhibited more severe defects in phenotype
than Cdk13'm14/tm1a mice, especially in craniofacial area with
midline facial cleft (Figure 10C). The prevalence of the midline
orofacial deficiency and pericardial effusion was 60.5% in
Cdk13"14 homozygous mice at E12.5-E14.5. Out of 94 cases,
only two cases of Cdk13"14/tm1a mice had externally visible
orofacial clefting (Supplementary Table S1). The prevalence of
the pericardial effusion (PE) in Cdk13""14/!m14 embryos at E12.5-
E14.5 was less than 20% in comparison to high occurrence in
Cdk13tm1d/tmld embryos (Supplementary Table S1). No PE or
orofacial cleft was recorded in any WT, though 6 embryos from
262 heterozygotes exhibited PE.
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Cdk13** Cdk13™m!«mla

E14.5

FIGURE 7 | Gross anatomy and microscopic structure of heart in wild-type and Cak13!™78/tm7a gmbryos. (A,B) High power view on segmented heart from Lugol’s
stained sections and visualized by X-ray computed microtomography. (C,D) Sagittal section of heart from Lugol’s staining visualized by X-ray computed
microtomography. Smaller size of heart with broadening of ventricles was visible in Cak13!™7a/tm7a animals. Abbreviations for the organ structures: ivs,
interventricular septum; mc, myocardium. (E,F) At E14.5, myocardium (mc) of Cak13!m7a/m1a mice is already thinner in the ventricle area with small amount of
cardiomyocytes layers, which is in contrast to thick wall of Cak13/* littermate controls. Later, apparent disruption of tissue architecture with enlarged intercellular
spaces and small amount of cardiomyocytes was observed in Cak13!"78/im1a gmbryos at later stages at E16 (G,H). Scale bar (A,B) = 0.4 mm, scale bar

(C,D) = 350 um, and scale bar (E-H) = 100 pm.
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TABLE 2 | Summary of ultrasound scanned embryos at E14.5 and E15.5.

Stage Number of embryos Litters Number of Cdk13tm1a/tm1a
Cdk13+/+ Cdk13tm1a/+ Cdk13tm1a/tm1a Heart beating Dying/dead

E14.5 11 27 6 8 ]

E15.5 14 36 17 8 6 11

Comparison of Cdk13tm1a/tmia gpq
Cdk13tm1d/tm1d Mice at E13.5

Finally, the phenotype of Cdk13/™14/fm1a mice was compared
to Cdk13t™1d/tmld " mice (Figure 11 and Supplementary
Figures S7, S8). High-contrast differentiation resolution
by X-ray computed microtomography was used to assess
gross morphology of the Cdk13T/*, Cdki3mie/tmla and
Cdk13m1d/tmld “embryos at E13.5. Both CdkI3 mutants
exhibited smaller body size with severe growth retardation
in Cdk13"14/tm1d animals (Figures 11A-D). Hypoplasia of
midfacial structures was observed in Cdk13"14/"1d embryos
(Figure 11, compare H to G). The hearts were smaller in
both Cdk13'™1a/tmla a5 swell as Cdk1314/t1d embryos in
comparison to littermate control mice with severe ventricle
deficiency detected in Cdk1314/tm1d animals (Figure 11,
compare J to I and L to K). Generally smaller liver were detected
in Cdk13™m1a/tmla and Cdk13'™14/tm1d embryos in comparison
to control CdkI3*/* mice. Liver in Cdk13™14/tmld mice
exhibited abrogated liver lobes arrangement (Figure 11, compare
P to O and N to M). Kidneys in Cdk13"*14/tm1d mice do not
follow right left kidney asymmetry (Figure 11, compare T to S).

DISCUSSION

Our analysis revealed a new function of Cdk13 in the context of
the mouse development and found that this protein is critical
for proper development at later stages of embryogenesis. Loss
of Cdkl13 affects negatively several organs and tissue structures
during mouse development and its inactivation leads to late
embryonic lethality.

Animals with hypomorphic allele (Cdk13'™14) retained low
residual expression of CDK13 and they were lethal by E16.5
most due to heart failure and delayed development of several
organs was caused likely due to insufficient supply of oxygen
and nutrients. Interestingly, several miRNAs able to target Cdk13
mRNA for degradation were recently recognized during the acute
myocardial infarctions (Wang et al., 2015) supporting the idea
of CDK13 as a strategic molecule for optimal heart function. In
addition, the expression of CDK13 was detectable not just in the
heart, but also in other organs during embryonic development,
such as craniofacial area or brain. However, the expression
only cannot explain the complexity of phenotype exclusively
in tissue autonomous manner or by insufficient nutrients and
oxygen distribution. Thus, we assume that the organs with higher
expression might be affected either by non-functional CDK13
in cell autonomous manner and/or by underdevelopment of

cardiovascular system and lack of nutrients, mostly by insufficient
heart function. Importantly, the affected cardiovascular system
is superior to development of other organ systems and can
drive systemic developmental phenotype; the example of such
phenotype is growth retardation in the whole embryo with no
respect to local CDK13 expression levels, which is affecting size
of all organs within the embryo body. Therefore, in organs where
the expression of CDK13 is under detection limit, we suggest
that the phenotype is caused mostly by failure of cardiovascular
system development and its systemic influence.

It is also interesting why the Cdk13"™1% allele exhibits
the hypomorphic mutant phenotype. One possible explanation
might be due to the insertion of neomycin selection cassette in
non-coding region that has been shown to affect gene expression,
both at the DNA and RNA levels (Pham et al., 1996; Meyers et al.,
1998; Scacheri et al., 2001). Moreover, in silico analyses of post-
transcriptional exon shuffling (PTES) events in humans revealed
high PTES frequencies in CDK13 gene enabling the formation of
aberrant functional CDK13 transcripts (Al-Balool et al., 2011).

In contrast to our observations, genetic depletion of Cdk12, a
kinase with high amino acid similarity to Cdk13, resulted in early
developmental lethality at the blastocyst stage due to deregulated
expression of DNA-damage repair genes leading to enhanced
genomic instability (Juan et al., 2016). Importantly, KO of CycK
resembled the same lethal phenotype at the blastocyst stage as
Cdk12 animals (Blazek et al., 2011). Besides clear effect of CycK
during preimplantation stage, CycK is highly expressed in mouse
embryonic stem cells and testes in a developmentally regulated
manner (Dai et al, 2012). During neonatal spermatogenesis,
CycK is highly expressed in gonocytes, spermatogonial stem
cells and is absent in differentiating spermatogonia, spermatids
and spermatozoa (Xiang et al, 2014). Similar expression in
testes, ovary and uterus was also documented for CDK13 in our
heterozygous mice.

Downregulation of Cdk13 had also significant impact on brain
development. It is known from previous studies that CycK, a
Cdk13 binding partner, has been identified in a genome-wide
screen as one of the factors involved in the formation of the
nervous system in Drosophila (Neumuller et al., 2011). In parallel,
function of CDK12 in process of embryonic neural development
was described in the conditional KO mouse model for this
gene (Chen et al, 2014, 2017). When neuronal differentiation
model of mouse embryonic carcinoma cell (P19) was employed,
CDK12 and CDK13 kinases participated in the axonal elongation
through a common signaling pathway that modulates protein
expression of CDK5 (Chen et al.,, 2014). Recently, CDK13 was
found remarkably dysregulated in hippocampus and suggested
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FIGURE 8 | Hemodynamic analysis of wild-type, Cak13!78/+ and Cdk13!™78/tm1a gmbryos. The non-invasive ultrasound Doppler imaging to quantitatively assess
the heart hemodynamic function in E14.5 and E15.5 embryos was carried out. (A,C) Velocity-time integral in dorsal aorta (DA VTI) and (B,D) Peak Doppler blood

flow velocity measured on E14.5 (A,B) and E15.5 (C,D) day old embryos, respectively.
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FIGURE 9 | Expression of CDK13 protein in embryonic mouse organs. Protein extracts were obtained from brain, heart, kidneys and lung of E14.5 Cak13
Cak13tMm1a/+ and Cak13!m1a/tm71a embryos and protein levels of CDK13, Cyclin T1 (CYCT1) and y-catenin (CTNNG) were evaluated by Western blotting. The

highest expression of CDK13 was observed in brain and kidney, with substantial expression in lung and heart in Cak13+/+ embryos

as one of the hub genes useful to elucidate Alzheimer’s disease = demonstrated in Figure 5, we were able to observe alteration of
(Pang et al., 2017). Importantly, studies of patients with CDKI13  proliferation in neural tissue in Cdk13""1% mice (as analyzed by
mutations suggested their essential role in brain development. As  Ki67 expression) however overall changes in brain morphology

August 2019 | Volume 7 | Article 155

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12


https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Novakova et al.

Function of Cdk13 During Mouse Development

FRT loxP

E13.5

FIGURE 10 | Generation of Cak13™79 mice. (A) Scheme of Cak13!™79 allele harbors deletion of critical exons 3 and 4, causing non-functional allele of Cak13
gene. (B) Protein extract from the brain was prepared from E14.5 embryos and protein levels of CDK13 and y-catenin (CTNNG) were evaluated by Western blotting.
No residual expression of CDK13 was observed in Cak13!m9/tm1d empryos. Any significant downregulation of Ser2 and Ser5 phosphorylation was not observed in
Cak13tm1d/tm1d mijce. (C) Cak13!m79/tm1d embryos exhibited distinct craniofacial phenotype with midfacial hypoplasia in comparison to wild-type embryos. Scale

bar = 0.3 mm.

Cdk13 tmld/tmld

Cdk13**

were not determined. On the other hand, observed proliferation
changes can be also associated with developmental delay of
Cdk13"™1¢ animals and subventricular zone in brains may
significantly expands later in development. However, it is also
possible that a prominent role of CDK13 may be apparent in
later stages of brain development, for instance, in the axon
pathfinding, synapse formation and etc. Confirmation of this
statement, however, has to be proven in future by employing the
nestin-Cre or CreErt-Flox systems.

Importantly, developmental defects within craniofacial
formation was documented for CdkI13"!% mice followed by
complete loss of frontonasal part in Cdk13"!¢ mice. It is
probably the most surprising observation in respect to patients
with heterozygous mutation of CDK13 gene (Sifrim et al., 2016;
Bostwick et al., 2017; Carneiro et al., 2018; Hamilton et al., 2018).
Moreover, gradual deregulation of CDK13 in mice resulted in
enhanced craniofacial phenotype. The hypomorphic Cdk13™14
mice exhibited in the rostral area, altered shape of nasal septa
and later at E15.5, incomplete formation of the secondary
palate was observed in several animals, where palatal shelves

TABLE 3 | Genotypes of offspring from Cak13!™19/+ intercross.

Empty
Stage Cdk13*/*  Cdk13tm1d/+  Cdk13tmid/tmid | jtter decidua
(25%) (50%) (25%)
E12.5  33(27.5%) 69 (57.5%) 18 (15%)"* 18 24
E135 29 (31.5%) 52 (56.5%) 11 (12%)+# 14
E145 24 (31.2%) 44 (57.1%) 9 (11.7%)** 10 4

*Growth retardation. * Dead embryos.

did not reach the midline, while control animals exhibited
complete fusion of palatal processes. Nevertheless, complete
depletion of CDK13 in the Cdk1314/tm1d mice led to ablation
of the midline area of the head. There is a limited information
regarding the role of CDK13 in this developmental process at
the moment, yet. The association between SNP polymorphism
rs373711932 located within CDKI3 gene and cranial base
width was recently documented (Lee et al., 2017). Importantly,
heterozygous copy number loss of CCNK gene in humans caused
a syndromic neurodevelopmental disorder with distinctive facial
dysmorphism (Fan et al, 2018). Therefore, it seems highly
probable that CDK13 is indeed associated with craniofacial
development, however, with unclear function, which will be
necessary to uncover in the future.

From the functional point of view, it is surprising that only
heterozygous mutation in one allele of the CDKI3 gene was
sufficient to cause the CHDFIDD in human patients. Common
feature in all studies depicting deleterious effect of pathogenic
CDKI13 in patients was presence of missense substitutions in
the protein kinase domain around ATP-binding and magnesium
binding sites (Sifrim et al., 2016; Bostwick et al., 2017; Hamilton
etal, 2018). In addition, two nonsense variants and a frame-shift
variant accompanying production of aberrant CDK13 transcripts
have been identified (van den Akker et al., 2018). Based on
crystal structure of CDK13/CycK complex, it is very possible that
all these mutations most likely caused inactivation of catalytic
activity of CDK13 or disrupted binding of CycK, its associating
partner, leading to abrogated function of CDK13 (Kohoutek and
Blazek, 2012; Greifenberg et al., 2016; Hamilton et al., 2018).
Nevertheless, some of identified mutations in patients were
predicted to retain binding to cyclin K with affected catalytic
activity. If this is the case, then CDK13/CycK complex represents
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Cdk13lmla/lmla

FIGURE 11 | Comparison of Cak13!™7@ and Cdk13™79 mice at E13.5 High-contrast differentiation resolution by X-ray computed microtomography where Lugol’s
staining was used to visualize the soft tissues. The Cdk13m78/im1a  Cglk13im19d/im1d gnd their littermate controls were analyzed at E13.5. (A-D) Overall view of
Cdk13*/+, Cak13tmTa/tmia and Cak13tm7d/m1d empryos. Both mutants exhibited smaller body size, with severe growth retardation in Cak13!m79/tm1d gnimals.
(A’-D’) 3D reconstruction of heart (red color), kidney (violet color) and liver (light pink color) in right side view of embryo, with embryo outlined in gray where
segmentation of serial sections was used for the reconstruction. Liver in Cak13ma/tm1a and Calk13!m19/tm1d empryos were smaller than in Cak13*/+ embryos.
(E-H’) Frontal view of embryos with 3D reconstruction of heart, kidneys and liver. Clear deficiency in development of midfacial structures in Cak13tm79/tm1d gmpryos
in contrast to Cak13+/* animals was observed. (I-L) 3D reconstruction of heart. The heart of Cak13m@/im1a and Calk13!m19/1m1d embryos were smaller in
comparison to control mice with severe ventricle deficiency detected in Cak13tm7d/tm1d animals. (M-P) 3D reconstruction of liver. Generally smaller liver were
observed in Cak13m’a/tm1a gnd Ck13!m19/m19d empryos in comparison to Cak73*/+ littermate control mice. Liver in Cak13imd/tm1d mice exhibit abrogated liver
parts arrangements. (Q-T) 3D reconstruction of kidneys. Kidneys are smaller with abnormal shape in Cak13!m'a/tm1a ang Calk13tm19/tm1d embryos. Scale bar
(A-H) = 1,5 mm, Scale bar (I-L) = 350 um, scale bar (M,P) = 500 wm, and scale bar (Q-T) = 250 pm.

Cdk13"

Cdkljlmlzl/lmld

a dominant negative complex in cells (Hamilton et al., 2018). It is
of note that two patients carrying stop codons at the end of the
kinase domain represented milder phenotypes, although obvious
genotype-phenotype correlation has not been recorded (van den
Akker et al, 2018). From all these results, we can postulate
that even loss of function of one CDKI3 allele is enough to
interfere with developmental pathways and cause the CHDFIDD
in humans, while complete abrogation of CDK13 gene would lead
to embryonic lethality as documented in our mouse model.

Currently, we can only speculate how CDK13 contributes to
the developmental processes: if it participates in phosphorylation
of Ser2 within CTD of RNAPII, it is highly probable that
inhibition of CDK13 will block or dramatically affect ability
of RNAPII to effectively synthesize nascent RNA. CDKI13
was demonstrated to bind various splicing factors or proteins
involved in splicing (Davidson et al., 2014; Bartkowiak and
Greenleaf, 2015; Liang et al, 2015). Moreover, CDK13 was
found to associate with ASF/SF2 factor, a member of the

Frontiers in Cell and Developmental Biology | www.frontiersin.org

August 2019 | Volume 7 | Article 155


https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Novakova et al.

Function of Cdk13 During Mouse Development

spliceosome complex (Even et al, 2006). CDK13 was also
identified in perinucleolar compartments enriched for proteins
primarily implicated in pre-mRNA processing; therefore, lack of
CDK13 could abrogate also RNA processing of given metazoan
genes (Even et al, 2016). Thus, it is possible that a loss of
kinase activity or associating potential of CDK13 will cripple
proper splicing of transcribed RNA by RNAPII resulting in
production of improperly spliced mRNA of proteins engaged in
development processes.

It has been postulated that CDK13 phosphorylates Ser2 and
Ser5 within CTD of RNAPII, if Ser7 is prephosphorylated
at the C terminus of heptapeptide (Greifenberg et al., 2016).
However, we were not able to detect any effect on Ser2 or
Ser5, either in Cdk13™14/tm1a or Cdk13t14/tm1d animals with
substantial decreased level of CDK13 in developing brain, where
physiologically high level of CDK13 is present. Even though
the global effect on Ser2 or Ser5 was not documented in
Cdk13'm1a/tmla deyeloping brains, CDK13 could still orchestrate
phosphorylation of RNAPII at the specific sets of genes as earlier
described for the CDK9/cyclin T2 or CDK12/cyclin K complexes
in mouse and human cells (Zhu et al., 2009; Blazek et al.,
2011; Johnson et al., 2016). When CDK13 was downregulated
in HCT116 cells, gene ontology analysis revealed enrichment of
functions connected to various extracellular and growth signaling
pathways (Liang et al., 2015; Greifenberg et al., 2016). Similar
modus operandi was implicated for CDK9 activation by MEK-1
and MSKI1 in response to extracellular cues (Fujita et al., 2008;
Smerdova et al., 2014). In addition, transcriptional kinase CDK8
was described to affect canonical Notch signaling by targeting
activated Notch intracellular domain for proteasomal degradation
(Fryer et al., 2004). In addition, CDK8 was suggested to stabilize
pB-catenin interaction with the promoter of WNT targets to
achieve regulatory control (Firestein et al., 2008). Therefore, it is
possible to envision that CDK13 regulates a specific set of genes
at a specific developmental stage of embryonic development
or in specialized cell types. Therefore, it will be critical in
the near future to identify unique genes under control of
CDK13 at given tissue or organ by employment of exome RNA-
sequencing analyses in WT and Cdk13-deficient mice, which will
be our next goal.

We believe that the Cdk13""1% hypomorphic mouse can be a
very instrumental animal model to delineate cellular pathways
or mechanisms participating in the onset or propagation of
severe developmental cues in humans with mutated form of
CDK13. Moreover, our Cdk13""14 mouse model with enhanced
craniofacial phenotype may be invaluable for further clarification
of molecular processes, which are responsible for clinical
symptoms of human patients.

EXPERIMENTAL PROCEDURES

Mice, Genotyping, Breeding of

Cdk13'™12 Mice

Mouse embryos (Cdk13/14(EUCOMHmgu)  hearing  splicing
acceptor, P-galactosidase and neomycine resistance gene
both with poly A signals (Figure 1A) were obtained from

the Infrafrontier Research Infrastructure-Mouse disease
Models'. The acquired embryos carrying Cdk13"1% allele were
transferred into pseudopregnant females of C57BL/6N mouse
strain and the heterozygous CdkI3"!% mice were obtained
at the Transgenic and Archiving Module, CCP (IMG, Prague,
Czechia). Heterozygous mice for Cdk13"™!% allele were bred
and newborn mice were genotyped by PCR amplification (94°C,
30 s; 62°C/65°C, 20 s; 72°C, 30 s; 35 cycles) of Cdkl13 gene to
distinguish WT (Cdk13%/*) and Cdk13"™14/tm1a jlleles. For
PCR analysis, the following sets of primers were used for KO and
WT alleles: (KOf, 5'-CCA GCT TTA AAG GCG CAT AAC-3';
KOr, 5'-TGA CCT TGG GCA AGA ACA TAA-3'; WTE, 5'-TAG
CTG GCC AAT GAG CTT TC-3; WTr, 5-AGT CTA GGA
AGC TGG GAA GAT- 3'). Primers KOf and KOr amplify a
257-bp fragment from Cdk13""!¢ allele while primers WTf
and WTr amplify a 179-bp fragment from WT allele. Genomic
DNA was isolated from mouse ears by NaOH extraction (Truett
et al., 2000). Heterozygous mice carrying Cdk13"1% allele were
bred and after mating, females were examined for vaginal plugs,
embryonic day 0.5 (E0.5) was determined at noon at the day of
vaginal plaque record. Embryos at various stages were obtained
from uteri of pregnant heterozygous female mice, genotyped and
the Mendelian ratios were defined.

To generate mouse carrying the Cdk13"? allele, the

Cdk13'mlia/tmla  mice were crossed with the Flp-deleter
mouse strain  Gt(ROSA)26Sor™m2(CAG—flpo.—EYFP)les - (\[GT:
5285396, Philippe Soriano) and Cre-deleter strain

Gt(ROSA)26Sor'™ 1 (ACTB—cre,~EGFP)Ies (\GI: 5285392, Philippe
Soriano) in order to delete critical exons 3 and 4 within Cdk13
gene. All animal procedures were performed in strict accordance
to the Guide for the Care and Use of Laboratory Animals and
approved by the Institutional Animal Care and Use Committee
(Veterinary Research Institute, Brno, Czechia).

Western Blotting

Particular organ from CdkI Cdk13"14/+  and
Cdk13*/* embryos at E14.5 were lysed in lysis buffer (100 mM
Tris, pH 7.4; 1% SDS; 10% glycerol) and sonicated. The
brain from Cdk13"14/tm1d Cdk13tm14/+ and Cdk13%/* were
lysed in lysis buffer (100 mM Tris, pH 7.4; 1% SDS; 10%
glycerol) and sonicated. Concentrations of total proteins were
determined with bicinchoninic acid (BCA). Lysates were diluted
to the same concentration, mixed with the 3xLaemmli sample
buffer and boiled for 5 min. Western blotting was performed
using anti-mouse CDKI13 polyclonal antibody (SAB1302350,
Sigma-Aldrich), y-catenin (CTNNG) antibody (2309, Cell
Signaling Technology), cyclin T1 (CYCT1) (sc-10750, Santa
Cruz Biotechnology) and anti-serine 2 (Ser2) and serine 5 (Ser5)
rat monoclonal antibodies (clones 3E10 and 3E8 respectively,
ChromoTek GmbH, Germany).

3tm1a/tm1a

Histological Analysis

Wild-type and homozygous Cdk13""14/t"14 embryos at E14.5
to E16.5 were fixed in 4% paraformaldehyde and dehydrated.
After that hearts, brains, kidneys and livers were dissected,

'https://www.infrafrontier.eu/
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embedded in paraffin, and sectioned at 5 pm. Hematoxylin-
eosin (H&E) staining was performed. Images were taken under
bright field using a Leica compound microscope (DMLB2)
with a Leica camera (DFC480) attached (Leica Microsystems,
Wetzlar, Germany).

Immunohistochemistry

Proliferating cells were visualized on E14.5 brain sections by
labeling of Ki67 (positive cells are brown). Sections were
pretreated in Citrate buffer, pH6, 10 mM, 20 min/97°C in
water bath and were labeled with Ki67 primary antibody
(RBK027-05, Zytomed Systems). For primary antibody detection,
specific secondary antibody and avidin-biotin complex were
used (Vectastain kit, PK-6101, Vector laboratories). The signal
was developed by DAB chromogen system (K3468, DAKO).
Nuclei were counterstained by hematoxylin (blue). Mitotic
index was counted as the ratio between Ki67-positive cells
and total amount of cells in three biological samples for
each group (three Cdk13™/* embryos, three Cdk13/m1a/imla
embryos). Statistical significance in cell number differences
between control and deficient mice were evaluated by unpaired
t-test.

E14.5 heart sections were pretreated in DAKO Target Retrieval
(32367, DAKO) solution for 15 min/97°C in water bath and
labeled using primary antibodies against actin (sc-1615-R,
Santa Cruz Biotechnology) and myosin (sc-32732, Santa Cruz
Biotechnology). To detect primary antibodies, secondary Alexa
Fluor antibodies (A11004, A11008, Invitrogen) were used. Nuclei
were counterstained by DRAQ5TM (62251, Thermo Scientific).
Images were captured on fluorescence confocal microscope
Leica SP8 (Leica).

Micro-Computed Tomography

(micro-CT)

The embryos at E13.5 or E15.5 were contrasted with Lugol’s
solution to visualize gross morphology of individual soft tissues
by microCT. For the purpose of motion stabilization during
the micro CT scan, mouse embryo was embedded in 1%
agarose gel in Falcon conical centrifuge tube. The micro-CT
scan was performed using - laboratory system GE Phoenix
v| tome|] x L 240 (GE Sensing & InspectionTechnologies
GmbH, Germany), equipped with a 180 kV/15W maximum
power nanofocus X-ray tube and high contrast flat panel
detector DXR250 2048 px x 2048 px with 200 pm x 200 pm
pixel size. The measurement was carried out in the air-
conditioned cabinet (21°C) at acceleration voltage of 60 kV
and X-ray tube current of 200 wA. Thousand nine hundred
projections were taken over 360° with exposure time 900 ms
resulting in 5.5 pm voxel resolution. The tomographic
reconstruction was realized by software GE phoenix datos|
x 2.0 (GE Sensing & Inspection Technologies GmbH,
Germany). Reconstructed slice data were processed using
VG Studio MAX 3.1 software (Volume Graphics GmbH,
Germany) and segmentation of liver, kidneys and heart was
completed manually.

Embryonic Ultrasound Imaging and
Doppler Echocardiography

Pregnant females were anesthetized on gestational day 14.5 or
15.5 (before noon) with an isoflurane/oxygen mixture (anesthesia
was initiated with 3-4%, and maintained with 1-2% isoflurane),
and maintained on a temperature-controlled mouse platform
(with sensors for monitoring of maternal electrocardiogram,
respiration and core body temperature). Maternal temperature
was maintained at 34-37°C, and maternal heart beat at ~400
beats/minute by adjusting the level of anesthesia. An incision of
about 2-3 cm in the lower abdomen was made, and a uterine horn
was externalized through the incision to provide imaging access.
The number of fetuses in right and left uterine horns was counted
from the mother’s bladder and later during echocardiographic
imaging, labeled as R1, R2, R3, etc (right side) and L1, L2,
L3, etc (left side). Pre-warmed ultrasound gel (37°C) without
bubbles was applied between the individual fetuses and the
transducer. B-mode imaging scanning of the whole embryo with
the focus on the heart and Color Doppler and PW Doppler
measurements for heart aorta and dorsal aorta were obtained
using a high-frequency ultrasound system (Vevo 2100, FUJIFILM
VisualSonics, Inc., Toronto, ON, Canada) equipped with a MS-
550S transducer operating at a center frequency of 44 MHz.
At the end of imaging of all fetuses, the mother was sacrificed
by cervical dislocation and a small piece of yolk sac of each fetus
was taken for genotyping.
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FIGURE S1 | Truncated form of CDK13 protein. (A) Predicted amino acid
sequence of truncated CDK13 protein due to transcriptional block mediated by
two Poly A sites introduced into the intron 2 as part of trap vector in mice bearing
Cdk13MM72 gliele. Black and Blue capital letters represent amino acids encoded
within Exon 1 and Exon 2 of Cdk13 gene, respectively. Predicted Molecular weight
of truncated CDK13 protein is 66.22 KDa (https://www.biocinformatics.org/sms/
prot_mw.html). (B) Brain extracts were prepared from E14.5 embryos of given
genotype and protein levels of wild-type and truncated form of CDK13 was
evaluated by Western Blotting. The antibody used throughout our study
recognizes N-terminal part of CDK13, which is expressed in both forms of Cdk13,
wild-type as well as truncated one. The Cak73+/* mice contained only the
wild-type CDK13 protein (WT-CDK13). The heterozygous Cak13!78/+ mice
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Early embryogenesis in CHDFIDD mouse model reveals facial
clefts and altered cranial neurogenesis

Marek Hampl'2, Nela Jandova®2, Denisa Luskova', Monika Novakova3, Tereza Szotkowska', Stépan Cada?,
Jan Prochazka*®, Jiri Kohoutek? and Marcela Buchtova'-2*

ABSTRACT

CDK13-related disorder, also known as congenital heart defects,
dysmorphic facial features and intellectual developmental disorder
(CHDFIDD) is associated with mutations in the CDK13 gene
encoding transcription-regulating cyclin-dependent kinase 13
(CDK13). Here, we focused on the development of craniofacial
structures and analyzed early embryonic stages in CHDFIDD
mouse models, with one model comprising a hypomorphic mutation
in Cdk13 and exhibiting cleft lip/palate, and another model comprising
knockout of Cdk13, featuring a stronger phenotype including
midfacial cleft. Cdk13 was found to be physiologically expressed at
high levels in the mouse embryonic craniofacial structures, namely in
the forebrain, nasal epithelium and maxillary mesenchyme. We also
uncovered that Cdk13 deficiency leads to development of hypoplastic
branches of the trigeminal nerve including the maxillary branch.
Additionally, we detected significant changes in the expression levels
of genes involved in neurogenesis (Ache, Dcx, Mef2c, Neurog1,
Ntn1, Pou4f1) within the developing palatal shelves. These results,
together with changes in the expression pattern of other key face-
specific genes (Fgf8, Foxd1, Msx1, Meis2 and Shh) at early stages in
Cdk13 mutant embryos, demonstrate a key role of CDK13 in the
regulation of craniofacial morphogenesis.

KEY WORDS: Craniofacial development, Orofacial clefts, Axons,
Neurite outgrowth, CDK13, Trigeminal ganglion

INTRODUCTION

CDK13 is one of the transcriptional kinases that regulates transcription
via phosphorylation of RNA polymerase 11 (RNAPII) and controls
alternative splicing (Bartkowiak et al., 2010; Blazek et al., 2011).
Recently, a few case studies have described a variety of developmental
defects in human patients carrying mutated CDK13 (Hamilton and
Suri, 2019). These patients exhibit delayed development, intellectual
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disorders, heart and kidney defects, and craniofacial anomalies,
features that — together — have been recognized as congenital heart
defects, dysmorphic facial features and intellectual development
disorder (CHDFIDD). In addition to the most common anomalies,
patients suffer from brain anomalies, autism, seizures, limb and
skeletogenesis anomalies, and other clinical presentations (Hamilton
and Suri, 2019). To simulate anomalies presented in patients with
CDK13 mutations, we have developed mouse models that exhibit
phenotypes similar to those observed in humans (Novakova et al.,
2019). We observed that Cdkl3 deficiency in the mouse models
causes embryonic lethality, delayed development, heart and brain
abnormalities and a facial phenotype (Novakova et al., 2019).

Here, we screened the gene expression of Cdkl3 across several
embryonic craniofacial tissues at different developmental stages, and
evaluated the alteration of developmental processes in craniofacial
structures in CdkI3-hypomorph (Cdkl 3™y and Cdk13-knockout
(Cdk13™!@mid)y mouse embryos, with the aim to uncover the
mechanisms behind the observed developmental abnormalities.
To determine the modification in molecular regulations caused by
Cdkl13 deficiency, we also analyzed the gene expression of
patterning proteins involved in craniofacial structure formation.

Moreover, previous in vitro approaches have uncovered the
contribution of a Cdkl3 mutation to the alteration of neuronal
differentiation and neurite outgrowth through regulation of the
CDKS pathway (Chen et al., 2014). These findings are in agreement
with observations of neurodevelopmental disorders in human

Research Simplified

Congenital heart defects, dysmorphic facial features and intellectual
development disorder (CHDFIDD) is a rare genetic disease, mostly
reported in children. Reduced levels of CDK13 - a protein essential for
the regulation of normal gene expression in human cells - have been
implicated in some patients with CHDFIDD.

Understanding how CDK13 deficiency affects early development
during pregnancy can help researchers devise therapeutics for CDK13-
related CHDFIDD.

Since humans and mice share several developmental and anatomical
similarities, the authors firstly used established laboratory mouse models
with mutations in the CDK13-coding gene to mimic CDK13 deficiencies
seen in humans with CHDFIDD. Mouse embryos with reduced CDK13
expression displayed structural defects in their heads, mostly in the face,
as well as underdeveloped facial nerves. The authors find that these
anomalies in CDK13-deficient mice were caused by lowered expression of
genes with critical roles in the development of the face and in nerve growth.

This study tracked the expression of CDK13 during different
developmental stages of the mouse embryo and confirmed the
importance of this protein in craniofacial and neural development. Further
research can facilitate the development of potential therapeutics for humans
with CDK13-related CHDFIDD.
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patients carrying mutations of CDK/3 (Trinh et al., 2019). Based on
this evidence, we focused here on the analyses of cranial nerve
growth and morphology in Cdkl3-deficient animals, i.e. mice and
chicken, that are associated with craniofacial structure formation,
including palate morphogenesis. Further, we evaluated possible
changes of neurogenesis-specific genes in Cdkl3-deficient animals
and tested the effect of the CDK12/13 inhibitor THZ531 on axon
outgrowth from the embryonic trigeminal ganglion.

RESULTS

Cdk13 deficiency causes craniofacial anomalies, including
severe facial clefting

In our previous study, we observed craniofacial developmental
anomalies caused by Cdkl3 deficiency, which resulted either in a less
severe phenotype in hypomorphic embryos [secondary palate
dysmorphisms at embryonic day 15.5 (E15.5)] or in a more severe
phenotype in knockout embryos (midfacial cleft at E13.5) (Novdkova
et al., 2019). The morphological difference between these two Cdkl3
genotypes was explained by the residual expression of CDK13 in
hypomorphic embryos — probably caused either by insertion of a
neomycin selection cassette into the non-coding region, which has
been shown to affect gene expression at both RNA and DNA levels, or
by a high frequency of post-transcriptional exon shuffling within
Cdkl3, enabling the formation of aberrant functional Cdkl3
transcripts — compared to undetectable expression of CDKI13 in
knockout embryos (Novakova et al., 2019). Thus, we decided to
analyze all the crucial embryonic stages of Cdkl3™!@™¢ and
Cdkl 3m1¢mId mice, all of which exhibited morphological anomalies
of craniofacial structures including severe clefting (Fig. IN).

Split facial prominences and, thus, a widely opened face (i.e.
midfacial cleft) were detected in Cdkl3™/¥™14 embryos at E11.5,
revealing also the development of telencephalon in the midline
(Fig. 1A"). In Cdkl3™!@™la embryos at the same embryonic
stage, we detected widely set facial prominences (Fig. 1A’).
Measurements of distances between individual facial prominences
revealed a significantly greater ratio of nasal pits distances and head
width in maxillary prominence and lateral nasal prominence levels in
both mutant genotypes (Fig. 2A-C). Widely set facial prominences at
earlier embryonic stages then progress at E12.5 to median cleft lip in
Cdk13™!@mla embryos (Fig. 1B’,H’) but persisted in Cdk3™!#mid
embryos, leading to the development of midfacial cleft (Fig. 1B”,H").
Delayed development of the palatal shelves (Fig. 1E’,K’,K”) with cleft
nasal septum (Fig. 1K’,K”) was detected in both mutant genotypes.
Later, at E13.5 and E14.5, Cdk13"™¢™!@ embryos displayed thinner
lips with increased distance between (Fig. 1F’,I',G'J") and delayed
development of the palatal shelves (Fig. 1F'.L'.,G'\M’), while
Cdk13™14m1d embryos exhibited a severe midfacial cleft (Fig. 1C”,
17,D”,]") and persisting nasal septum cleft (Fig. 1L”,M"). Less severe
anomalies were detected in the caudal palate area, in which
underdeveloped palatal shelves were the most prominent
feature, especially in Cdkl3™/¥™!d embryos (Fig. SIE-G). For
Cdkl3™!@mla embryos observed at the latest embryonic stage
(i.e. E16.5), improperly fused lips in the midline as well as cleft
palate persisted within the rostral and caudal areas, accompanied
with necrotic tissue that was visible within all structures (Fig. SIB-B”,
D,D’). This confirmed embryonic lethality after E15.5, which had also
been noticed previously (Novakova et al., 2019).

Based on craniofacial morphometrics, heads and individual facial
prominences are generally smaller in Cdkl 3-deficient embryos. Thus,
we quantified gene expression of CyclinD1, a gene responsible for cell
cycle progression from Gl to S phase and used it as a marker of
proliferation to see if there is a change in proliferation rates. Compared

with control embryos, CyclinD1 expression was detected to be
upregulated in almost all tissues isolated from facial prominences at
E11.5 and E12.5 of Cdk13-deficient embryos (Fig. 2E). Although the
palatal shelves in Cdkl3-deficient animals were generally smaller and
exhibited a different shape, there were no significant changes detected
in CyclinD1 expression in the palatal shelves of E12.5 Cdlk]3™/¢/mla
embryos. A slight downregulation of CyclinD1 was detected in both
palatal regions isolated from E14.5 Cdkl3™!¢™a mice (Fig. 2E).
Additional immunostaining for Ki-67 and TUNEL assays confirmed
no significant changes in proliferation and apoptosis within the
developing palatal shelves of Cdkl3"™!%"™!¢ embryos (Fig. S2A-C).

Expression of Cdk13 mRNA is dispersed through developing
facial regions
As we observed distinct changes in facial and palatal morphogenesis
in Cdkl 3-deficient embryos, we asked if there is localized expression
of Cdkl3 mRNA within certain areas during craniofacial
development. We evaluated gene expression of Cdkl/3 on frontal
sections to reveal possible differences in its distribution along the
labio-lingual axis of the palatal shelves. In embryos between E12
and El14, the Cdkl3 signal was spread evenly within the palatal
mesenchyme and epithelium of the palatal shelves (Fig. 3A-C). Later,
at E15, we detected increased expression of Cdkl3 in the palatal
mesenchyme, close to the region of fusion in the craniofacial midline
(Fig. 3D). In the developing snout, intensity of the Cdkl3 signal was
similar in the surface epithelium and mesenchyme. A visibly stronger
signal was detected in the forebrain (Fig. 3F) and nasal epithelium
at E11 (Fig. 3F",F"’), and in the maxillary mesenchyme at E12
(Fig. 3G). At later stages (E13, E14), Cdki3 mRNA was evenly
spread in the developing snout in both mesenchyme and epithelium
(Fig. S3). Quantification of relative Cdkl3 expression by qPCR
revealed decreasing levels in the palatal area throughout the
development (Fig. 3H) and increasing levels in the maxillary,
mandibular and nasal prominences between E11.5 and E12.5 (Fig. 31).
To uncover possible differences of Cdki3 distribution along
the rostral-caudal axis of the developing palate, we analyzed its
expression in the sagittal sections. During earlier developmental stages
(E11-E14), Cdkl3 was expressed in both rostral and caudal areas
of the developing palatal shelves, with higher Cdkl3 signal intensity
detected in the rostral region compared to that in caudal areas
(Figs S4A-D and S5). Changes emerged in older embryos (E15-E16),
where we observed strong expression of Cdkl3 in the palatal
epithelium and adjacent mesenchyme, especially in the developing
palatal rugae, both in the rostral and caudal regions (Fig. S4E,F).

CDK13 is located in cellular outgrowths as well as long
neural processes
Next, we asked how CDK13 protein is distributed in cells in vitro.
We analyzed its expression in cultured mouse embryonic fibroblasts
(MEFs) and cells derived from DRGs (dorsal root ganglia) of adult
mice as these cell types typically form long cytoplasmic processes.
In MEF cells, CDK 13 was localized to the nuclear area and enriched
in the cytoplasm around the nucleus (Fig. 4A). However, CDK13
protein was also detected within cellular outgrowths (Fig. 4A’-A""),
including their most apical tips, where it was located together with
actin filaments (Fig. 4A"). In cells isolated from DRGs, CDK13 was
detected in the nuclear area, with highest levels detected in the
cytoplasm adjacent to nuclei (Fig. 4B). As observed in cultured MEFs,
we also detected CDK13 within long neural processes along the
neurofilaments that were forming the outgrowths (Fig. 4B’,B”).
CDKI13 in cytoplasm as analyzed by immunofluorescence staining
was further evaluated by cellular fractionation followed by western
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Cdk13+ Cdk13mamid\Cdk13mawmrd | Cdk1 3+/+ || Cdk13m1atm1a " Cdk1 3m1amid

rostral head

alatal shelves

Cleft lip Cleft palate

Cdk1 3tm1a/‘1m1a Cdk1 3!m1a/tm1a

E12.5 15/15 (100 %) E15.5 719 (78 %)
E13.5  7/8(88 %) E16.5  3/3(100 %)

Midfacial cleft

Trigeminal nerve

Cdk13mianmta hypoplasia
E11.5 5/5 (100 %) Cdk13m1amia

E11.5 4/4 (100 %)
Cdk13midimid E12.5 3/3 (100 %)
E11.5 12/15 (80 %)
E12.5 12/14 (86 %) Cdk13m1dimid
E13.5 6/6 (100 %) E11.5 5/5 (100 %)
E14.5 4/8 (50 %) E12.5 3/3 (100 %)

Fig. 1. Cdk13-deficient embryos display severe craniofacial clefting. (A-D”) Microscopy images showing external craniofacial phenotypes of WT (Cdk13*"*),
hypomorphic (Cdk13ma/m1a) and knockout (Cdk 13179 19) mouse embryos at different embryonic stages (E11.5-E14.5). Development of cleft lip typical for
hypomorphic Cdk13™?am7a embryos is shown in A’-D’. Development of midfacial cleft typical for knockout Cdk13™m'@m?d empryos is shown in A”-D". (E-G')
Palatal view SEM images of WT and hypomorphic mouse embryos at E12.5, 13.5 and E14.5. Obvious morphological differences of the palatal shelves, as well
as the formation of lips and vibrissae can be seen in hypomorphic (E’-G’) compared to WT (E-G) embryos. (H-M”) H&E-stained images of mouse frontal head
sections at E12.5 — E14.5. (H-J") Arrowheads point to the cleft lip in Cdk13™78m1a embryos and asterisks highlight the midfacial cleft in KO (Cdk13md/im1d)
embryos. (K-M”) Arrowheads point to cleft nasal septum in both hypomorph and KO embryos. The palatal shelve development in the rostral region is altered in
both genotypes compared to WT embryos. Hypoplastic muscles in the tongue are marked by asterisks. (N) Schematic displaying the frequency of severe
craniofacial phenotypes (cleft lip, cleft palate, midfacial cleft, hypoplasia of the trigeminal nerve) within individual genotypes and embryonic developmental stages.
Red dashed lines contour anomalous structures. L, lip; ns, nasal septum; ps, palatal shelf; t, tongue; V, vibrissae. Scale bars: 1 mm (A-G’), 500 ym (H-M").
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blotting for CDK13. As expected, CDK13 was detected in the nuclear
fraction of primary MEF cells; however, significant levels of CDK13
were also detected in the cytoplasmic fraction (Fig. 4C). Moreover, the
mouse fibroblast cell line NIH3T3 was used to assess the subcellular
localization of CDK13, and CDK13 was found in both cytoplasmic
and nuclear cellular fractions, with higher levels in the nuclear fraction
(Fig. 4D).

Hypomorphic mutation causes production of a truncated form of
CDK13, with preserved N-terminal domain (Novakova et al.,
2019). This form of CDK13 aggregated in the cellular processes
together with deposits of F-actin in E12.5 Cdkl3™!%™!a MEFs
(Fig. S6A). Similarly, aggregates of truncated CDK13 were located
in protrusions of cells isolated from E12.5 Cdkl3™/¢™!@ DRGs
(Fig. S6B). Additionally, live cell imaging of MEF cells revealed
different numbers of cellular protrusions per cell in Cdkl3™!¥mid
cells (Fig. S6C, top) compared to control cells. This was associated
with the more-stretched morphology of cultured Celkl 3™/¥™!9 cells
(Fig. S6D), their weaker adherence to culture plates and easier release
from plates during trypsin digestion (data not shown). However,
cellular velocity (Fig. S6C, bottom) and the percentage of the cellular
surface being protruded (Fig. S6C, middle) showed no statistically
significant difference between either genotype in MEF cultures.

This specific cellular localization of the CDKI13 to cellular
protrusions indicates a potential cytoplasmic role of the CDK13
protein. However, when we performed detection of ICC signal by
polyclonal anti-CDK 13 antibodies, we revealed a reduction of the
CDK13-specific signal in nuclei (see arrowheads in Fig. SO6E) but
not in the cytoplasm surrounding the nuclei or the cellular
protrusions of Cdki3™!%m1d cells (Fig. S6E), indicating primary
effect of Cdkl13 deficiency in nuclei.

Cdk13 deficiency results in development of hypoplastic
cranial nerves

Development of the craniofacial region is closely associated
with the development of cranial nerves. A large area is innervated
by the trigeminal nerve comprising three main branches, i.e. the
maxillary, mandibular and ophthalmic branch (Higashiyama
and Kuratani, 2014). We detected complex spatial Cdkl3
gene expression in the developing maxillary nerve in cells that
ensheath bundles of nerve fibers (Fig. S7TA-E’). As the CDK13
has been demonstrated to regulate neurite outgrowth (Chen et al.,
2014), we hypothesized that alteration of cranial nerve
growth occurs during early craniofacial development in Cdkl3-
deficient animals.
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Fig. 3. Physiological gene expression of Cdk13 within developing palatal tissues and snout detected by RNAScope and quantified by qPCR.
(A-D) Cdk13 (green) gene expression (RNA levels) in the developing palatal shelves of WT mice between E12 and E14, and in the fused secondary palate
on transversal sections at E15. White dashed lines separate mesenchyme from epithelium. Vertical white dashed line (D) highlights the secondary palate
midline at E15. LM, lateral—~medial. (E) Schematics showing how individual tissues were dissected to quantify Cdk13 gene expression. RNA expression
was quantified in tissues dissected from rostral (R) and caudal (C) palatal shelves or palates at E12.5, E14.5 and E16.5 and in tissues dissected from mx,
md and np at E11.5 and E12.5. (F,G"’) Lower power magnification of Cdk13 gene expression in the developing snout of WT embryos at E11 and E12. Boxed
areas in F and G are shown at higher magnification in panels F’-F""" and G’-G’”, respectively, which show dorsal (D); middle (M) and ventral (V) areas as
indicated in the top right of each image. Arrowheads indicate higher Cdk13 signal intensity in the developing forebrain (F) and nasal epithelium (F”,F’") at
E11, and the developing maxillary prominence (G) at E12. Dashed lines separate mesenchyme and epithelium. Nuclei were counterstained with DAPI. CoR,
caudalerostral. (H) Quantification of Cdk13 gene expression after using gPCR in palatal shelves at E12.5, E14.5 and E16.5. () Quantification of the Cdk13
gene expression by gPCR in mx, md and np at E11.5 and E12.5. Unpaired two-tailed Student’s t-test; *P<0.05; **P<0.01; ***P<0.001. C, caudal; ep,
epithelium; md, mandibular prominence; mes, mesenchyme; mx, maxillary prominence; nc, nasal cavity; ne, nasal epithelium; np, nasal prominence; oc, oral
cavity; oe, oral epithelium; p, palate; ps, palatal shelf; R, rostral; t, tongue. Scale bars: 100 um (A-D, F’-G”), 200 uym (F’,G).
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First, we visualized outgrowth of cranial nerves by whole-mount
immunohistochemistry analysis of neurofilaments to uncover
possible alterations of general morphology of trigeminal nerve
and associated nerves. Alterations regarding the outgrowth of
several cranial nerves were detected in Cdkl3™/@™!a and
Cdk13™14/m1d embryos (Fig. 5B,C’), with obvious hypoplasia of
maxillary, mandibular and ophthalmic nerves, which were reduced
in length. These nerves originate from the trigeminal ganglion
(TG), which we also found to be abridged in the mutant embryos
(Fig. 5B",C’). Only the frontal nerve (frN) was not morphologically
altered (Fig. 5B’,C’). This confirms that CdkI3 deficiency
negatively affects neurogenesis during embryonic development.

As observed by using whole-mount immunohistochemistry,
changes of nerve protrusions were even more obvious on transversal
sections of E11.5 Cdk13™!#™!d embryos. In the rostral region, we
observed missing maxillary nerves in the developing maxillary
prominence (Fig. 5D’,E’; Fig. S8A’,B’), hypoplastic MnNs in
the mandibular prominence (Fig. SE’) and reduced size of the TG
(Fig. S7F,G) confirming anomalies regarding nerve growth in
Cdkl3-deficient animals.

Changes in the expression of key developmental genes

and proteins during early craniofacial development of
Cdk13-deficient embryos

We also detected alterations in the expression patterns of genes
and proteins strongly associated with craniofacial development, and

Fig. 4. CDK13 cellular localization using
immunocytochemistry and western blotting.
(A-A") Immunofluorescence images of mouse
embryonic fibroblasts (MEFs) isolated from embryonic
bodies at E12.5, stained for CDK13 (red) and F-actin
(green). Boxed areas indicate details of cellular
outgrowths and are shown magnified in A’-A’"" as
indicated. Arrows point to the nuclear area (A) and
cellular outgrowths (A’) with increased CDK13
expression. (B-B”’) Immunofluorescence images of
primary cells isolated from dorsal root ganglia of adult
mice stained for CDK13 (red) and neurofilaments
(green; anti-neurofilament antibody 2H3). Boxed
areas indicate neurite outgrowths and are shown
magnified in B’-B’’ as indicated. Arrows point to the
nuclear area (B) and neurite outgrowths (B",B"")

with CDK13 expression. Nuclei were counterstained
with DAPI. Scale bars: 50 um (A,B), 20 um (A’-B”’).
(C,D) Western blotting for CDK13 in cytoplasmic
(cyt.) and nuclear (nuc.) extracts from primary MEF
cells (C) and NIH3T3 mouse fibroblasts (D), showing
CDK13 levels in both nuclear and cytoplasmic
fractions. Lamin B and PARP1 were used as positive
loading controls for the nuclear fraction; o-tubulin and
GAPDH were used as positive loading controls for
the cytoplasmic fraction.

165 kDa
116 kDa
55 kDa

36 kDa

66 kDa

specifically enriched in mesenchymal (SOX9, MsxI, Foxdl) and
epithelial structures (SOX2, Meis2, Shh) in this region. In E11.5
Cdk13™9m1d embryos, we observed very low levels of the neural
crest marker SOX9 in the mesenchyme of lateral nasal prominences
and maxillary prominences, including an area with undeveloped
maxillary nerves (Fig. SD’; Fig. S8A’"). However, the pattern of SOX2,
one of the regulators of neural cells differentiation and peripheral
nervous system development (Adameyko et al., 2012), was similar to
that in wild-type (WT) embryos, only missing in the area of the
prospective maxillary nerve (Fig. 5E’; Fig. S8B’). Expression of
Meis2, a gene involved in cranial neural crest development (Machon
et al., 2015), was absent from the neural tube in the rostral area
(Fig. 6A, see arrow at the top, indicating nt) and less expressed in the
same tissue more caudally. Moreover, Meis2 expression was detected
caudally, close to the facial midline in knockout (Fig. 6A, asterisks) but
not in WT mice. Conversely, Meis2 was enriched in the mesenchyme
of'the rostral medial nasal prominences (Fig. 6A). Msx1, akey player in
craniofacial development (Levi et al., 2006), was absent from the
mesenchyme of the medial nasal prominences (asterisks) and also
from the brain close to its midline (Fig. 6B). However, analysis of
genes necessary for determination and development of facial
primordia (Jeong et al., 2004), revealed that expression of Shh was
enhanced in the ventral neural tube within the rostral region but also, to
a similar extend, in the developing brain more caudally (Fig. 6C,
arrows). Its altered expression pattern in the epithelium covering the
forming stomodeal cavity was detected rostrally (Fig. 6C). Moreover,
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enhanced expression of Foxd1, which is expressed downstream of Shh,
in the developing mandibular prominences points to altered
development of the lower jaw (Fig. 6D). Finally, expression of Fgf8§
was absent in the epithelium of the developing primitive oral cavity
close to the head midline (Fig. 6E, arrows and asterisks) and its
expression was reduced in the developing brain (Fig. 6E, asterisks).
This confirmed that Cdkl3 deficiency leads to deregulation of these
key developmental genes already in early craniofacial development,
subsequently resulting in severe facial clefting.

Cdk13 deficiency alters expression of neurogenesis-specific
genes and key morphogenic proteins in the developing
secondary palate

To further evaluate alterations in the expression of genes relevant
to neurogenesis during palatogenesis in Cdkl3™/¥"% embryos,
we used PCR array analysis to simultaneously investigate the
expression profile of 84 neurogenesis-specific genes. In separately
dissected tissues from rostral and caudal palatal shelves (Fig. 7A),
we first compared expression of neurogenesis-specific genes in
rostral and caudal palatal regions (Table S1-S4).

Cdk13tm1d/tm1d

Fig. 5. Inmunohistochemical
detection of cranial nerves on whole-
mount embryos and histological
sections. (A-C’) Whole-mount images
stained to detect developing neurons
(green) staining anti neurofilament
antibody (anti-2H3) in WT,
Cdk13tm1a/tm1a and Cdk13tm1d/tm1d
embryos at E11.5. Dashed line
rectangles highlight detail of the
craniofacial region. Boxed areas are
shown magnified in A’-C’. Detail
displays the basis of the facial nerve,
and divisions of the trigeminal nerve —
mandibular, maxillary and ophthalmic
nerves, including the frontal branch
nerve of the ophthalmic nerve. Dashed
lines indicate the edge of the maxillary
prominences and the first branchial arch
(BA1). Note underdeveloped and
hypoplastic all three divisions of the
trigeminal nerve in Cdk13m7a/tm1a B)
and especially in Cdk13im7d/tm1d (Cr)
embryos. (D-E’) Immunohistochemistry
images stained to detect neurofilaments
(green), as well as SOX9 and SOX2
(red) within frontal sections of E11.5
embryos. Missing maxillary nerves in
Cdk13-deficient embryos are marked by
asterisks in D’ and E’. Dashed lines in
indicate areas of SOX9 expression in D
and D’. Scale bars: 1 mm (A-C’); 20 um
(D-E’). BA1, branchial arch 1; faN,
frontal and acoustic nerve; frN, frontal
branch of the ophthalmic nerve; Inp,
lateral nasal prominence; md,
mandibular prominence; MdN,
mandibular branch of the trigeminal
nerve; mx, maxillary prominence; MxN,
maxillary branch of the trigeminal nerve;
nc, nasal cavity; opN, ophthalmic branch
of the trigeminal nerve; TG, trigeminal
ganglion.

Neurofilaments

Inp

Of all genes analyzed this way (Fig. 7A), 15 genes (Ache, Apoe,
Bmp2, Dcx, Fgf2, Heyl, Mef2c, Neurodl, Neurogl, Nog, Nrgl,
Ntnl, Poudfl, S100a6 and Sox3) were found to be significantly
enriched in caudal compared to rostral palatal shelves in control
(WT) embryos at E12.5 (Fig. 7B, top left panel). The same
comparison between rostral and caudal palatal shelves in
Cdk13™m!e/mla embryos at E12.5 determined a preserved gene
expression ratio only for Bmp2 — probably caused by the
downregulation of expression of caudal palatal shelve-dominant
genes (Ache, Dcx, Ntnl, Poudf1, Bdnf, Bmp2, Ep300, Fgf2, Heyl,
Mef2c, Kmt2a, Neurogl, Nfl, Nog, Notch2, Nrgl and S100a6) in
the caudal palatal shelves (Fig. 7C, right panel). By contrast, a
change in ratio was detected for Hey2 and Ntn 1, whose expression
was — conversely — enriched in the rostral palatal shelves (Fig. 7B,
top right panel), caused by extreme upregulation of both genes in
mutant embryos (Fig. 7C, left panel).

In control embryos at a later stage, i.e. at E14.5, ten genes were
enriched in rostral palatal shelves (4Artn, Bcl2, Bmp2, Gdnf, Heyl,
Neurog?2, Pax3, Pou3f3, Slit2 and TgfbI) and 15 genes in caudal palatal
shelves (Ache, Apoe, App, Cdk5Sr1, DviI3, Fgf2, Map2, Ndn, Nf1, Nif3,
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A t

X

Fig. 6. RNAScope detection of Meis2, Msx1, Shh, Foxd1 and Fgf8 gene expression within frontal sections of WT and mutant mouse embryos at
E11.5. RNAScope fluorescence images showing changes of gene expression patterns in the maxillary prominence (mx), mandibular prominence (md),
lateral nasal prominence (Inp) and medial nasal prominences (mnp) and the developing brain from WT (Cdk13**) and Cdk13-knockout (Cdk13tm7d/tm1d)
embryos. (A) Meis2 gene expression. Arrows point to Meis2 expression in the mesenchyme of the np and to lack of rostral expression in the nt of mutant.
Asterisks indicate caudal differences in Meis2 expression within the median mesenchyme. (B) Msx1 gene expression. Arrows point to Msx7 expression
within WT brain. Asterisks indicate lack of Msx1 expression in the mnp of mutant. (C) Shh gene expression. Arrows point to changes in the pattern of
expression domains within the developing brain in WT and mutant. (D) Foxd? gene expression. Note the enhanced expression of Foxd?1 in mesenchyme
around the nt in the rostral area of the Cdk13 knockout compared to only trace amount around the brain in the WT embryo. (E) Fgf8 gene expression.
Arrows point to changes in Fgf8 expression pattern in the epithelium, covering the middle area of the presumptive oral cavity, and the brain. Asterisks
indicate changes in Fgf8 expression pattern in the epithelium, covering the lateral area of the presumptive oral cavity within the rostral region. Individual gene
expression patterns are shown in green. For each set of images, rostral sections are shown in the first two panels (from left) and caudal sections are shown

in the last two panels (from left). Scale bar: 500 ym. b, brain

Ntnl, Pafahlbl, Poudfl, Robol and Rmn4), (Fig. 7B, bottom left
panel). Again, the same comparison between rostral and caudal palatal
shelves, this time in E14.5 Cdkl3™%™% embryos, revealed a
preserved gene expression ratio for 11 genes (Ache, App, Bcl2, Fgf2,
Heyl, Nfl, Nml, Pax3, Pou3f3, Slit2 and Tgfbl) in El4.5
Cdk13m!@mla embryos. Generally, deregulation of the neurogenesis-
specific genes in the E14.5 palatal shelves was not as substantial
(Fig. 7D) as was in case for E12.5 (Fig. 7C). But, in both observed
embryonic stages, gene expression was generally downregulated in the
caudal compared to the rostral region, whereas in the rostral region both
up- and downregulation of gene expression was detected (Fig. 7C,D).

Moreover, altered expression patterns of palatal genes and
proteins were detected later at E12.5 and E14.5. Cdk13-deficiency

leads to noticeable reduction of Foxdl expression in the
mesenchyme of snout midline (Fig. 7F,G), Msx/ reduction in
the rostral palatal shelves (Fig. 7J,K) and also reduction of Meis2 in
the caudal palatal shelves (Fig. 7L,M), especially at E12.5. Levels
and distribution of both SOX9 and SOX2 were similar to those
observed for WT animals (Fig. 7H,I).

Cdk13 deficiency results in changes of RNAPII occupancy
within promoters of Pou4f1 and Ntn1

To address the effect of CDK13 depletion on transcription, we
performed chromatin immunoprecipitation (ChIP) with an antibody
specifically recognizing RNA polymerase IT (RNAPII) and IgG as a
negative control (Fig. S9). For two genes selected from the PCR
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Fig. 7. Quantification of neurogenesis-associated gene expression in the palatal shelves of WT and Cdk13t™7@/tm1a mjce, and in situ gene and
protein expression within sections obtained from WT and mutant mice. (A-D) PCR Array results for mouse neurogenesis-specific genes performed
separately on tissues dissected from rostral and caudal palatal shelves of WT and Cdk13™'@m?a empryos at E12.5 and E14.5. (A) Schematics showing
dissected rostral (R) and caudal (C) regions of the palatal shelves at E12.5 and E14.5, and the layout of the PCR array analysis of individual detected genes.
(B) Heat maps and lists of genes presenting rostral/caudal differences in the expression of neurogenesis-specific genes in control (WT) embryos (left panels,
top and bottom) and Cdk13™m7@m7a embryos (right panels, top and bottom). Genes listed in black are enriched either in the rostral or caudal palatal shelves.
Genes listed in grey are expressed in the palatal regions in similar extent. Notice the changed ratio of the gene expression polarity when comparing palatal
shelves of WT and Cdk13-deficient mice, i.e. differences between genes expressed either in the rostral or caudal palatal shelves are much less in Cdk13-
deficient tissues. (C,D) Volcano plots and log2-fold changes individually displaying significantly deregulated expression of neurogenesis-specific genes in
Cdk13-deficient palatal shelves at E12.5 (C) and E14.5 (D). Genes listed in red are strongly upregulated and genes listed in green text are strongly
downregulated in Cdk13-deficient embryos compared to control embryos. P values were calculated based on Student’s t-test of replicate 2/(- Delta Cr)
values for each gene in control and test groups. P-value calculation used was based on parametric, unpaired two-sample equal variance, two-tailed
distribution. (E-G) RNAScope detection of Foxd7 (green) in situ gene expression in sections of the rostral snout region of WT and mutant embryos as
indicated, at E12.5. Boxed areas are shown magnified below the respective panel. Dashed lines in magnified images outline areas of Foxd? expression (H-1)
Fluorescence images of rostral snout sections as described for panels E-G, stained for SOX9 (red) or SOX2 (red) and neurofilaments (green; anti-
neurofilament antibody 2H3). Arrows point to regions enriched with SOX9-positive cells. Dashed lines surround neurofilaments, indicating developing
maxillary nerves. (J-K) RNAScope detection of Msx1 (green) in situ gene expression in sections of the rostral palate region of WT and mutant embryos as
indicated, at embryos at E12.5 and E14.5. Dashed lines outline Msx7-positive regions. (L-M) RNAScope detection of Meis2 (red) in situ gene expression in
sections of the caudal palate region of WT and mutant embryos at E12.5 and E14.5. Dashed lines outline Meis2-positive regions. Scale bars: 200 ym

(E-G top row; H-M), 100 um (E-G magnified images, bottom row). md, mandibular prominence; mx, maxillary prominence; ne, nasal epithelium; ps, palatal
shelves; sn, snout; t, tongue.
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Fig. 8. Chemical inhibition of CDK12/CDK13 leads to embryonic facial malformations and altered neurite outgrowth in chicken and mouse.

(A) Schematics showing the injection side of the CDK12/CDK13 inhibitor THZ531 to the maxillary prominences in chicken at HH10, HH15 or HH20 followed by
4-6 days of incubation. (B-D) Macroscopic images showing the ventral and lateral regions of embryonic chicken heads that had either been injected (on the
right side of the head) with THZ531 at HH20 (B,C) or not (D). White arrowheads indicate missing maxillary prominence in the ventral (B) and lateral (C) regions
after inhibition of CDK12/CDK13. This anomaly is only present in heads that had been injected with THZ531 (D). Scale bar: 3 mm. md, mandibular prominence;
mx, maxillary prominence. (E) General morphology of ex vivo trigeminal ganglia explants from E12 WT mouse embryos that had either been injected with
THZ531 (100 nM or 300 nM) or not (Control). Images were taken at the beginning (0 h) and the end (+24 h) of cultivation. Notice the different length and
number of neurite outgrowths under different conditions. Scale bar: 200 pm. (F) Schematic showing the areas used to measure the differences in neurite
outgrowth area (noa; surrounded by red dashed line) from the trigeminal ganglion (TG; grey area surrounded by black dashed line). (G) Bar graph showing the
neurite outgrowth area (in %) in WT trigeminal mouse ganglia cultivated for 24 h without (control), or with 100 nM or 300 nM of the CDK12/CDK13 inhibitor
THZ531. Unpaired two-tailed Student's t-test; error bars indicate ts.e.m.; **P<0.01,***P<0.001. Replicates: Control (n=6), 100 nM (n=6), 300 nM (n=5).

array analysis (Fig. 7), i.e. Pou4fI and Ntnl, we decided to evaluate
the presence of RNAPII within their promoter regions in MEF cells
obtained from Cdkl3"" and Cdki3™!%™!9 mice. Increased levels
of RNAPII within either promoter of Pou4fl and Ntnl were
observed in comparison to IgG control (Fig. S9A,B). In the case of
the Pou4fl promoter, we detected less RNAPII in MEF cells
obtained from Cdkl3™!¥™!d compared to those obtained from
Cdk13™* mice (Fig. S9A). In contrast, RNAPII was associated
more with the Ntnl promoter in Cdkl3™/¥™!d MEFs than in

Cdk13** MEF cells (Fig. S9B). We then decided to compare the
presence of RNAPII on these promoters as a percentage of RNAPII
compared to IgG control. A slight decrease of RNAPII was
observed for the Poudfl promoter in Cdkl3™!¥™!d MEF cells
compared with that in CdkI3*" MEFs (Fig. S9C). In contrast,
higher occupancy of RNAPII was demonstrated for the Nl
promoter in Cdkl3™!@m1d MEFs when compared with Cdkl3"*
MEFs (Fig. S9D). Although the statistical difference for RNAPII
occupancy at these promoters was not significant, the obtained
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observation correlates with decreased and increased mRNA levels
of Poudfl and Ntnl genes as detected by using PCR expression
screen (Fig. 7). However, future research regarding these findings
will be necessary.

Chemical inhibition of the CDK13/CDK12 leads to embryonic
facial malformations and altered neurite outgrowth

To confirm the effect of CDK13 deactivation on craniofacial structure
formation, we used the synthetic CDK13 inhibitor THZ531 to treat
early maxillary prominences of Gallus gallus embryos. It is necessary
to note that THZ531 is also targeting CDK12, which shares several
functions with CDK13 and, in developmental processes and under
certain conditions, they can replace each other. Therefore, the usage of
this inhibitor should prevent also compensatory mechanisms induced
by CDK13 deficiency.

We injected 1 mM THZ531 into the craniofacial mesenchyme at
Hamburger—Hamilton (HH) developmental stage 10 (HH10), the
postoptic region at HH15 and into maxillary prominences at HH20.
Then, chicken embryos were allowed to develop for 4-6 days
(Fig. 8A). This led to the absence or deficiency of maxillary
prominences, resulting in the unilateral cleft lip (Fig. 8B,C).
Injection of THZ531 at earlier stages resulted in a stronger
phenotype with high deficiency in craniofacial tissues (Fig. S10).

Furthermore, the effect of Cdkl3 deficiency on cranial nerve
development as shown earlier (Fig. 5) was additionally tested by
chemical inhibition of CDK13 (together with CDK12) in functional
ex vivo cultivation experiment using TG explants (Fig. 8). TGs were
dissected from E12 WT mouse embryos and cultured, while culture
medium was supplemented with THZ531 (100 nM or 300 nM). A
significant reduction in the formation of neurite outgrowths was
observed in TGs when cultured with different concentrations of the
CDK13 inhibitor THZ531 compared to control group (Fig. 8E-G),
revealing the importance of both CDKI13 and CDKI2 in
development of cranial nerves.

DISCUSSION

CDK13 controls craniofacial morphogenesis by regulating
the expression of genes that are part of signalling pathways
important during development

Here, we determined a key contribution of CDK13 to craniofacial
morphogenesis and neurogenesis, where the phenotype of Cdkl3-
deficient animals included a smaller head and disturbed facial
morphology, including facial clefts. In our mutants, we found altered
expression patterns of MsxI, Meis2, Shh, Foxdl and Fgf8 in
craniofacial structures. Downregulation or upregulation of these
genes or their downstream targets causes similar phenotypic
craniofacial phenotypes, including facial clefts or reduced growth of
facial nerves (Levi et al., 2006; Machon et al., 2015; Jeong et al.,
2004). Pronounced similarities in the morphology of craniofacial
structures with Cdkl3-knockout embryos has previously been
observed in mice embryos with reduced functional expression
levels of Fgf8. These animals also exhibited abnormal midline
separation with nasal prominences set widely apart (Griffin et al.,
2013). Such morphological changes indicated insufficiency in the
development of neural crest cells (NCCs), from which all these
affected craniofacial structures originate — which we confirmed by
identifying reduced protein expression of the NCC marker SOX9 in
facial prominences of Cdk13-deficient animals. Moreover, we detected
significant downregulation of Mef2c (in all the palatal shelve regions,
except rostral E12.5 palatal shelves). Its conditional downregulation,
specifically in NCCs, has previously been found to result in
craniofacial anomalies and neonatal lethality (Verzi et al., 2007).

Anomalies in craniofacial morphogenesis and neurogenesis
as a result of disrupted CDK-associated signaling

Similar to patients with mutations in CDK 3 or genes encoding other
associated proteins, such as cyclin M, cyclin K, CDK10 (Colas,
2020) and CDK5RAP2 (Yigit et al., 2015), Cdkl3-deficient mice
produce neurogenic anomalies. These patients exhibit not just
craniofacial anomalies but also affected neural tissues. Mutation in
cyclin M results in optic nerve hypoplasia, mutation in cyclin K led to
developmental delay and intellectual disabilities, and mutations in
CDK10 cause intellectual disabilities connected with language and
learning disorders (Colas, 2020). Patients with loss-of-function
mutation of CDKJ display craniofacial anomalies other than facial
clefts (short forehead, full cheeks, micrognathia), and also suffer of
lissencephaly, cerebellar hypoplasia, microcephaly, intellectual
disabilities, speech delay or autistic features (Colas, 2020), similar
to patients with CDK73 mutations (Hamilton and Suri, 2019).

CDK5 has a specific role in neural tissues physiology and
regulates several neural processes, such as axonal transport,
migration and synaptic vesicle endocytosis, and is also important
for regulation of axon and neurite outgrowth (Shah and Rossie,
2018). Its knockout leads to perinatal lethality in mice, connected
with deficient neuronal migration and impaired axonal transport
of neurofilaments (Ohshima et al., 1996). Importantly, in vitro
experiments using cortical neurons has demonstrated the role of
CDK13 and also CDK12 in the regulation of neurite outgrowth
through a common signaling pathway that involves modulation of
Cdk5 at RNA level (Chen et al., 2014). In our CdkI3-deficient
models, we uncovered significant downregulation of genes encoding
CDKS regulatory subunits, such as of CdkSrap2 and Cdk5rl, in the
caudal palatal shelves at E14.5, confirming the CDK13-CDKS5
functional association observed in in vitro experiments (Chen et al.,
2014). Moreover, CDK5RAP2 mutations in human patients cause
Seckel syndrome, manifested by microcephaly and cognitive
problems (Yigit et al., 2015), and CDK5R1 was proposed to be a
candidate gene in patients affected by NF1 microdeletion syndrome,
which mutations lead to non-syndromic intellectual disability and
undefined facial deformities (Venturin et al., 2006).

In this study, we found the CDK12/CDKI13 inhibitor THZ531 to
inhibit neurite outgrowths from the TG (Fig. 8E,G). Even though one
could argue that the observed effect might be a result of CDK12 and
CDK13 together, it is broadly accepted, that inhibition of CDK12
primarily targets DNA-damage response (DDR) pathways and pre-
replication complex assembly (Pilarova et al., 2020). The process of
neurite outgrowth takes place in nondividing differentiated cells of the
TG; therefore, it is unlikely that altered outgrowth is the result of
CDK12 inhibition due to blocking of the cell cycle in S-phase. Also,
there is no significant impact of CDKI12 inhibition of the DDR
pathway since cells with lesser outgrowth of neurites do not exhibit any
signs of DDR stress. Thus, the documented reduction in neurite
outgrowth is likely a result of CDK13 inhibition through a different
mechanism or, alternatively, a combinatory effect of CDK12 and
CDK13 inhibition through regulation of CDKS function in neural
cytoskeleton organization; however, this needs further experimental
evidence.

Effect of CDK13 on neurogenesis-specific gene expression
and cranial nerve development

CDK13 is ubiquitously expressed in the murine snout, developing
palatal shelves and cranial nerves and its mutation leads to prominent
facial clefts. Craniofacial structures, including the palate, develop
thanks to large contribution of NCCs. Growing peripheral nerves and
glial cell types originate mostly from migrating NCCs and Schwann
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cell precursors (SCPs) (Furlan and Adameyko, 2018) but there are
few exceptions, among them sensory neurons, which innervate
maxillary region including the palate. These neurons originate in
mesencephalic trigeminal nucleus in the CNS, and their development
is regulated by FGF8 and Pou4fl (Hunter et al., 2001), in agreement
to that study, expression of both genes was detected altered in Cdk13-
deficient embryos by us.

Along with these findings, we detected deregulated expression of
genes that are typically associated with the TG in the developing
palatal shelves. Expression of Nrgl (Meyer et al., 1997), a gene
encoding an EGF receptor ligand, which in turn induces axon
growth (Onesto et al., 2021) was downregulated in the palatal
shelves at E12.5. Interestingly, Nrg! deficiency in mice also leads to
maxillary dysmorphology (Waddington et al., 2017), an alteration
from which palatal shelves are developing. Another gene usually
detected in the TG is the neural transcription factor Neurog! that
previously has also been associated with the palatal shelves (Visel
et al., 2007). Its downregulation in TGs was observed as a result of
Poudfl downregulation (Lanier et al., 2009). Similarly, we found
Poudf1 and Neurogl deregulated in palatal shelves of mice at E12.5.
However, deregulation of Neurogl expression corresponded with
expression changes of Ntn 1, a gene encoding a secreted factor that is
responsible for the guiding of developing peripheral motor axons
(Serafini et al., 1996), and the proposed risk factor for development
of the non-syndromic cleft lip and cleft palate (Leslie et al., 2017).
Expression of both genes was highly upregulated in rostral palatal
shelves and strongly downregulated in caudal palatal shelves,
which indicates a tendency to rescue nerve growth to rostral regions
of'the developing face. Fewer nerves and their reduced development
in the facial region of Cdkl3-deficient embryos is further
accompanied with significantly downregulated expression of the
Ache gene in the caudal palatal shelves at E12.5. Ache encodes an
acetylcholinesterase necessary for the degradation of acetylcholine,
leading to termination of signal transduction at neuromuscular
junctions, which is also important for neurite outgrowth and its
elongation (Olivera et al., 2003).

In Cdkli3-deficient animals, we also determined changes in the
expression of genes involved in neuronal migration, possibly
leading to alteration of nerve growth. One of such genes, whose
expression was detected to be downregulated in all analyzed palatal
shelve regions, is Pafahlbl. This gene encodes a non-catalytic
subunit of an enzyme responsible for activation of GTPases and
actin polymerization at the leading edge of locomoting neurons
making it important for neural migration (Kholmanskikh et al.,
2003). Its mutation in humans frequently results in lissencephaly
and Miller—Dieker syndrome (Liu et al., 2021), a disease with very
phenotypic manifestations similar to those of Cdkl3 deficiency,
including growth delay and cerebral, cardiovascular, facial and limb
anomalies (Yingling et al., 2003).

Diverse levels of CDK13 action during embryonic
development

CDK13 was originally discovered as a nuclear factor participating in
the regulation of transcription. We were able to detect CDK13 in the
nucleus by immunofluorescence and cellular fractionation; however,
we also determined significant levels of CDK13 in the cytoplasm.
This might seem a rather surprising observation but presence of
CDK13 in the cytoplasm of various cancer cells has been already
documented by another group (Wu et al., 2023). Importantly, CDK 13
can phosphorylate the intracellular domain of the transmembrane
protein SERINCS within the cytoplasm (Chai et al., 2021). These
observations indicate that CDK13 can be involved not just in

transcription or RNA processing but also in other cellular processes in
cytoplasm — although this needs further analyses.

Deficiency in cell outgrowths as a potential cause of
craniofacial anomalies

Our findings uncovered that Cdkl3-deficiency triggers changes in the
expression of neurogenesis-specific genes in the palatal shelves and the
development of hypoplastic cranial nerves in vivo, confirming a
previous in-vitro study using cortical neurons (Chen et al., 2014).
However, a functional connection between anomalies in cranial nerve
development, which, in turn, lead to facial malformations, has been
detected only in few cases. Such non-canonical function of nerves as
moderators of facial morphogenesis has been proven in Mobius
syndrome, where either defective cranial nerves (Rizos et al., 1998;
Tomas-Roca et al., 2015) or the entire defective thombencephalon
(Verzijl etal., 2003) can cause facial malformations. Other disorders of
the peripheral nervous system that lead to facial anomalies are
hereditary sensory and autonomic neuropathy type IV (HSAN IV)
(Gao et al., 2013; Louryan et al., 1995; Nakajima et al., 2020)
and Parry—Romberg syndrome with hemifacial atrophy accompanied
by various neurological pathologies (Vix et al., 2015). Also,
downregulated expression of the gene Nrgl, which was observed
also by us, leads to altered maxillary development (Waddington et al.,
2017), as this gene encodes neurogenin ligands with a positive axon
growth potential. However, any functional association between the
development of hypoplastic peripheral cranial nerves and the
development of craniofacial clefts is still missing.

Conclusions

CDKI13 is crucial for the development of several tissues and organs,
including craniofacial structures. Here, we determined its role during
development of facial structures in a mouse model of CHDFIDD, where
loss-of-function in Cdkl3 results in cleft lip/palate and the formation of
midfacial clefts, accompanied by the deregulated expression pattern
of certain genes and of proteins indispensable for proper functioning of
major signaling pathways. Cdkl3-deficient animals exhibited altered
neurogenesis accompanied with distorted expression of neurogenesis-
specific genes leading to the development of hypoplastic cranial nerves.
As our analyses uncovered the cytoplasmic localization of CDK13 in
vitro, further investigation is necessary to explore its potential roles
beyond transcriptional regulation.

MATERIALS AND METHODS
Embryonic material
Heterozygous — hypomorphic  (Cdkl3™¢®EVCOMHmguy - and  knockout

(Cdlki13™'?) mice were obtained from the Infrafrontier Research Infrastructure
— Mouse disease Models (https:/www.infrafrontier.eu/services/rodent-model-
generation/#MouseModelsGeneration). Mice were generated at the Transgenic
and Archiving Module, CCP (IMG, Prague, Czech Republic).

Breeding and genotyping protocols were performed as previously
described (see Novékova et al., 2019). In summary, the Cdkl3™'“ allele
consists of a splicing acceptor that is surrounded by two FRT sites within
intron 2. Moreover, it has two loxP sites within intron 2 and one /loxP site
within intron 4. The Cdk13"¢ allele lacks exons 3 and 4, resulting in a non-
functional allele of the Cdkl3 gene (Novakova et al., 2019).

All animal procedures were performed in strict accordance with the Guide
for the Care and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee (Masaryk University, Brno,
Czechia, No. MSMT-34505/2020-7).

Culture of MEF and NIH3T3 cells

Mouse embryonic fibroblasts (MEFs) were grown in conventional
Dulbecco’s modified Eagle medium (DMEM) supplemented with 4.5 g/
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glucose and 20% fetal calf serum (FCS), the NIH3T3 cells were grown in
DMEM supplemented with 4.5 g/l glucose and 10% FCS. Cell cultures were
maintained at 37°C under 5% CO,.

Live cell imaging

MEF cells isolated from WT and KO mouse embryos were cultured in
DMEM as explained above. Cells were seeded on ibidiTreat p-Slide 8 Well
(80826, Ibidi) at concentration 50000/ml. After adhesion of cells, DMEM
was changed to Opti-MEM (11058021, Gibco, Thermo Fisher Scientific)
without Phenol Red supplemented with 1% fetal bovine serum (FBS). Cells
were stained with F-actin-specific dye and membrane-specific dye 30 min
before scanning. Live Imaging was performed using a Leica SP8 Confocal
microscope (Leica, Germany) equipped with a CO,-controlled and
tempered transparent chamber. Automated detection and tracking of
filopodia, and automated quantification of cell migration was carried out
as described by Barry et al. (2015). Final analysis was performed using
GraphPad (GraphPad Software, Boston, MA, USA).

Scanning electron microscopy

Mouse embryos (control and Cdkl3™!@™iay were fixed in 4%
paraformaldehyde, washed in distilled water and dehydrated through a
graded series (30-100%) of ethanol solutions. Later, samples were dried out
using the CPD 030 Critical Point Dryer (BAL-TEC) and shadowed by using
gold in a metal shadowing apparatus Balzers SCD040 (Balzers,
Liechtenstein). Images were taken with the TESCAN Vega TS 5136 XM
scanning electron microscope (SEM) (Tescan, Czech Republic), using one
embryo per stage (E12.5, E13.5, E14.5, E16.5) with the representative
phenotype.

Measurement of facial proportions

Frontal images of E11.5 embryonic heads were taken using a Leica S6D
stereoscope with the DFC295 camera (both Leica, Germany). Individual
measurements (mx — distance between edges of the maxillary prominences;
Inp — distance between edges of the lateral nasal prominences; pits — distance
between individual nasal pits) were performed in AxioVision 4.8 software
(Zeiss, Germany) using length measurement tool. Distance ratios were
calculated as distance between nasal pits+distance mx, and distance
between nasal pits=distance Inp. Graphs and statistical significance were
performed in GraphPad (GraphPad Software, Boston, MA, USA).
Measurements were performed in at least four different embryos of all
three genotypes (Cdkl3*", Cdil3™!@ ™1 and Cdc] 3! m1d),

Immunofluorescence on slides

Mouse embryonic tissues were fixed in 4% PFA overnight. Specimens were
then embedded in paraffin and cut in transverse and sagittal planes at 5 pm
sections. For immunohistochemistry staining, sections were deparaffinized
in xylen and rehydrated in an ethanol series (100%, 96%, 70%). Antigen
retrieval was performed either in 1% citrate buffer pH6 or in DAKO antigen
retrieval solution pH9 (S1699, DAKO Agilent, USA) at 97.5°C.

For protein localization, we incubated sections with primary antibody
(Table S5) for 1h at room temperature or overnight at 4°C. Antibodies
against the following proteins were used: 2H3 (1:50, Nefm, AB_2314897,
Developmental Studies Hybridoma Bank), SOX2 (1:100, 2748s, Cell
Signaling), SOX9 (1:100, HPA001758, Sigma), Ki67 (1:200, RBK027,
Zytomed systems). Then sections were incubated with the following
secondary antibodies (1:200) for 30 min at room temperature: anti-mouse
Alexa-Fluor 488 (A11001), and anti-rabbit Alexa-Fluor 594 (A11037, both
Thermo Fisher Scientific, USA). Ki-67-positive cells were detected by anti-
rabbit secondary antibody, ABC binding (PK-6101, Vector laboratories)
and followed by application of the DAB (K3468, Dako) chromogenic
system.

For DNA staining (nuclei), sections were mounted using Fluoroshield
with DAPI (F6057, Sigma, Merck, Germany). If DRAQS (62251, Thermo
Fisher Scientific, USA) was used for nuclei staining, sections were mounted
with Fluoroshield (F6182, Sigma, Merck, Germany). Pictures were taken on
confocal microscopes Leica SP8 (Leica, Germany) and Zeiss LSM800
(Zeiss, Germany). Nuclei in DAB-stained sections were counterstained with

hematoxilyn. Sections were photographed under bright-field illumination
with the Leica DMLB2 compound microscope (Leica, Germany).

Mitotic index on Ki-67-stained sections in the palatal shelves, was
counted as a ratio between Ki-67-positive cells (brown) and total number of
cells (i.e. Ki-67-negative plus Ki-67-positive cells). Cells were counted
independently in mesenchyme and epithelium of the palatal shelves. Cells
were counted on four sections (both left and right palatal shelves) in three
embryos for each genotype (Cdkl3™* and Cdk13™!¢/mia),

Immunocytochemistry on glass inserts

MEFs and cells from embryonic DRGs (dorsal root ganglia) were isolated
from E12.5 embryonic mice. Tissues were enzymatically processed using
Dispase I (D4693, Sigma, Merck, Germany) for 1 h at 37°C while shaking.
Cells were then centrifuged, filtered through 40 um Cell strainer (431750,
Corning), seeded on glass inserts and left to grow until 70-80% confluency
in DMEM (D6546, Sigma, Merck, Germany). Adult DRG cells were
isolated from DRGs from adult mice. DRGs were enzymatically processed
using Collagenase IV (LS0004188, PAN Biotech) for 6 h at 37°C. Tissues
were resuspended every hour by pipetting. Cells were then filtered through
Cell strainer and seeded on glass inserts and left to grow and form long
outgrowths in Neurobasal cultivation medium (21103-49, Gibco). Cells
were then fixed in 4% PFA for 15 min.

For protein localization, we incubated cells on glass inserts with primary
antibody for 1 h at room temperature. The following antibodies were used:
anti-CDK13 (1:100, HPA059241, Sigma, Merck, Germany), anti-CDK13
N-TERM (1:100, SAB1302350, Sigma), anti-CDK13 (1:150, PA5-63692,
Invitrogen, Thermo Fisher Scientific, USA), anti-F-actin (1:100, A12379,
Alexa-Fluor 488™ phalloidin, Thermo Fisher Scientific), anti-2H3 (1:50,
Nefm, AB_2314897, Developmental Studies Hybridoma Bank). Then
sections were incubated with the following secondary antibodies (1:200) for
30 min at room temperature: anti-mouse Alexa-Fluor 488 (A11001), and
anti-rabbit Alexa-Fluor 594 (A11037, both Thermo Fisher Scientific, USA).
Glass inserts with cells were mounted on glass slides with Fluoroshield with
DAPI (F6057, Sigma, Merck, Germany). Pictures were taken on confocal
microscope Leica SP8 (Leica, Germany). Cells were cultivated from at least
three different embryos of all three genotypes (Cdk13"", Cdk13™!@™m1a and
Cdk[j’tm]d/tm]d).

Whole-mount immunofluorescence

Mouse embryos were dissected, fixed in 4% PFA while rotating at 4°C for
4 h. Embryos were then postfixed in graded methanol dilutions (25%, 50%,
75%, 100%). Embryos were then bleached in a mixture of hydrogen
peroxide, DMSO and methanol for 24 h, and postfixed in combination of
DMSO and methanol. Embryos were incubated with primary antibody to
stain neurofilaments (2H3, AB_2314897, Developmental Studies
Hybridoma Bank) for 7 days while rotating, followed by secondary
antibody incubation (anti-mouse Alexa-Fluor 488, A11001) for 2 days
while rotating. Embryos were finally cleared in a mixture of benzyl benzoate
and benzyl alcohol until they got transparent. For microscopy, embryos were
placed on Nunc™ glass bottom dishes (150680, Thermo Fisher Scientific)
and imaged by using a Zeiss AxioZoom.V16-Apotome?2 (Zeiss, Germany)
at CELLIM (Core Facility Cellular Imaging, CEITEC, Masaryk University,
Brno, Czech Republic). Whole-mount immunodetection of the
neurofilaments was performed in three different embryos of all three
genotypes (Cdk13"*, Cdki3™!@™1a and Cdkl3™1/mId) at E11.5.

Cellular fractionation

MEF and MIH3T3 cells were cultured on a 100 mm culture plate until 75%
confluency in a 37°C incubator under 5% CO,. Cells were washed with ice-
cold PBS and collected into 1 ml of ice-cold PBS with a scraper, transferred
to an 1.5 ml Eppendorf tube and centrifuged at 300 g and 4°C for 4 min.
Cell pellets were resuspended in 200 ul of TMK buffer (25 mM Tris-HCI
pH 7.4; 1 mM MgCl,; 5 mM KCl) and 150 ul TMK+1% NP-40 was added
to the tube. Incubation on ice was for 5 min, followed by centrifugation at
250 g and 4°C for 5 min. Supernatant (cytoplasmic fraction) was transferred
to the new 1.5 ml Eppendorf tube. Pellet (nuclei) was resuspended in 500 ul
of buffer S1 (0.25 M saccharose; 10 mM MgCl,) and transferred to the new
Eppendorf tube on top of 500 ul of buffer S2 (0.35 M saccharose; 0.5 mM
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MgCl,), followed by centrifugation at 1400 g and 4°C for 5 min.
Supernatant was removed and the pellet was resuspended in 50 ul of ice-
cold PBS. Protein concentration was assessed for cytoplasmic and nuclear
samples, and an appropriate volume of 3xLaemmli buffer was added to the
given samples. The samples were boiled for 5 min at 100°C, followed by
western blot procedure as published by Blazek et al. (2011). Antibodies used
for western blotting were: CDK13 (Merck, cat. no.: HPA059241), PARP
(Cell Signaling Technology, cat. no.: 95428S), o-Tubulin (Cell Signaling
Technology, cat. no.: 72918S), Lamin B (Santa Cruz Technology, cat. no.: sc-
6217) and GAPDH (Santa Cruz Technology, cat. no.: sc-23233).

Chromatin immunoprecipitation (ChIP)

We employed the same chromatin immunoprecipitation protocol as
published by Blazek et al. (2011), with few modifications: MEF cells
were washed with PBS and crosslinked with 1% formaldehyde/PBS
solution for 10 min at room temperature. Crosslinking was quenched for
5 min with 125 mM glycine (final concentration). Cells were washed twice
with ice-cold PBS and lysed in sonication buffer (0.5% SDS, 20 mM Tris-
HCI pH 8.0, 2mM EDTA, 0.5 mM EGTA, 0.5 mM PMSF, protease
inhibitor). For immunoprecipitation, protein extracts were pre-cleared with
ChIP Grade G agarose beads (Cell Signaling Technology, cat. no.: 9007S)
and then incubated overnight with anti-RNAPII antibody [Cell Signaling
Technology, Rpbl NTD (D8L4Y), cat. no.: 14958S; 1:300], followed by
2 h incubation with ChIP Grade G agarose beads. The beads were washed
once with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris-HCI pH 8.0, 150 mM NaCl) followed by triple washing with
the same buffer containing 500 mM NaCl, one wash with lithium buffer
(2 mM EDTA, 20 mM Tris pH 8, 250 mM LiCl, 1% NP-40 and 1% natrium
deoxycholate) and two washes with TE buffer. We eluted the
immunoprecipitates with 1% SDS and 100 mM natrium bicarbonate at
room temperature for 15 min and crosslinking was reversed by incubation
with 200 mM NacCl for 5 h at 65°C. Proteins were digested with proteinase
K (Sigma), and DNA was extracted with phenol:chloroform:isoamyl
alcohol (25:24:1) and precipitated with isopropanol overnight. A fraction
of precipitated DNA was used in qPCR reactions with the KAPA SYBR
FAST qPCR Master Mix (2x) optimized for LightCycler® 480 (Merck,
KK4611). The amplifications were run using the Roche LC480I1
LightCycler under the following conditions: initial activation step at 94°C
for 5 min, followed by 45 cycles at 95°C for 10 s, 60°C for 20 s and 72°C for
15s. For the Pou4fl promoter, primers forward (Fw): 5'-AGAAA-
TGCGCTGTGGATGAT-3" and reverse (Re): 5'-TCCCGAGTAGAAAG-
CACACA-3’ were used as published by Tang et al. (2020). For the N/
promoter, primers Fw: 5'-GTCGGCAAATTTTCTCCAAA-3’ and Re: 5'-
GTTGCATCCTTTCACCCACT-3’ were used as published by Kaneko et al.
(2014).

PCR array analysis to investigate gene-expression profiles

PCR arrays analyses were performed on tissues isolated from embryonic
mice, i.e. rostral and caudal parts of palatal shelves at E12.5 and E14.5. One
sample was obtained by pooling tissue from two or three embryos, three
biological replicates were used for each stage and genotypes were analyzed.
Total RNA was extracted using the RNeasy Plus Mini Kit (74136, Qiagen,
Germany) according to the manufacturer’s instructions. Total RNA
concentration and purity were measured using a NanoDrop One
spectrophotometer (Thermo Fisher Scientific, USA). First-strand cDNA
was synthesized using the gb Reverse Transcription Kit (3012, Generi
Biotech, Czech Republic) according to the manufacturer’s instructions. RT?
Profiler™ PCR Array Mouse Neurogenesis (330231, Qiagen, Germany)
was performed according to the manufacturer’'s instructions on a
LightCycler 96 (Roche, Germany). Ct values were exported to an Excel
file to create a table of Cy values. This table was then uploaded on to the data
analysis web portal at http:/www.qiagen.com/geneglobe. Samples were
assigned to controls and test groups. Cr values were normalized to Gapdh as
areference gene. The above data analysis web portal calculated fold change/
regulation using the delta delta Ct method, in which delta Cr is calculated
between gene of interest (GOI) and an average of reference genes (HKG),
followed by delta-delta Ct calculations [delta Ct (Test Group)-delta Cr
(Control Group)]. Fold Change was then calculated using 2” (-delta delta

Cr) formula. P values were calculated based on a Student’s #-test of the
replicate 2”(- Delta Ct) values for each gene in control and test groups. The
P-value calculation used is based on parametric, unpaired, two-sample equal
variance, two-tailed distribution.

RNAScope assay
Mouse embryos were fixed in 4% PFA and fixation time differed based on
the stage. The tissues were then dehydrated in an ethanol series, embedded in
paraffin, and 5 um transverse sections were obtained. The sections were
deparaffinized in xylene and dehydrated in 96% ethanol. To detect the
expression of certain genes, we used RNA in situ hybridization assay
(RNAScope Multiplex Fluorescent v2 Assay kit, 323 110, ACD Bio, USA)
in formalin-fixed paraffin-embedded tissues according to the manufacturer’s
instructions. All reactions, which required incubation at 40°C, were carried
out using the HybEZTM II oven (ACD Bio, USA). Probes for Cdkil3
(895581), Fgf8 (313411), FoxDI (495501), Meis2 (436371), Msx1 (421841)
and Shh (314361) (all ACD Bio, USA) were used. For negative control
staining, a probe diluent (300041; ACD Bio) was used instead of a probe.
The hybridized probes were visualized using the TSA-Plus Cyanine 3 system
(NEL744001KT, Perkin-Elmer, USA), according to the manufacturer’s
protocol. DAPI (323 108, ACD Bio, USA) was used to stain nuclei. Pictures
were obtained with the Leica SP8 confocal microscope (Leica, Germany).
RNAscope® Probe Mm-Cdki3 (#895581) binds to nucleotides 3312—
4317 (last couple of exons and the 3'UTR) of mouse Cdkl3
(NM_001081058.2). If deletion of exons 3 and 4 (Cdkl3"!@midy ig
unstable, it is possible to have a signal (some weak signal in the form of dots
is present in both hypomorphic and knockout embryonic palatal shelves).

RT-PCR

Rostral and caudal parts of the palatal shelves at E12.5, E14.5 and E16.5, as
well as maxillary (mx), mandibular (md) and frontonasal prominences (fnp)
at E11.5 and E12.5 were dissected from WT mouse embryos to quantify the
differences in Cdkl3 expression during development of the facial structures.
Individual parts of the palatal shelves and facial prominences were dissected
from at least three different embryos for each stage. Proliferation rate
changes in the Cdk3-deficient embryos were assessed using CyclinD1 gene
expression in tissues isolated from rostral and caudal palatal shelves
(Cdk13™1@ E12.5, E14.5) and lips (Cdki3™!¢ E12.5). Total RNA was
extracted using the RNeasy Plus Mini Kit (74136, Qiagen, Germany)
according to the manufacturer’s instructions. Total RNA concentration and
purity was measured using a NanoDrop One (Thermo Fisher Scientific,
USA). First-strand cDNA was synthesized using gb Reverse Transcription
Kit (3012, Generi Biotech, Czech Republic) according to the
manufacturer’s instructions. TagqMan probe was used to quantify Cdkl3
(MmO01164725_m1, Thermo Fisher Scientific) and CyclinDI
(MmO00432359_m1, Thermo Fisher Scientific) gene expression. The RT-
PCR reaction was performed on LightCycler 96 (Roche, Germany). The
comparative Ct method was used for analysis.

Injection of chicken embryos

Fertilized Gallus gallus (chicken) eggs were bought at a farm (Integra,
Zabcice, Czech Republic) and incubated in a humidified incubator at 37°C.
At Hamburger—Hamilton (HH) developmental stage 20 (HH20), 1 mM
CDKI12/13 inhibitor THZ531 (SML2619, Sigma Aldrich, Merck,
Germany) was injected into the maxillary prominences (Fig. 8) using a
glass capillary attached to an Eppendorf Femtolet 4i Microinjector
(Eppendorf, Germany) supplied with a manipulator (Leica, Germany).
Moreover, we injected the inhibitor into the craniofacial mesenchyme and
the postoptic region of chicken embryos at HH10 and HH15, respectively
(Fig. 8). 10% Trypan Blue was used as a contrasting dye. After injections,
embryos were incubated for another 96 h, and then killed and fixed in 4%
paraformaldehyde. Frontal and lateral images were taken using a Leica S6D
stereoscope with a DFC295 camera (both Leica, Germany).

MTT-Assay

The MTT test was used to establish the toxicity of the CDK12/13 inhibitor
THZ531. Cells isolated from the trigeminal ganglion (TG) were cultivated
for 4 days in 100 pl of DMEM supplemented with 10% FBS, 1% penicilin/
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streptomycin, 1% L-glutamine in a 96-well plate (100,000 cells/ml). Cells
were treated every day with different concentrations of THZ531 (i.e. 50,
100, 300, 500, 750, 1000 and 1500 nM). Untreated cells were used as
controls. After 4 days, medium was discarded and replaced with 50 ul of
DMEM without FBS followed by addition of 50 pl of MTT Reagent (MTT
Cell Proliferation Kit Ab211091, Abcam), 50 ul of common culture medium
and 50 ul of MTT Reagent were added to empty wells and used as
background controls. The plate was then wrapped in foil and incubated for
3.5 hat37°C under 5% CO,. Afterwards, 150 pl of MTT solvent (MTT Cell
Proliferation Kit Ab211091, Abcam) was added to the samples. Absorbance
was measured at 590 nm and cell survival rates were established as the
absorbance index, with higher absorbance meaning better cell survival,
lower absorbance meaning worse cell survival (Fig. S7H).

TG cultivation and neurite outgrowth assay
TGs were dissected from mouse embryos at E12 and washed in ice-cold
Neurobasal medium (21103049, Gibco, Thermo Fisher Scientific, USA).
Each TG was placed in a separate well on a culture well plate into 10 pl drop of
Matrigel (356231, Corning, USA) and left 20 min to polymerize in the tissue
culture incubator. Neurobasal medium supplemented with 100 nM or 300 nM
THZ531 (SML2619, Sigma Aldrich, Merck, Germany) was added. Images
were taken after adding cultivation medium (0 h) and again after 24 h by using
an Olympus IX71 inverted microscope (Olympus, Japan). Neurite outgrowth
was measured using ImagelJ software (NIH, USA) while comparing areas
covered by neurites on pictures taken under different culture conditions.
Changes of the ability of TGs to produce neurite outgrowths (in %) were
calculated as following: neurite outgrowth area (total area—TG area)/total
areax100.

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay

Apoptotic cells were detected by using the TUNEL assay (ApopTag
Peroxidase In Situ Apoptosis Detection Kit, cat. no. S7101, Chemicon,
Temecula, USA). Nuclei were counterstained with hematoxylin. Sections
were photographed under bright-field illumination with a Leica DMLB2
compound microscope (Leica, Germany). TUNEL assays were performed
using three different embryos of the CdkI3"™" and Cdkl3mi@/mla
genotypes.

Statistical analyses

Data were evaluated for statistical significance in GraphPad (GraphPad
Software, Boston, MA, USA) using unpaired two-tailed Student’s r-tests.
Differences were considered to be significant at *P<0.05, **P<0.01 and
**P<0.001. Errors are indicated as the +standard error of the mean (£s.e.m.).
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Transcriptional activity and gene expression are critical for the development of mature, meiotically competent oocytes. Our study
demonstrates that the absence of cyclin-dependent kinase 12 (CDK12) in oocytes leads to complete female sterility, as fully
developed oocytes capable of completing meiosis | are absent from the ovaries. Mechanistically, CDK12 regulates RNA polymerase
Il activity in growing oocytes and ensures the maintenance of the physiological maternal transcriptome, which is essential for
protein synthesis that drives further oocyte growth. Notably, CDK12-deficient growing oocytes exhibit a 71% reduction in
transcriptional activity. Furthermore, impaired oocyte development disrupts folliculogenesis, leading to premature ovarian failure
without terminal follicle maturation or ovulation. In conclusion, our findings identify CDK12 as a key master regulator of the oocyte
transcriptional program and gene expression, indispensable for oocyte growth and female fertility.

Cell Death and Disease (2025)16:213; https://doi.org/10.1038/s41419-025-07536-w

INTRODUCTION

Oocytes arise from primordial germ cells and develop in follicles.
The periodic activation of primordial germ cells up to the
preovulatory stage is defined by oocyte growth and cytoplasmic
expansion, with the synthesis and storage of maternal compo-
nents such as RNA and proteins in the cytoplasm [1]. The quality of
oocytes and early embryos is based on the storage of maternal
components, which is regulated by various signaling pathways
[2-4]. During this period, the oocyte acquires meiotic competence,
i.e. the ability to resume meiosis and to enter or arrest at
metaphase Il [5-9], and developmental competence, the ability to
support early embryonic development [10, 11].

The regulation of transcription initiation by RNA polymerase ||
(POLIIN) is of central importance for the maintenance of the oocyte
and early embryonic development. Transcriptional silencing
occurs in a fully-grown oocyte and continues during meiotic
maturation and after fertilization in the early embryo. The
hyperphosphorylated form of POLII has been found in growing
oocytes, while the hypophosphorylated form is typical of mature,
transcriptionally inactive GV oocytes [12]. The transcription of
protein-coding genes by POLII is tightly regulated to generate
proper quantities and classes of mRNA. One of the principal
factors participating in the regulation of POLII activity is Cyclin-
dependent kinase 12 (CDK12). Complex of CDK12 and its binding
partner Cyclin K controls transcription, by phosphorylating the
C-terminal domain (CTD) of the large subunit of POLII [13]. Current
evidence suggests that CDK12 has a wide range of biological
functions, including DNA replication [14], regulation of the
expression of DNA damage response genes and cell cycle genes
[15], transcription elongation [16], pre-mRNA processing [17], RNA
turnover [18] and the initiation of translation of mRNA subgroups

[15, 19, 20]. Blazek et al. have shown that the depletion of CDK12
leads to a reduced expression of 4% of genes [13]. CDK12 is one of
the most frequently mutated genes in ovarian carcinoma [21] and
these mutations lead to a loss of function [22]. Although the role
of CDK12 in cancer has been broadly investigated, its specific role
in oocyte development is unknown.

Based on this knowledge, we hypothesized that CDK12 is
essential for maintaining the integrity of the maternal transcrip-
tome and translatome in growing oocytes. To test this hypothesis,
we generated an oocyte-specific knockout mouse model lacking
CDK12 expression. Our findings revealed that the absence of
CDK12 disrupts transcription by impairing POLIl regulation,
leading to a dysregulated maternal transcriptome and defective
translation in oocytes. This dysregulation adversely affects oocyte
growth, thereby impairing folliculogenesis and ultimately resulting
in female infertility.

RESULTS

CDK12 is essential for female fertility

To explore the requirement of Cyclin-dependent kinase 12
(CDK12) in female fertility, we performed a series of experiments
using a conditional CDK12 knockout (cKO) mouse model. The aim
of our study was to understand the effects of CDK12 depletion on
oocyte development and overall fertility in female mice. The
CDK12 cKO was generated by crossing Cdk12%™ with a zp3“
strain (Supporting Information 1A, B). The resulting experimental
genotypes were labeled as wild-type (WT; CDK12™"; Cdk12™™'c
+/+ Zp3fCre+/+); heterozygote (HT; CDK1 2+/—’, cdki 2tm1c+/f Zp3-Cre
=) and homozygote (cKO; CDK127/~; Cdk12tmie/" Zp3-Cret/sy
(Supporting Information 1A, B). Immunoblot analysis confirmed
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Fig. 1 CDK12 is essential for female fertility. A Western blot analysis of CDK12 expression in oocytes from wild-type (CDK12/") and
homozygous conditional knockout (cKO) females (CDK12~/7). GAPDH was used as a loading control. Data from six independent biological
replicates. For Cdk72 mRNA expression analysis, see Fig. 5. For information about conditional KO generation and CDK12 localization and
expression, see S| Fig. 1. B Quantification of CDK12 protein expression from (A) normalized to GAPDH. Data are presented as mean + SD;
Student’s t-test: ***p < 0.001. C Analysis of fertility of females from different genotypes mated with proven breeder wild type males. Number of
breeding pairs in parentheses. Data are presented as mean + SE; Student’s t-test: ns, non-significant; ***p < 0.001.

the absence of CDK12 protein in the CDK12™/~ GV oocytes (Fig.
1A, B and Supporting Information 1C, D). In addition, immuno-
fluorescence experiments showed that CDK12 was localized to the
nucleus of WT oocytes, while it was absent in CDK12~/~ oocytes
(Supporting Information 1C, D). Breeding experiments with
CDK12™" proven breeder males showed that females lacking
CDK12 in their oocytes were completely sterile, while CDK12™/+
and CDK12"/~ females were normally fertile (Fig. 1C), suggesting
that there is no haploinsufficiency for CDK12.

In conclusion, the results show that the absence of maternal
CDK12 in oocytes leads to female sterility.

CDK12 is Essential to Oocyte Development and Maturation

Next, we investigated why absence of CDK12 in oocytes leads
to female infertility. It is known that oocytes go through a
series of developmental stages prior to fertilization, including
oocyte growth, acquisition of meiotic competence and
maturation into fertilizable MIl oocyte. To understand the main
cause of infertility in cKO mice, we analyzed the ovaries and
oocyte quality. Following the standard procedure of super-
ovulation, we examined the morphology of the ovaries. Despite
the mice having the equal body size, the ovaries of cKO
females were significantly smaller compared to those of WT

SPRINGER NATURE

females (Fig. 2A and Supporting Information 2A). Histological
analysis of cKO ovaries and quantification of follicles revealed a
reduced number of primary follicles and almost no antral
follicles (Fig. 2B, C), resulting in the premature ovarian failure
(POF) phenotype. In addition, rare ovulations lead to the
formation of the corpus luteum in the cKO ovaries, which
shows that the ovaries respond to hormonal stimulation and
ovulation (Supporting Information 2B). Next, we found that
post PMSG stimulation most of the isolated oocytes from WT
females were fully grown germinal vesicle (GV) (Fig. 3A, B). In
contrast, oocytes from cKO females were predominantly
growing GV oocytes (Fig. 3A, B). Following the standard
procedure of superovulation, we obtained only a few ovulated
oocytes in the oviduct of the CKO females, although the WT
genotype ovulated a normal number of oocytes (Fig. 3B). In
contrast, cKO females do not produce MIl oocytes during
scarce ovulation (Fig. 3C, D). Instead, the ovulated CDK12~/~
oocytes were devoid of polar body, with disorganized
chromosomes and polymerized tubulin (Fig. 3C, D).

In summary, the absence of CDK12 in the oocyte leads to an
interruption of oocyte development to fully grown GV stage and
thus to a termination of folliculogenesis, resulting in female
infertility.

Cell Death and Disease (2025)16:213
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The absence of CDK12 suppresses transcriptional activity in close link between CDK12 and the regulation of transcription via
developing oocytes phosphorylation of RNA Polymerase Il (POLII) [18]. We hypothe-

Our results suggest that the main cause of infertility is impaired sized that this regulatory function of CDK12 is critical for proper
development of the growing oocytes. Previous reports indicated a gene expression during oocyte growth. First, we found that CDK12
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Fig. 2 Absence of CDK12 in the oocytes leads to decreased ovarian size via ceased folliculogenesis. A Representative image of pair of
ovaries from CDK12+/" and CDK12~/~ mice. Scale bar 1 mm. For measurement of the size of the ovaries, see Sl Fig. 2. B Representative images
of histological sections of ovaries stained with haematoxylin and eosin. The dashed squares correspond to 5-fold magnification of the ovarian
cortex, showing representative antral follicle (CDK12+/*) and primordial follicle (CDK12~/7). Data from two independent biological replicates,

n =6 per group; scale bars 400 pm. For depiction of the corpus luteum in the ovaries, see Sl Fig. 2. C Quantification of follicles from CDK1
mice. Data from three females for each genotype, data are presented as mean * SE; Student’s t-test: ns, non-significant;

and CDK127~/~
*p < 0.05; **p < 0.01; **p < 0.001.
<

5+

is predominantly localized in the oocyte nucleus (Supporting
Information Fig. 1C). In addition, proximity ligation assay shows
that CDK12 is localized together with its binding partner cyclin K
(CCNK) in the nucleus of the mouse and human oocyte
(Supporting Information 3). To assess overall transcription, we
next labeled newly synthesized RNA with 5-ethynyluridine (EU) in
growing oocytes. CDK12 ™/~ oocytes exhibited a 71% decrease in
EU staining compared to CDK12™*" oocytes, indicating a
significant decrease in global transcription (Fig. 4A, B). In addition,
the active form of RNA Polymerase Il (Ser2), a marker for
transcription elongation, was reduced by 39% in CDK12~/~
oocytes (Fig. 4C, D). Importantly, there were no differences in
Pol I mRNA and protein levels between groups (Fig. 5A, B).

These results suggest that the absence of CDK12 leads to an
abnormal transcriptional program that impairs the formation of
the oocyte mRNA reserve and consequently prevents the
development to fully grown GV oocytes and the depletion of
the ovarian reserve.

The absence of CDK12 influences the expression of a subset of
mRNAs in the oocyte

It is well known that oocyte development depends on proper
gene expression. Given the significant reduction in transcription
observed in CDK12™/~ oocytes (Fig. 4), we examined the
expression of specific developmentally relevant classes of mRNAs
encoding translational factors [15] (4E-BP1, eEF2, elF4G1) and
markers associated with premature ovarian failure [23-26] a
phenotype observed in (Fig. 2) (POF; RPS26, FIGLA, GDF9, AIRE,
FMRP1). Interestingly, qPCR data showed a significant 3.5-fold
increase in mMRNA of the translational repressor 4e-bp1 in CDK12~/
~ oocytes (Fig. 5A). However, the mRNAs encoding the translation
elongation factor EEF2 were similar, and the mRNA encoding the
translation initiation factor elF4G1 was significantly decreased in
CDK127™/~ oocytes (Fig. 5A). In addition, all analyzed mRNAs
encodin/g POF markers [24, 26, 27] were significantly reduced in
CDK127"~ oocytes (Fig. 5A). Further, we analyzed the expression
of mRNAs encoding the homologous kinase CDK13 and the
CDK12 binding partner CCNK (Supporting Information 3). The
mRNAs of CDK12 and CDK13 were significantly decreased in
CDK127/~ oocytes, whereas the mRNAs of CCNK, POLII and HRPT
were equally expressed in both groups (Fig. 5A).

Next, we analyzed the protein expression of selected candidate
genes that had previously been examined by PCR (Fig. 5A).
Immunoblotting analysis showed a positive correlation of the
expression of POL I, 4E-BP1, eEF2, elF4G1, RPS26, GDF9, CDK13
and CCNK with the corresponding mRNAs (Fig. 5B, C). To analyze
the direct effect of CDK12 on the expression of candidate genes,
we microinjected RNA encoding mouse CDK12 into CDK12~/~
oocytes. We restored the expression of CDK12 in the CDK12 '~
oocytes (Fig. 5D-F) and in such oocytes we observed decreased
expression of the mRNA of the translational repressor 4e-bp1.
CDK12 expression increased the mRNAs of the Eif4g1, Gdf9 and
Rps26 (Fig. 5D). Importantly, the presence of CDK12 in CDK12~/~
oocytes promoted the increase in POL Il phosphorylation at serine
2, as well as the expression of elF4G1 and the POF marker GDF9
(Fig. 5E, F).

In summary, the absence of CDK12 affects the expression of
some selected mRNAs related to translation and the premature

SPRINGER NATURE

ovarian failure phenotype. Furthermore, the addition of exogen-
ous CDK12 to CDK12™"~ oocytes enhances POL Il activity, leading
to reorganization of the expression of translation factors and
markers for POF.

Aberrant transcriptome of CDK12™/~ oocytes represses global
translation and enhances expression of the translational
repressor 4E-BP1

Considering that the absence of CDK12 promotes an aberrant
maternal transcriptome and in particular, translational factors in
the developing oocyte (Fig. 5A-C), we investigated, how protein
sgnthesis was affected in CDK12™/~ oocytes. First, the
3>S-methionine incorporation assay showed that CDK12~/~
oocytes exhibited a 23% reduction in global protein synthesis
compared to WT oocytes (Fig. 6A, B). Considering the reported
effect of CDK12 on RNA polyadenylation [28, 29] and the impaired
transcriptome/proteome (Fig. 5A-D) in CDK12~/~ oocytes, the
polyadenylation directly correlates with the rate of protein
synthesis of mRNA. We examined global polyadenylation by
RNA FISH, which showed no difference between CDK12™" and
CDK127/~ oocytes (Fig. 6C and Supporting Information 4). In
connection to overexpression of the translational repressor 4E-BP1
and reduced translation in CDK12~/~ oocytes (Fig. 5A, B), we
analyzed polyadenylation of the mRNA encoding 4E-BP1. The PAT
assay showed a visible poly(A) shift of the 3'UTR tail of 4e-bp1 in
CDK12™'~ oocytes, while the poly(A) tail remained unchanged in
Cnot7 mRNA, which is translated after completion of meiosis | [30]
(Fig. 6D, E).

In summary, we document that the absence of CDK12 leads to
the stabilization of specific mRNAs, in particular 4e-bp1, which is in
the non-phosphorylated state (Supporting Information 5), thereby
acting as a translational repressor and leading to reduced protein
synthesis.

Our results clearly show that the absence of CDK12 leads to
maternal infertility via the disruption of oocyte growth by a
mechanism that impairs maternal transcriptome and translation
(Graphical abstract). In addition, discontinued oocyte develop-
ment leads to the failure of folliculogenesis, which is similar to the
afollicular form of premature ovarian failure that also occurs in
humans [31].

DISCUSSION

We have summarized here the biological function of CDK12 with a
focus on female reproduction. Interestingly, the absence of CDK12
in the oocyte results in the absence of fully developed oocytes,
leading to complete female sterility. With Cre, CDK12 is down-
regulated under the ZP3 promoter, which is activated in the
growing 20 um oocyte and reaches its maximum in the 50 um
oocyte [32]. This approach allows us to investigate the role of
CDK12 in the transcriptionally active phase of oocyte develop-
ment, which influences the early phase of oocyte growth and thus
folliculogenesis. Although ovulation is promoted even in the
absence of CDK12, it is only sparse and oocytes do not mature to a
stage that can be fertilized and at least promote subfertility.
Studies in mice have demonstrated that transcriptional activity
and the transition of chromatin conformation from growing to
fully grown GV oocyte are critical for oocyte maturation and

Cell Death and Disease (2025)16:213
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Fig. 3 CDK12 is Essential for oocyte development and maturation. A Representative images of morphology of CDK12™" and CDK12~/~
oocytes. Dashed squares show details of oocytes, asterisks show fully grown oocytes; scale bars 60 pm. B Quantification of growing (gGV),
fully-grown (GV) and ovulated (post hCG) oocytes isolated from ovaries. Data from five independent biological replicates. Data are presented
as mean = SE; Student’s t-test: *p < 0.05; ***p < 0.001. C Morphology of CDK12"* and CDK12~/~ ovulated oocytes. Data from three biological
replicates and n <30 cells per group. DAPI (blue), bright field (BF); the dashed line shows the cell cortex; scale bars 20 um. D Representative
images of spindle morphology labeled with acetylated a-tubulin (Ac-TUB, green) in ovulated CDK12™/* and CDK12~/~ oocytes. Data from
three biological replicates and n < 25 per group. Details show the enlargement of the spindle area. DAPI (blue); the dashed line shows the cell

cortex; scale bars 20 pm.

subsequent embryo development [33-35]. Our analysis revealed a
reduced number of antral follicles and an increased proportion of
growing oocytes in CDK12-deficient mice. We hypothesize that
the elevated proportion of growing CDK12~/~ oocytes results
from their limited meiotic competence. A recent transcriptional
profile analysis of human growing and fully grown oocytes
showed that CDKs involved in transcription via POL Il have higher
expression in human growing oocytes, indicating the high activity
characteristic of this developmental stage [35].

The CDK12/CCNK complex has been shown to be required for
the promotion of transcription elongation by RNA polymerase I
activation via the phosphorylation of its carboxyl-terminal domain
[36]. CDK12 has sequences for nuclear localization [37]. In the
oocyte, CDK12/CCNK complexes are abundant in the nucleus,
supporting their biological function in transcription [13, 16].
Although CDK12 and CDK13 share a high degree of homology,
they exhibit only partial redundancy in their roles in polymerase II-
mediated transcription [16, 38]. In cancer cell lines, the genetic

Cell Death and Disease (2025)16:213

deletion or chemical inhibition of CDK12 kinase activity has
virtually no effect on CDK13 protein levels, and never leads to
such a dramatic downregulation seen in growing oocytes [13, 39].
It is therefore difficult to decide whether the 69% decrease in
global transcription is due to the absence of CDK12 or CDK13. In
cancer cell lines, inhibition of the kinase activity of both kinases by
several functionally different inhibitors affected transcription
efficiency by 10 - 20% [13, 38]. One can speculate that the role
of CDK12 and CDK13 in regulating transcription in cancer cell lines
is different from that in primary cells such as oocytes. Not
surprisingly, the decrease in global transcription was accompanied
by a 39% decrease in the Ser2 phosphorylation detecting of
elongating Pol Il. Since we could still detect Pol Il phosphorylated
at Ser in the nucleus, it is very likely that CDK9 is the kinase
responsible for the remaining Pol Il(Ser2) signal, since CDK9 is
active in the GVs of porcine oocytes [40]. Furthermore, the
chemical inhibition of CDK12, CDK13 or both together affected up
to 15% of all genes, clearly indicating that the transcriptional

SPRINGER NATURE
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program in growing oocytes is mainly the transcription of
specialized and developmentally relevant genes [38]. Although
we did not perform a global transcriptome analysis, we clearly
found decreased mRNA for POF markers and translation factors
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with the sole exception of the 4e-bp7 mRNA. Suggesting that the
absence of CDK12 (i) promotes the transcription of specific genes,
(i) impairs a specific transcriptional program during the activation
of the ZP3 promoter in the oocyte, and/or (iii) indirectly affects
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Fig. 4 The absence of CDK12 supress transcriptional activity in developing oocytes. A Detection of transcriptional activity with 5-Ethynyl

Uridine (EU; gray and red) in CDK12™* and CDK127/~

oocytes. Data from three independent biological replicates. Details show a

magnification of the nucleus; DAPI (blue); the dashed line depicts the cell cortex; scale bar 20 um. B Quantification of EU fluorescence in the
nucleus from (A). The values from CDK12*/* were set as 1. The number of cells is shown in parentheses. Data are presented as mean + SE;
Student’s t-test: **p < 0.01. C Detection of phosphorylation of Polymerase Il at Serine 2 (POLII(S2); gray and red) by immunocytochemistry. Data
from three independent experiments. The details show an enlargement of the nuclear region. DAPI (blue); the dashed line depicts the cell
cortex; scale bar 20 um. D Quantification of POLII (S2) fluorescence intensity in the nucleus of CDK12+/* and CDK12~/~ oocytes from the (C)
experiment. The values from CDK12™/* were set as 1. The number of cells is shown in parentheses. Data are presented as mean + SE; Student’s

t-test: ***p < 0.001.

transcription by altering the expression of factors that negatively
modulate transcription. Our results show that the absence of
CDK12 affects the transcriptome of the growing oocyte by
interfering with the activity of Pol I, which in turn affects
translation. Previous reports showed that the yeast ortholog of
CDK12, Ctk1 [16, 41] stimulates mRNA translation globally [20, 42].
Similarly, we found an additional role of CDK12 that involves the
stabilization of specific mRNA with increased polyadenylation,
thereby promoting their translation. Indeed, CDK12 has been
identified as a nuclear co-transcriptional polyadenylation factor
that either ensures the processing of the 3-end through a
cleavage and polyadenylation mechanism, or blocks the pre-
mature cleavage and polyadenylation (PCPA) of hnRNA [29, 43].
Apart from the effect of CDK12 on the polyadenylation of 4E-BP1
MRNA, the deletion of CDK12 resulted in a moderate increase in
the protein level of the 5'-cap-binding mRNA repressor 4E-BP1 in
CDK127/~ oocytes. Our previously published results provided
evidence that expression of the inactive translational repressor 4E-
BP1 leads to aberrant proteosynthesis in fully developed,
transcriptionally silent oocyte [44]. Most mRNAs accumulated
during oocyte growth are translationally repressed and are
translated later when transcription is repressed [45, 46]. Therefore,
4E-BP1 may play a key role in mRNA storage process, and the
overexpression of 4E-BP1 observed in CDK12~/~ oocytes sup-
presses the translation of already abnormally expressed mRNAs,
the translation of which promotes oocyte growth. We previously,
reported that inactivation of 4E-BP1 occurs at later stages of
oocyte development, after entry into the M phase [44], and
similarly, CDK12 phosphorylates/inactivates 4E-BP1 and promotes
the translation of specific mRNA of factors involved in mitotic
spindle regulation and chromosome segregation [15]. Importantly,
the translational repressor 4E-BP1 is inactivated by phosphoryla-
tion during the metaphase transition in cells and oocytes [15, 44].
The unphosphorylated form of 4E-BP1 is therefore present in
growing GV oocytes. Nevertheless, we still do not know whether
and how the mRNA stabilization and translation of 4E-BP1 is
directly or indirectly influenced by CDK12. In addition, the reduced
expression of the translation initiation factor elF4G1 and aberrant
transcriptome in CDK12~/~ oocytes, likely contribute to reduced
global translation.

CDK12 is involved in the DNA-damage repair (DDR) pathway by
regulating the expression of several DDR machinery components,
including BRCA1, ATM, ATR, and Fanconi anemia (FANC) genes
[13]. CDK12-deficient blastocysts exhibit abnormal morphology
and developmental failure due to increased DNA damage within
the inner cell mass [47]. Beyond its impact on transcription and
translation in growing oocytes, the loss of CDK12 likely impairs the
expression of DDR genes. Recent studies identifying factors
responsible for primary and premature ovarian insufficiency
(POI) have reported either dramatic downregulation or non-
functional variants of several DDR pathway members, such as
BRCA1, RAD51, ATR, MSH4, MSH5, and FANC genes [23, 48].

Long-term depletion of CDK12 leads to cell cycle arrest in the
G2/M phase [27]. Moreover, novel deleterious mutations in the
kinase domain of CDK12 (H857Y/R, F8787S, T893l) have been
identified in ovarian cancer patients [49]. These mutations mimic a
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loss-of-function phenotype, although their specific impact on
fertility remains unknown. Interestingly, patients with CDK13-
related disorders exhibit pregnancy complications in 29.4% of
cases [50-53].

Among the downregulated transcripts and proteins, premature
ovarian failure (POF) markers such as Rps26, Figla, Gdf9, Aire and
Fmrp1 [24, 25, 54-61] were detected, so the absence of CDK12
clearly resembles a POF phenotype [62-64]. We have compiled a
list of genes linked to ovarian development and function in both
human and mouse, which are regulated by CDK12 (Supplemen-
tary Table 1) [57, 65-67]. POF is a clinical disorder characterized by
hypogonadism and amenorrhea, and affects 1-3% of women
under 40 years of age [68-71]. The overall prevalence of familial
POF ranges from 4% to 31% [70]. The appearance of the ovaries
varies from the complete depletion of follicles to the presence of a
variable population of follicles that fail to develop [68, 72]. The
pregnancy rate among women with POF ranges from 2.2% to
14.2% [73]. GDF9 and RPS26 have been described as important
factors for oocyte growth and the recruitment of a primordial
follicle into the pool of growing follicles [25, 74]. GDF9, a protein
secreted from the oocyte into the follicle, influences the
proliferation, differentiation, steroid hormone synthesis, apoptosis
and cumulus expansion of granulosa cells [75]. GDF9 levels
increase dramatically with oocyte growth during preantral
folliculogenesis and remain high until ovulation [74] in oocytes
of various mammalian species, including humans [76], sheep [77],
bovines [77] and rats [78], indicating the universality of the role of
GDF9. In addition, CDK12 has been associated with follicular
atresia (reduction in the number of ovulating follicles) and early
menopause in humans [62, 64, 79]. CDK12 has been also shown to
play a role in the PI3K/AKT/mTOR pathway, which is a critical
signaling cascade involved in primary ovarian insufficiency (POF)
[15, 65, 66, 80, 81].

Taken together, our results clearly demonstrate that the
absence of CDK12 leads to an abnormal transcriptome and
translatome of the growing oocyte, which in turn results in the
absence of a fully mature oocyte and leads to female infertility. In
addition, we provide insight into the etiology of premature
ovarian failure, in which CDK12 may also play an important role in
humans, warranting further investigation.

METHODS

Oocyte isolation and cultivation

Experimental genotypes were designated as wild-type (WT; CDK12™/";
Cdk12™<* 7p3-Cre*’*) and homozygotes (cKO; CDK12~/~; Cdk12™'¢
/= Zp3+/+). Oocytes were obtained from C57BL/6 J mice that were at least
5 weeks of age. Females were stimulated with 5 IU of pregnant mare
serum gonadotropin (PMSG; Folligon; Merck Animal Health) per mouse
46 h prior to oocyte isolation. To obtain MIl, the mice were primed with 5
IU human chorionic gonadotropin (hCG, Pregnyl, N.V. Organon). Oocytes
were isolated in transfer medium (TM) supplemented with 100 uM 3-
isobutyl-1-methylxanthine (IBMX, Sigma Aldrich) to prevent the sponta-
neous resumption of meiosis. Selected oocytes were denuded and
cultured in M16 medium (Millipore) without IBMX at 37 °C, 5% CO, for
Oh (GV) or 12h (MIl) [82]. All animal experiments were performed in
accordance with the guidelines and protocols approved for the Laboratory

SPRINGER NATURE



D. Jansova et al.

A &5 a B coxa2+ [ cok12*
a *
% *
5g* [
f —
SE£ 29 s NS oxx xx ossx % NS gww  oxxx 22 ns
£€ T
52’ I - I B
ge Bo B8 Wi B Ba B B o . D. IO B
(3]
> Cdk12 Pol2a 4e-bpl Eef2 Eif4G1 Rps26 Figla Gdf9 Aire Fmmpl Cdk13 Cenk  Hrpt
Translation factors-coding POF markers
B cok12*+ cpk1z- €
POLI |- -
A 5 )
4 X CDK12++ COK12
5 . [ | ]
4E-BP1 bo]
£3 37 ps
88 24 T NSk ok gk ok DS
eEF2 & H
] 1 T
g 1md Wi Wb BB KB
4Gl g POLIl 4E-BP1 eEF2 EIF4G1 RPS26 GDFS CDK13  CCNK
e
! : Translation factors-coding POF markers
D
RPS26 | 90-
gg- RO
= 601 o
GDF9 2 2 —
9"‘3 gg Control D Rescue
S =
S gozcr L
K <5 ]
CDK13 S£ ] - .
£33 6] —
oL 5] X
== a]
cone [ M| 25 - 2 .
(] 2 Sashhs
« 11 mm [ . - - - -
GAPDH | e Cdk12 4e-bp1 Eef2 Eifdg1 Gdfo Rps26
E F
Control Rescue
= S
oz [ i Pl
s 13 1 ™ ‘
POLII(S2) [N g ﬁ |Control [ ]Rescue
5 91
elF4G1 E 71
‘5 6 4 x
jod g 2] HOOK 25 =
GDFY | e & 31 -
g 2] ﬁ
2 2] M
= m - = )
GAPDH |t S & 0
o CDK12  POLI(S2) eF4Gl  GDFO

of Biochemistry and Molecular Biology of Germ Cells at the Institute of
Animal Physiology and Genetics in the Czech Republic. All animal
experiments were conducted in accordance with Act No. 246/1992 on
the Protection of Animals from Cruelty, issued by the Ministry of
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Agriculture under the number 67756/2020MZE-18134. Human oocytes
not used for human reproduction were obtained from the Institute for the
Care of Mother and Child in Prague. The project was approved and
accredited by the Ethics Committee of the Institute for the Care of Mother
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Fig. 5 The absence of CDK12 influences the expression of a subset of mRNAs in the oocyte. A Quantitative RT-PCR analysis of selected
mRNAs. RNAs coding for translational factors (underlined in orange) and markers for premature ovarian failure markers (underlined in green).

Data normalized to Hrpt mRNA. Data from three independent biological replicates. Values from CDK1

27" oocytes were set as 1. Data are

presented as mean + SD; Student’s t-test: ns, non-significant; *p < 0.05, **p < 0.01; ***p < 0.001. B Western blot analysis of candidate proteins
selected from (A). Values from CDK12"/* oocytes were set as 1. GAPDH was used as a loading control. Data from at least three independent
biological replicates. For the phosphorylation of 4E-BP1, see Fig. 3. C Quantification of candidate proteins from (B). Data are presented as
mean * SE; Student’s t-test: ns, non- significant; *p < 0.05; ***p < 0.001. D Quantitative RT-PCR analysis of the expression of selected mRNAs in
control (microinjection of H2b-Gfp RNA into CDK12~/~ oocytes; gray) and in CDK12~/~ oocytes microinjected with Cdk12 mRNA (rescue;
white). Data from three independent biological replicates. Values were normalized to the number of oocytes per sample. Data are presented
as mean = SD; Student’s t-test: ns, non-significant; *p < 0.05. E Western blot analysis of selected proteins after CDK12 overexpression. GAPDH
was used as a loading control. Data from three biological replicates. F Quantification of candidate proteins from (E). Data are presented as
mean * SE; Student’s t-test: ns, non-significant; *p < 0.05; **p < 0.01; ***p < 0.001.

and Child (#1/3/4/2022; NU-23-07-0005). All patients gave informed
consent to the use of their immature oocyte(s) this study.

Animals

Cdk12™™ mice on a C57BL/6 J genomic background were provided by Jiri
Kohoutek. Cdk12%™ mice were crossed with Zp3-Cre mice to generate the
oocyte-specific Cdk12 knockout (CDK127/7). The target construct contains
loxP sites in the 3 and 4™ exon (8 nucleotides in the defective 4th exon
and a stop codon inserted into the open reading frame). The primers used
for PCR to genotype Cdk12®® were primer mCDK12 Fix-
F-CTTCAGACAGTGTCAGACCACCTGGAGAAGC;  primer mCDK12  Y3-
R-CCTCTGACCTCCCAATGTGTGCATGACAC; F-ZP3-GGTGGAGAATGTTAATC
and R-ZP3-TATTCGGATCATCAGCTA. All experiments were performed
according to the guidelines and with the approval of Institutional Animal
Care. Pairs of 8-week-old female mice of genotypes CDK12*/*, CDK12*/~
and CDK12~/~ were continuously mated with proven CDK12'" males to
test the fertility of the females. The number of pups was recorded over a
period of 8 months.

Histology of ovaries

Ovaries were fixed in 4% PFA solution (Sigma) for 48 h, then placed in 70%
ethanol solution and subsequently placed in labeled histological cassettes.
Samples were processed using an automated tissue processor (Leica ASP
6025, Leica Microsystems, Germany) and embedded in paraffin blocks
using a Leica EG 1150H paraffin embedding station (Leica Microsystems,
Germany). Sections of 3 pm were cut with a microtome (Leica RM2255,
Leica Microsystems, Germany) on standard glass slides (Waldemar Knittel,
GmbH, Germany), every 10th section was collected, 3-12 sections were
collected per slide. Slides were stained with hematoxylin-eosin and
mounted using a Leica ST5020 automated stainer in combination with a
Leica CV5030 mounting frame. The number of follicles was quantified
using a stereomicroscope (Zeiss Stemi 2000, Germany). The analysis of
ovarian follicles was performed by two different investigators.

Oocyte microinjection

Experimental oocytes Cdk12~/~ were injected with an in vitro prepared
Cdk12 and H2b-Gfp RNAs diluted to a final concentration of 20 ng/pl, the
control samples were injected with H2b-Gfp mRNA alone. Subsequently,
the injected oocytes were incubated in IBMX at 37 °C and 5% CO, for 18 h.
The oocytes were washed in PVA/PBS and frozen at —80 °C.

Measurement of Overall Protein Synthesis

To measure total protein synthesis, 50 mCi of 355-methionine (Perkin
Elmer) was added to methionine-free culture medium, for 1 h and then
oocytes were lysed in SDS-buffer and subjected to SDS—polyacrylamide gel
electrophoresis. The labeled proteins were visualized by autoradiography
with BasReader (FujiFilm). GAPDH was used as a loading control.

5-ethynyl uridine transcription assay

The 5-EU was added to the M16 medium with IBMX and incubated
overnight with growing GV oocytes. Oocytes were then fixed in 4%
paraformaldehyde/PBS for 15 min, permeabilized with 0.1% Triton X-100/
PBS for 10 min at room temperature, and incubated for 1h at room
temperature in the dark with the Click-iT reaction cocktail (according to the
manufacturer’s instructions using Alexa A555 azide (ThermoFisher,
A20012) and a commercial kit (Click-iT, ThermoFisher, C10276). After
incubation, oocytes were washed once with PBS and mounted on slides
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using DAPI in the presence of the anti-fade reagent Vectashield (H-1500,
Vector laboratories). Images were captured using a confocal laser scanning
microscope (Leica SP5, Leica Microsystems, Wetzlar, Germany). Images
were quantified and compiled using FlJI software (version 1.8.0_172).

RNA isolation and RT-PCR

TRIzol reagent (Invitrogen) was used for RNA extraction according to the
manufacturer’s instructions. Reverse transcription was performed with a
qPCRBIO cDNA Synthesis Kit (PCR Biosystems). gPCR was then carried out
using QuantStudio 3 (Applied Biosystems) and Luna® Universal qPCR
Master Mix (New England Biolabs) according to the manufacturer’s
protocols with an annealing temperature of 60 °C. The primers are listed in
Supplementary Table 2.

Poly-A-tail length assay (PAT)

To obtain the total length of the poly(A) tail of each transcript, total RNA
was extracted using the phenol-chloroform method according to the
laboratory protocol. Elution was performed in 10 pl of water per sample.
The isolated RNA was incubated with 1 pl of 20 mM oligo-dT annealing per
sample for 5 min at 65 °C. Ligation was then carried out for 30 min at 42 °C.
The ligation mix was prepared from the following components: T4 ligase
(1 ul), Superscript IV 5x buffer (5 ul), 20U/ul RNAse inhibitor (1 ul), 10 mM
dNTP (1 pl), 10mM ATP (1 ul), 1M MgCI2 (0.1 pl), 0.1 M DTT (2 pl), RNAse-
free water (2pl). The cDNA synthesis was performed by adding 1l
Superscript Il Reverse Transcriptase with the following setup: 45 min at
45°C, 10 min at 80 °C, hold at 4 °C. The prepared cDNA was subjected to
PCR with gene-specific forward primers and anchoring reverse primer
(Supplementary Table 2). PCR was performed with PPP Master Mix (Top-
Bio) under the following conditions: 1 min at 95 °C, 35x (30 s at 95°C, 20 s
at 55°C, 45 s at 72 °C). PCR products were analyzed on a 1.5% agarose gel
stained with GelRed (41003, Biotinum) and run at 90 V for 45 min. The gels
were detected with an Azure 600 Imager (Azure Biosystems).

RNA FISH of poly(A) mRNA

Oocytes were fixed in 4% paraformaldehyde for 15 min and permeabilized
by protease Ill treatment (Biosearch Technologies). Samples were washed in
wash buffer A (Biosearch Technologies) and incubated overnight at 42 °C in
hybridization buffer (Biosearch Technologies) containing 75nM oligo-d(T)
probe with CalFluorRed635 (Biotech Generi). Samples were washed twice in
wash buffer A and twice in 2x SSC (Sigma Aldrich). Samples were embedded
in VectaShield medium with DAPI (H-1500, Vector Laboratories). A confocal
laser scanning microscope was used for imaging (Leica SP5, Leica
Microsystems, Wetzlar, Germany). Data from three biological replicates. The
quantification of fluorescence intensity between CDK12™* and CDK12~/~
oocytes was performed using FlJI software (version 1.8.0_172).

Immunofluorescence

Fixed oocytes (15 min in 4% PFA, Sigma Aldrich) were permeabilized for
10 min in 0.1% Triton X-100, washed in PBS with polyvinyl alcohol (PVA,
Sigma Aldrich), and incubated overnight at 4 °C with primary antibodies
(Supplementary Table 2) diluted in PVA/PBS. Immunofluorescence analysis
was performed according to a published protocol [83]. Image quantification
and compilation was performed using FlJI software (version 1.8.0_172).

In situ proximity ligation assay (PLA)
The proximity ligation assay was performed according to the instructions
of Naveni Triflex (Navinci). Oocytes were fixed in 4% PFA for 15 min and
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permeabilized with 0.5% TritonX/PBS for 10 min. Oocytes were washed
with TBS-T solution and then transferred into primary antibodies (CCNK
and CDK12, Supplementary Table 2) 1.5: 100 dilution 1TF overnight at 4 °C.
The oocytes were washed in TBS-T for 15 min. The oocytes were incubated
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with Navenibody MTF and Navenibody RTF 1:10 dilution 2 for 1 h at 37 °C
on a hot plate. The oocytes were washed every 15 min with TBS-T solution.
A total of 40 ul of amplification reaction 1 was mixed according to the
manufacturer’s instructions, then added to the oocytes and incubated at
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Fig. 6 The absence of CDK12 specifically affects the stability of the mRNA encoding the translational repressor 4E-BP1. A Analysis of
global de novo proteosynthesis by incorporation of 3>S-methionine in CDK12™" and CDK12™/~ oocytes. Data from four independent
biological replicates. GAPDH was used as a loading control. B Quantification of 3°S-methionine incorporation from (A). Values from CDK12*
oocytes were set as 1. Data from four independent experiments. Data presented as mean + SD; Student’s t-test: ***p < 0.001. C Representative
confocal images of poly(A) mRNA in CDK12*/" and CDK12~/~ oocytes. Data from three biological replicates (n > 15). Poly(A) mRNA (red); DAPI
(blue); the dashed line depicts the cell cortex; scale bars 20 um. For the quantification of fluorescence intensity, see Sl Fig. 4. D Quantitative RT-
PCR analysis of cDNA synthetized with hexamers or oligo(dT) primers in CDK12™* and CDK12/~ oocytes. Data from three biological
replicates. Data are normalized to the number of oocytes. Data are presented as mean + SD; Student’s t-test: ns, non-significant; *p < 0.05;
**#%) < 0.001. E Polyadenylation test (PAT) to detect the poly(A) tail length of 4e-bp1 in CDK12*/ and CDK12~/~ oocytes. Translationally
inactive Cnot7 mRNA was used as negative control. Data from three independent biological replicates. The length of the poly(A)tail is

described on the left (nt).

37 °C for 30 min. It was then washed with TBS-T solution for 5 min. Reaction
2 was mixed according to the manufacturer’s instructions. The oocytes
were incubated in 40 pl of reaction 2, in a dish protected from light, for 1 h
at 37 °C. Samples were washed for 5 min and then mounted on a concave-
bottomed slide (cat. # 1216492, Marienfeld,) using Vectashield mounting
medium with DAPI (H-1500, Vector Laboratories). A confocal laser scanning
microscope was used for the images (Stellaris8).

Western Blotting

Oocyte lysates were analyzed on a 4-12% gradient acrylamide gel.
Samples were transferred to a polyvinylidene fluoride membrane
(Immobilon P; Merckmillipore) using a blotting system (Biometra GmbH)
at 5mA/cm? for 25 min. The membranes were blocked for 1h at room
temperature and then incubated overnight at 4°C with the primary
antibodies listed in Supplementary Table 2. Membranes were incubated
with secondary antibodies for 1h at room temperature. Proteins were
visualised by chemiluminescence using ECL (Amersham) and imaged in an
Azure 600 Imager (Azure Biosystems), and the acquired signals were
quantified using ImageJ (http://rsbweb.nih.gov/ij/). Data from at least three
biological replicates. To detect the phosphorylation shift, oocytes were
dissolved in 20 pl of 1x NEB buffer containing 800 U of LPP enzyme (P0753,
New England BioLabs) and incubated at 30 °C for 1 h.

Statistical analysis and data visualization

GraphPad Prism 8.3 was used for the statistical analysis. The statistical
analysis included Student's t-tests to determine statistical significance
between groups (labeled with an asterisk). *p <0.05; **p <0.01, and
**¥» <0.001. Mean and standard error values were calculated in MS Excel
(Microsoft).

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article
and its supplementary information files.

REFERENCES

1. Sternlicht AL, Schultz RM. Biochemical studies of mammalian oogenesis: Kinetics
of accumulation of total and poly(A)-containing RNA during growth of the mouse
oocyte. J Exp Zool. 1981;215:191-200. https://doi.org/10.1002/jez.1402150209.

2. Ida Jentoft AM, Bauerlein FJ, Welp LM, Urlaub H, Fernd ndez-Busnadiego R,
Jentoft IM, et al. Mammalian oocytes store proteins for the early embryo on
cytoplasmic  lattices.  Cell.  2023;186:5308-27.  https://doi.org/10.1016/
j.cell.2023.10.003.

3. Sha QQ, Dai XX, Dang Y, Tang F, Liu J, Zhang YL, et al. A MAPK cascade couples
maternal mRNA translation and degradation to meiotic cell cycle progression in
mouse oocytes. Dev. 2017;144:452-63. https://doi.org/10.1242/dev.144410.

4. Leesch F, Lorenzo-Orts L, Pribitzer C, Grishkovskaya I, Roehsner J, Chugunova A,
et al. A molecular network of conserved factors keeps ribosomes dormant in the
egg. Nature. 2023;613:712 https://doi.org/10.1038/541586-022-05623-Y.

5. Wickramasinghe D, Albertini DF. Centrosome phosphorylation and the devel-
opmental expression of meiotic competence in mouse oocytes. Dev Biol.
1992;152:62-74. https://doi.org/10.1016/0012-1606(92)90156-B.

6. lyyappan R, Aleshkina D, Ming H, Dvoran M, Kakavand K, Anso VaDJ, et al. The
translational oscillation in oocyte and early embryo development. Nucleic Acids
Res. 2023;2023:2023 https://doi.org/10.1093/NAR/GKAD996.

7. Yang F, Wang W, Cetinbas M, Sadreyev Rl, Blower MD. Genome-wide analysis
identifies cis-acting elements regulating mRNA polyadenylation and translation

Cell Death and Disease (2025)16:213

20.

21.

22.

23.

24,

during vertebrate oocyte maturation. RNA. 2020;26:324-44. https://doi.org/
10.1261/RNA.073247.119/-/DC1.

. Luo Y, Lee IW, Jo YJ, Namgoong S, Kim NH. Depletion of the LINC complex

disrupts cytoskeleton dynamics and meiotic resumption in mouse oocytes. Sci
Rep. 2016;6:1-11. https://doi.org/10.1038/srep20408.

. Sun H, Han L, Guo Y, An H, Wang B, Zhang X, et al. The global phosphorylation

landscape of mouse oocytes during meiotic maturation. EMBO J 2024. https://
doi.org/10.1038/544318-024-00222-1/SUPPL_FILE/
44318_2024_222_MOESM28_ESM.PDF.

. Eppig JJ, Schroeder AC. Capacity of mouse oocytes from preantral follicles to

undergo embryogenesis and development to live young after growth, matura-
tion, and fertilization in vitro1. Biol Reprod. 1989;41:268-76. https://doi.org/
10.1095/biolreprod41.2.268.

. Sha QQ, Zhu YZ, Li S, Jiang Y, Chen L, Sun XH, et al. Characterization of zygotic

genome activation-dependent maternal mRNA clearance in mouse. Nucleic Acids
Res. 2020;48:879-94. https://doi.org/10.1093/NAR/GKZ1111.

. ABE K-I, INOUE A, SUZUKI MG, AOKI F. Global gene silencing is caused by the

dissociation of RNA polymerase Il from DNA in mouse oocytes. J Reprod Dev.
2010;56:502-7. https://doi.org/10.1262/jrd.10-068a.

. Blazek D, Kohoutek J, Bartholomeeusen K, Johansen E, Hulinkova P, Luo Z, et al.

The cyclin K/Cdk12 complex maintains genomic stability via regulation of
expression of DNA damage response genes. Genes Dev. 2011;25:2158-72.
https://doi.org/10.1101/gad.16962311.

. Chirackal Manavalan AP, Pilarova K, Kluge M, Bartholomeeusen K, Rajecky M,

Oppelt J, et al. CDK12 controls G1/S progression by regulating RNAPII processivity
at core DNA replication genes. EMBO Rep. 2019;20:e47592 https://doi.org/
10.15252/embr.201847592.

. Choi SH, Martinez TF, Kim S, Donaldson C, Shokhirev MN, Saghatelian A, et al.

CDK12 phosphorylates 4E-BP1 to enable mTORC1-dependent translation and
mitotic genome stability. Genes Dev. 2019;33:418-35. https://doi.org/10.1101/
gad.322339.118.

. Bartkowiak B, Liu P, Phatnani HP, Fuda NJ, Cooper JJ, Price DH, et al. CDK12 is a

transcription elongation-associated CTD kinase, the metazoan ortholog of yeast
Ctk1. Genes Dev. 2010;24:2303-16. https://doi.org/10.1101/gad.1968210.

. Tien JF, Mazloomian A, Cheng SWG, Hughes CS, Chow CCT, Canapi LT, et al.

CDK12 regulates alternative last exon mRNA splicing and promotes breast cancer
cell invasion. Nucleic Acids Res. 2017;45:6698-716. https://doi.org/10.1093/nar/
gkx187.

. Magnuson B, Bedi K, Narayanan IV, Bartkowiak B, Blinkiewicz H, Paulsen MT, et al.

CDK12 regulates co-transcriptional splicing and RNA turnover in human cells.
IScience 2022;25. https://doi.org/10.1016/J.15C1.2022.105030.

. Ang HX, Sutiman N, Deng XL, Bartelt LC, Chen Q, Barrera A, et al. Cooperative

regulation of coupled oncoprotein translation and stability in triple-negative
breast cancer by EGFR and CDK12. BioRxiv 2021:2021.03.03.433762. https://
doi.org/10.1101/2021.03.03.433762.

Coordes B, Briinger KM, Burger K, Soufi B, Horenk J, Eick D, et al. Ctk1 function is
necessary for full translation initiation activity in Saccharomyces cerevisiae.
Eukaryot Cell. 2015;14:86 https://doi.org/10.1128/EC.00106-14.

Bell D, Berchuck A, Birrer M, Chien J, Cramer DW, Dao F, et al. Integrated Genomic
Analyses of Ovarian Carcinoma. Nature. 2011;474:609 https://doi.org/10.1038/
NATURE10166.

Ekumi KM, Paculova H, Lenasi T, Pospichalova V, Bosken CA, Rybarikova J, et al.
Ovarian carcinoma CDK12 mutations misregulate expression of DNA repair genes
via deficient formation and function of the Cdk12/CycK complex. Nucleic Acids
Res. 2015;43:2575 https://doi.org/10.1093/NAR/GKV101.

Franca MM, Mendonca BB Genetics of Primary Ovarian Insufficiency in the Next-
Generation Sequencing Era. J Endocr Soc 2019;4. https://doi.org/10.1210/
JENDSO/BVZ037.

Franga MM, Funari MFA, Nishi MY, Narcizo AM, Domenice S, Costa EMF, et al.
Identification of the first homozygous 1-bp deletion in GDF9 gene leading to

SPRINGER NATURE

11


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/chemoluminescence
http://rsbweb.nih.gov/ij/
https://doi.org/10.1002/jez.1402150209
https://doi.org/10.1016/j.cell.2023.10.003
https://doi.org/10.1016/j.cell.2023.10.003
https://doi.org/10.1242/dev.144410
https://doi.org/10.1038/S41586-022-05623-Y
https://doi.org/10.1016/0012-1606(92)90156-B
https://doi.org/10.1093/NAR/GKAD996
https://doi.org/10.1261/RNA.073247.119/-/DC1
https://doi.org/10.1261/RNA.073247.119/-/DC1
https://doi.org/10.1038/srep20408
https://doi.org/10.1038/S44318-024-00222-1/SUPPL_FILE/44318_2024_222_MOESM28_ESM.PDF
https://doi.org/10.1038/S44318-024-00222-1/SUPPL_FILE/44318_2024_222_MOESM28_ESM.PDF
https://doi.org/10.1038/S44318-024-00222-1/SUPPL_FILE/44318_2024_222_MOESM28_ESM.PDF
https://doi.org/10.1095/biolreprod41.2.268
https://doi.org/10.1095/biolreprod41.2.268
https://doi.org/10.1093/NAR/GKZ1111
https://doi.org/10.1262/jrd.10-068a
https://doi.org/10.1101/gad.16962311
https://doi.org/10.15252/embr.201847592
https://doi.org/10.15252/embr.201847592
https://doi.org/10.1101/gad.322339.118
https://doi.org/10.1101/gad.322339.118
https://doi.org/10.1101/gad.1968210
https://doi.org/10.1093/nar/gkx187
https://doi.org/10.1093/nar/gkx187
https://doi.org/10.1016/J.ISCI.2022.105030
https://doi.org/10.1101/2021.03.03.433762
https://doi.org/10.1101/2021.03.03.433762
https://doi.org/10.1128/EC.00106-14
https://doi.org/10.1038/NATURE10166
https://doi.org/10.1038/NATURE10166
https://doi.org/10.1093/NAR/GKV101
https://doi.org/10.1210/JENDSO/BVZ037
https://doi.org/10.1210/JENDSO/BVZ037

D. Jansova et al.

12

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

primary ovarian insufficiency by using targeted massively parallel sequencing.
Clin Genet. 2018;93:408-11. https://doi.org/10.1111/CGE.13156.

Liu XM, Yan MQ, Ji SY, Sha QQ, Huang T, Zhao H, et al. Loss of oocyte Rps26 in
mice arrests oocyte growth and causes premature ovarian failure. Cell Death Dis.
2018;9. https://doi.org/10.1038/5S41419-018-1196-3.

Santos M, Cordts EB, Peluso C, Dornas M, Neto FHV, Bianco B, et al. Association of
BMP15 and GDF9 variants to premature ovarian insufficiency. J Assist Reprod
Genet. 2019;36:2163-9. https://doi.org/10.1007/S10815-019-01548-0.

Wu J, Feng S, Luo Y, Ning Y, Qiu P, Lin Y, et al. Transcriptomic profile of premature
ovarian insufficiency with RNA-sequencing. Front Cell Dev Biol. 2024;12. https://
doi.org/10.3389/FCELL.2024.1370772.

Dubbury S, Boutz P, Nature PS-, 2018 undefined. CDK12 regulates DNA repair
genes by suppressing intronic polyadenylation. NatureComSJ Dubbury, PL Boutz,
PA SharpNature, 2018-natureCom n.d.

Krajewska M, Dries R, Grassetti AV, Dust S, Gao Y, Huang H, et al. CDK12 loss in
cancer cells affects DNA damage response genes through premature cleavage
and polyadenylation. Nat Commun. 2019;10:1-16. https://doi.org/10.1038/
s41467-019-09703-y.

Lamacova L, Jansova D, Jiang Z, Dvoran M, Aleshkina D, lyyappan R, et al. CPEB3
Maintains Developmental Competence of the Oocyte. Cells 2024;13. https:/
doi.org/10.3390/CELLS13100850.

Shestakova IG, Radzinsky VE, Khamoshina MB Occult form of premature ovarian
insufficiency. Gynecol Endocrinol. 2016:1473-0766. https://doi.org/10.1080/
09513590.2016.1232676..

Philpott CC, Ringuette MJ, Dean J. Oocyte-specific expression and developmental
regulation of ZP3, the sperm receptor of the mouse zona pellucida. Dev Biol.
1987;121:568-75. https://doi.org/10.1016/0012-1606(87)90192-8.

Monti M, Zanoni M, Calligaro A, Ko MSH, Mauri P, Redi CA. Developmental arrest
and mouse antral not-surrounded nucleolus oocytes. Biol Reprod. 2013;88:1-7.
https://doi.org/10.1095/biolreprod.112.103887.

Wu D Mouse Oocytes, A Complex Single Cell Transcriptome. Front Cell Dev Biol.
2022;10. https://doi.org/10.3389/FCELL.2022.827937.

Zhang YR, Yin Y, Guo SM, Wang YF, Zhao GN, Ji DM, et al. The landscape of
transcriptional profiles in human oocytes with different chromatin configurations.
J Ovarian Res. 2024;17:99 https://doi.org/10.1186/513048-024-01431-2.

Bosken CA, Farnung L, Hintermair C, Schachter MM, Vogel-Bachmayr K, Blazek D,
et al. The structure and substrate specificity of human Cdk12/Cyclin K. Nat
Commun. 2014;5. https://doi.org/10.1038/ncomms4505.

Cheng S-WG, Kuzyk MA, Moradian A, Ichu T-A, Chang VC-D, Tien JF, et al.
Interaction of cyclin-dependent kinase 12/CrkRS with cyclin K1 is required for the
phosphorylation of the C-terminal domain of RNA polymerase Il. Mol Cell Biol.
2012;32:4691-704. https://doi.org/10.1128/MCB.06267-11.

Fan Z, Devlin JR, Hogg SJ, Doyle MA, Harrison PF, Todorovski |, et al. CDK13
cooperates with CDK12 to control global RNA polymerase Il processivity. Sci Adv.
2020;6:eaaz5041 https://doi.org/10.1126/sciadv.aaz5041.

Niu T, Li K, Jiang L, Zhou Z, Hong J, Chen X, et al. Noncovalent CDK12/13 dual
inhibitors-based PROTACs degrade CDK12-Cyclin K complex and induce syn-
thetic lethality with PARP inhibitor. Eur J Med Chem. 2022;228:114012 https:/
doi.org/10.1016/J.EJMECH.2021.114012.

Ogani RK, Lin T, Lee JE, Choi KM, Shin HY, Jin D. Il. P-TEFb kinase activity is
essential for global transcription, resumption of meiosis and embryonic genome
activation in pig. PLoS ONE. 2016;11:e0152254 https://doi.org/10.1371/
JOURNAL.PONE.0152254.

Bowman EA, Kelly WG. RNA Polymerase Il transcription elongation and Pol Il CTD
Ser2 phosphorylation: A tail of two kinases. Nucleus. 2014;5:224 https://doi.org/
10.4161/NUCL.29347.

Rother S, StraBer K. The RNA polymerase Il CTD kinase Ctk1 functions in trans-
lation elongation. Genes Dev. 2007;21:1409 https://doi.org/10.1101/GAD.428407.
Ni Z, Ahmed N, Nabeel-Shah S, Guo X, Pu S, Song J, et al. Identifying human pre-
mRNA cleavage and polyadenylation factors by genome-wide CRISPR screens
using a dual fluorescence readthrough reporter. Nucleic Acids Res.
2024;52:4483-501. https://doi.org/10.1093/NAR/GKAE240.

Jansova D, Koncicka M, Tetkova A, Cerna R, Malik R, del Llano E, et al. Regulation
of 4E-BP1 activity in the mammalian oocyte. Cell Cycle. 2017;16:927-39. https://
doi.org/10.1080/15384101.2017.1295178.

Paynton BV, Rempel R, Bachvarova R. Changes in state of adenylation and time
course of degradation of maternal mRNAs during oocyte maturation and early
embryonic development in the mouse. Dev Biol. 1988;129:304-14. https://
doi.org/10.1016/0012-1606(88)90377-6.

De Leon V, Johnson A, Bachvarova R. Half-lives and relative amounts of stored
and polysomal ribosomes and poly(A) + RNA in mouse oocytes. Dev Biol.
1983;98:400-8. https://doi.org/10.1016/0012-1606(83)90369-X.

Juan HC, Lin Y, Chen HR, Fann MJ. Cdk12 is essential for embryonic development
and the maintenance of genomic stability. Cell Death Differ. 2016;23:1038-48.
https://doi.org/10.1038/cdd.2015.157.

SPRINGER NATURE

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Federici S, Rossetti R, Moleri S, Munari EV, Frixou M, Bonomi M, et al. Primary
ovarian insufficiency: update on clinical and genetic findings. Front Endocrinol

(Lausanne).  2024;15:1464803  https://doi.org/10.3389/FENDO.2024.1464803/
BIBTEX.
Sokol ES, Pavlick D, Frampton GM, Ross JS, Miller VA, Ali SM, et al. Pan-Cancer

Analysis of CDK12 Loss-of-Function Alterations and Their Association with the
Focal Tandem-Duplicator Phenotype. Oncologist. 2019;24:1526-33. https://
doi.org/10.1634/THEONCOLOGIST.2019-0214/-/DC5.

Rouxel F, Relator R, Kerkhof J, McConkey H, Levy M, Dias P, et al. CDK13-related
disorder: Report of a series of 18 previously unpublished individuals and
description of an epigenetic signature. Genet Med. 2022;24:1096-107. https://
doi.org/10.1016/J.GIM.2021.12.016.

. Wu Z, Zhang W, Chen L, Wang T, Wang X, Shi H, et al. CDK12 inhibition upre-

gulates ATG7 triggering autophagy via AKT/FOXO3 pathway and enhances anti-
PD-1 efficacy in colorectal cancer. Pharmacol Res. 2024;201. https://doi.org/
10.1016/J.PHRS.2024.107097.

Wang H, Wan H, Li X, Liu W, Chen Q, Wang Y, et al. Atg7 is required for acrosome
biogenesis during spermatogenesis in mice. Cell Res. 2014;24:852-69. https://
doi.org/10.1038/CR.2014.70.

Castillo J, Knol JC, Korver CM, Piersma SR, Pham TV, de Goeij-de Haas RR, et al.
Human Testis Phosphoproteome Reveals Kinases as Potential Targets in Sper-
matogenesis and Testicular Cancer. Mol Cell Proteom. 2019;18:5132 https://
doi.org/10.1074/MCP.RA118.001278.

Allingham-Hawkins DJ, Babul-Hirji R, Chitayat D, Holden JJA, Yang KT, Lee C, et al.
Fragile X Premutation Is a Significant Risk Factor for Premature Ovarian Failure:
The International Collaborative POF in Fragile X Study—Preliminary Data. Am J
Med Genet. 1999;83:322. https://doi.org/10.1002/(SICI)1096-8628(19990402)
83:4<322:AID-AJMG17>3.0.CO;2-B.

Zhao H, Chen ZJ, Qin Y, Shi Y, Wang S, Choi Y, et al. Transcription Factor FIGLA is
Mutated in Patients with Premature Ovarian Failure. Am J Hum Genet.
2008;82:1342-8. https://doi.org/10.1016/J.AJHG.2008.04.018.

del Llano E, Masek T, Gahurova L, Pospisek M, Koncicka M, Jindrova A, et al. Age-
related differences in the translational landscape of mammalian oocytes. Aging
Cell. 2020:e13231. https://doi.org/10.1111/acel.13231.

Ke H, Tang S, Guo T, Hou D, Jiao X, Li S, et al. Landscape of pathogenic mutations
in premature ovarian insufficiency. Nat Med. 2023;29:483-92. https://doi.org/
10.1038/541591-022-02194-3.

Luo W, Ke H, Tang S, Jiao X, Li Z, Zhao S, et al. Next-generation sequencing of 500
POI patients identified novel responsible monogenic and oligogenic variants. J
Ovarian Res. 2023;16:1-13. https://doi.org/10.1186/513048-023-01104-6/TABLES/
3.

Mok-Lin E, Ascano M, Serganov A, Rosenwaks Z, Tuschl T, Williams Z Premature
recruitment of oocyte pool and increased mTOR activity in Fmr1 knockout mice
and reversal of phenotype with rapamycin. Sci Rep. 2018;8. https://doi.org/
10.1038/541598-017-18598-Y.

Jasti S, Warren BD, McGinnis LK, Kinsey WH, Petroff BK, Petroff MG. The Auto-
immune Regulator Prevents Premature Reproductive Senescence in Female Mice.
Biol Reprod. 2012;86:110 https://doi.org/10.1095/BIOLREPROD.111.097501.

Liang LF, Soyal SM, Dean J. FIGa, a germ cell specific transcription factor involved
in the coordinate expression of the zona pellucida genes. Development.
1997;124:4939-47.

Day FR, Hinds DA, Tung JY, Stolk L, Styrkarsdottir U, Saxena R, et al. Causal
mechanisms and balancing selection inferred from genetic associations with
polycystic ovary syndrome. Nat Commun. 2015;61:1-7. https://doi.org/10.1038/
ncomms9464.

JSE L, JAV, AG U, WP V, JHJ. H Menopause: genome stability as new paradigm.
Maturitas n.d.;92:15-23.

Rodgers RJ, Laven JSE. Genetic relationships between early menopause and the
behaviour of theca interna during follicular atresia. Hum Reprod. 2020;35:2185-7.
https://doi.org/10.1093/HUMREP/DEAA173.

Zhang C, Yu D, Mei Y, Liu S, Shao H, Sun Q, et al. Single-cell RNA sequencing of
peripheral blood reveals immune cell dysfunction in premature ovarian insuffi-
ciency. Front Endocrinol (Lausanne). 2023;14. https://doi.org/10.3389/
FENDO.2023.1129657.

Liu D, Guan X, Liu W, Jia Y, Zhou H, Xi C, et al. Identification of transcriptome
characteristics of granulosa cells and the possible role of UBE2C in the patho-
genesis of premature ovarian insufficiency. J Ovarian Res. 2023;16:1-20. https://
doi.org/10.1186/513048-023-01266-3/FIGURES/9.

Yu Z, Peng W, Li M. Exploring biomarkers of premature ovarian insufficiency
based on oxford nanopore transcriptional profile and machine learning. Sci Rep.
2023;131:1-10. https://doi.org/10.1038/541598-023-38754-x.

Meskhi A, Seif MW. Premature ovarian failure. Curr Opin Obstet Gynecol.
2006;18:418-26. https://doi.org/10.1097/01.GCO.0000233937.36554.D3.

Shelling AN. Premature ovarian failure. Reproduction. 2010;140:633-41. https://
doi.org/10.1530/REP-09-0567.

Cell Death and Disease (2025)16:213


https://doi.org/10.1111/CGE.13156
https://doi.org/10.1038/S41419-018-1196-3
https://doi.org/10.1007/S10815-019-01548-0
https://doi.org/10.3389/FCELL.2024.1370772
https://doi.org/10.3389/FCELL.2024.1370772
https://doi.org/10.1038/s41467-019-09703-y
https://doi.org/10.1038/s41467-019-09703-y
https://doi.org/10.3390/CELLS13100850
https://doi.org/10.3390/CELLS13100850
https://doi.org/10.1080/09513590.2016.1232676
https://doi.org/10.1080/09513590.2016.1232676
https://doi.org/10.1016/0012-1606(87)90192-8
https://doi.org/10.1095/biolreprod.112.103887
https://doi.org/10.3389/FCELL.2022.827937
https://doi.org/10.1186/S13048-024-01431-2
https://doi.org/10.1038/ncomms4505
https://doi.org/10.1128/MCB.06267-11
https://doi.org/10.1126/sciadv.aaz5041
https://doi.org/10.1016/J.EJMECH.2021.114012
https://doi.org/10.1016/J.EJMECH.2021.114012
https://doi.org/10.1371/JOURNAL.PONE.0152254
https://doi.org/10.1371/JOURNAL.PONE.0152254
https://doi.org/10.4161/NUCL.29347
https://doi.org/10.4161/NUCL.29347
https://doi.org/10.1101/GAD.428407
https://doi.org/10.1093/NAR/GKAE240
https://doi.org/10.1080/15384101.2017.1295178
https://doi.org/10.1080/15384101.2017.1295178
https://doi.org/10.1016/0012-1606(88)90377-6
https://doi.org/10.1016/0012-1606(88)90377-6
https://doi.org/10.1016/0012-1606(83)90369-X
https://doi.org/10.1038/cdd.2015.157
https://doi.org/10.3389/FENDO.2024.1464803/BIBTEX
https://doi.org/10.3389/FENDO.2024.1464803/BIBTEX
https://doi.org/10.1634/THEONCOLOGIST.2019-0214/-/DC5
https://doi.org/10.1634/THEONCOLOGIST.2019-0214/-/DC5
https://doi.org/10.1016/J.GIM.2021.12.016
https://doi.org/10.1016/J.GIM.2021.12.016
https://doi.org/10.1016/J.PHRS.2024.107097
https://doi.org/10.1016/J.PHRS.2024.107097
https://doi.org/10.1038/CR.2014.70
https://doi.org/10.1038/CR.2014.70
https://doi.org/10.1074/MCP.RA118.001278
https://doi.org/10.1074/MCP.RA118.001278
https://doi.org/10.1002/(SICI)1096-8628(19990402)83:4%3C322::AID-AJMG17%3E3.0.CO;2-B
https://doi.org/10.1002/(SICI)1096-8628(19990402)83:4%3C322::AID-AJMG17%3E3.0.CO;2-B
https://doi.org/10.1016/J.AJHG.2008.04.018
https://doi.org/10.1111/acel.13231
https://doi.org/10.1038/S41591-022-02194-3
https://doi.org/10.1038/S41591-022-02194-3
https://doi.org/10.1186/S13048-023-01104-6/TABLES/3
https://doi.org/10.1186/S13048-023-01104-6/TABLES/3
https://doi.org/10.1038/S41598-017-18598-Y
https://doi.org/10.1038/S41598-017-18598-Y
https://doi.org/10.1095/BIOLREPROD.111.097501
https://doi.org/10.1038/ncomms9464
https://doi.org/10.1038/ncomms9464
https://doi.org/10.1093/HUMREP/DEAA173
https://doi.org/10.3389/FENDO.2023.1129657
https://doi.org/10.3389/FENDO.2023.1129657
https://doi.org/10.1186/S13048-023-01266-3/FIGURES/9
https://doi.org/10.1186/S13048-023-01266-3/FIGURES/9
https://doi.org/10.1038/s41598-023-38754-x
https://doi.org/10.1097/01.GCO.0000233937.36554.D3
https://doi.org/10.1530/REP-09-0567
https://doi.org/10.1530/REP-09-0567

70. Rossetti R, Ferrari I, Bonomi M, Persani L. Genetics of primary ovarian insuffi-
ciency. Clin Genet. 2017;91:183-98. https://doi.org/10.1111/cge.12921.

71. Coulam CB, Laws ER, Abboud CF, Randall RV. PRIMARY AMENORRHEA AND
PITUITARY ADENOMAS. Fertil Steril. 1981;35:615-9. https://doi.org/10.1016/
S0015-0282(16)45551-2.

72. Kalantaridou SN, Davis SR, Nelson LM. PREMATURE OVARIAN FAILURE. Endocrinol
Metab Clin North Am. 1998;27:989-1006. https://doi.org/10.1016/S0889-8529(05)
70051-7.

73. Fraison E, Crawford G, Casper G, Harris V, Ledger W. Pregnancy following diag-
nosis of premature ovarian insufficiency: a systematic review. Reprod Biomed
Online. 2019;39:467-76. https://doi.org/10.1016/J.RBMO.2019.04.019.

74. Erickson GF, Shimasaki S. The role of the oocyte in folliculogenesis. Trends
Endocrinol Metab. 2000;11:193-8. https://doi.org/10.1016/S1043-2760(00)00249-6.

75. Dong J, Albertini DF, Nishimori K, Kumar TR, Lu N, Matzuk MM. Growth differ-
entiation factor-9 is required during early ovarian folliculogenesis. Nature.
1996;383:531-5. https://doi.org/10.1038/383531A0.

76. Aaltonen J, Laitinen MP, Vuojolainen K, Jaatinen R, Horelli-Kuitunen N, Seppa L,
et al. Human growth differentiation factor 9 (GDF-9) and its novel homolog GDF-
9B are expressed in oocytes during early folliculogenesis. J Clin Endocrinol Metab.
1999;84:2744-50. https://doi.org/10.1210/JCEM.84.8.5921.

77. Bodensteiner KJ, Clay CM, Moeller CL, Sawyer HR. Molecular cloning of the ovine
Growth/Differentiation factor-9 gene and expression of growth/differentiation
factor-9 in ovine and bovine ovaries. Biol Reprod. 1999;60:381-6. https://doi.org/
10.1095/BIOLREPROD60.2.381.

78. Jaatinen R, Laitinen MP, Vuojolainen K, Aaltonen J, Louhio H, Heikinheimo K, et al.
Localization of growth differentiation factor-9 (GDF-9) mRNA and protein in rat
ovaries and cDNA cloning of rat GDF-9 and its novel homolog GDF-9B. Mol Cell
Endocrinol. 1999;156:189-93. https://doi.org/10.1016/5S0303-7207(99)00100-8.

79. Isola JVWV, Ocanas SR, Hubbart CR, Ko S, Mondal SA, Hense JD, et al. A single-cell
atlas of the aging mouse ovary. Nat Aging. 2024;41:145-62. https://doi.org/
10.1038/543587-023-00552-5.

80. Houles T, Lavoie G, Nourreddine S, Cheung W, Vaillancourt-Jean E, Guérin CM,
et al. CDK12 is hyperactivated and a synthetic-lethal target in BRAF-mutated
melanoma. Nat Commun. 2022;131:1-16. https://doi.org/10.1038/541467-022-
34179-8.

81. Yagel S, Gullo G, Ospedaliera A, Riuniti Villa O, Cervello S, Gonfloni S, et al. Sig-
naling pathway intervention in premature ovarian failure. Front Med.
2022;9:999440 https://doi.org/10.3389/FMED.2022.999440.

82. Tetkova A, Hancova M. Mouse Oocyte lIsolation, Cultivation and RNA Micro-
injection. BIO-PROTOCOL 2016. https://doi.org/10.21769/bioprotoc.1729.

83. Jansova D, Aleshkina D, Jindrova A, lyyappan R, An Q, Fan G, et al. Single
Molecule RNA Localization and Translation in the Mammalian Oocyte and
Embryo. J Mol Biol. 2021;433. https://doi.org/10.1016/J.JMB.2021.167166.

ACKNOWLEDGEMENTS

We wish to thank J. Supolikova and M. Hancova for technical assistance. We also
thank to A. Jindrova, R. lyyappan and K. Kakavand for critical reading of the
manuscript. The authors used the services of the Czech Center for Phenogenomics at
IMG supported by the Czech Academy of Sciences RVO 68378050 and the project

Cell Death and Disease (2025)16:213

D. Jansova et al.

LM2023036. This work was supported by GACR 22-27301S, EXCELLENCE [CZ.02.1.01/
0.0/0.0/15_003/0000460 OP RDE], Strategie VP38 AV21, Institutional Research
Concept RVO67985904, National Institute for Cancer Research (Programme EXCELES,
ID Project No. LX22NPO5102)—Funded by the European Union—Next Generation EU
and V. Sedmikova by IGA from IAPG 2022.

AUTHOR CONTRIBUTIONS

D.J.: Supervision, Conceptualization, Investigation, Validation, Methodology, Writing
—original draft, review & editing. Project administration. V.S.: Validation, Methodol-
ogy, Investigation. F.B.: Validation, Methodology, Investigation, review & editing. D.A.:
Validation, Methodology, Investigation. M.D.: Investigation. M.K.: Funding acquisition,
editing. J.R.: Methodology. J.R.: Methodology. J.K.: Writing—original draft, review &
editing. A.S.: Conceptualization, Supervision, Funding acquisition, Writing—original
draft, review & editing.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-025-07536-w.

Correspondence and requests for materials should be addressed to Denisa Jansova
or Andrej Susor.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

SPRINGER NATURE

13


https://doi.org/10.1111/cge.12921
https://doi.org/10.1016/S0015-0282(16)45551-2
https://doi.org/10.1016/S0015-0282(16)45551-2
https://doi.org/10.1016/S0889-8529(05)70051-7
https://doi.org/10.1016/S0889-8529(05)70051-7
https://doi.org/10.1016/J.RBMO.2019.04.019
https://doi.org/10.1016/S1043-2760(00)00249-6
https://doi.org/10.1038/383531A0
https://doi.org/10.1210/JCEM.84.8.5921
https://doi.org/10.1095/BIOLREPROD60.2.381
https://doi.org/10.1095/BIOLREPROD60.2.381
https://doi.org/10.1016/S0303-7207(99)00100-8
https://doi.org/10.1038/s43587-023-00552-5
https://doi.org/10.1038/s43587-023-00552-5
https://doi.org/10.1038/s41467-022-34179-8
https://doi.org/10.1038/s41467-022-34179-8
https://doi.org/10.3389/FMED.2022.999440
https://doi.org/10.21769/bioprotoc.1729
https://doi.org/10.1016/J.JMB.2021.167166
https://doi.org/10.1038/s41419-025-07536-w
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

