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ABSTRACT: Samples of blood and marrow from children with leukemia were assayed for telomerase activity
expression on the day of diagnosis and during the course of chemotherapy. A strong correlation betweer
variables and clinical response was observed in most patients. A unigue case was observed in which telo
activity was only moderately increased on diagnosis; it gradually increased in the course of therapy,
subsequent decrease occurred only after application of intensified therapy. This patient did not respond to tl
his disease progressed, and he finally died during intensified therapy. In another patient, analysis of tel
lengths using dideoxy-PRINS revealed a single telomere expansion on a long arm of chromosome 4, sug:
involvement of a telomerase-independent mechanism of telomere elongati@w00 Academic Press
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INTRODUCTION ase activity, e.g., via folding of telomeric DNA

into telomerase-inaccessible structures such as
tialIoops or quadruplexes promoted by specific prc
h teins. Hopefully, the intriguing question of differ-
ential regulation of telomere lengths on individua
chromosomes will also be answered. The methc

Telomerase activity is regarded as an essen
step for the immortalization of human cells, bot
in vitro and in tumor progressioim vivo. Al-
though altered telomerase activity is not a cause _ .
of malignancy, a strong association between theOf terminal restriction fragments (TRF)_has show!
presence of telomerase activity and malignancythat telomeres gradually shorten during tumori
makes the enzyme one of the most common tumord€nesis and are stabilized only upon activation
markers (1). The knowledge of human telomerasetelomerase, typically at their shortened sizes. B
subunit composition made it possible to combine sides telomerase, rare cases of activation of alte
the test for activity of telomerase [commonly per- Nnative mechanism of telomere lengthening (ALT
formed as the telomere repeat amplification pro- were observed in botm vitro immortalized hu-
tocol, TRAP (2)] with the RT-PCR test for ex- Mman cells and tumor tissue samples (3). The AL
pression of its reverse transcriptase and RNA sub-mechanism, probably based on recombinatic
units. A further step in understanding telomere events, results in generation of sequence-heter
biology could be achieved through accumulating geneous telomeres expanded to multiples of the
information on regulatory mechanisms control- original lengths. A commonly used TRF tech-
ling telomere lengths in the presence of telomer- nique (Southern hybridization of terminal restric-
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TABLE 1
Telomerase Activities in the Course of Therapy
Patient No. Diagnosis 0 BM 0 PB 2PB 4 PB 6 PB 8 PB 15 PB 34 PB 34 Bl
1 AML 94.8 65.1 n n n n 18.9 211 n
2 ALL 100.0 70.7 61.7 46.4 12.1 171 14.9 171 26.2
3 ALL 41.0 37.9 48.0 n 75.5 46.5 18.7 t
4 ALL n 98.0 n 25.3 21.7 16.2 21.0 104 n
5 ALL n 52.7 36.2 30.0 315 19.9 111 n n
6 AML n 98.4 t
7 ALL n 80.5 n 16.3 135 11.3 9.2 n n
8 ALL n 120.9 t
Control 1 — n 18.2 n n n n 11.8 14.6 n
Control 2 — n 21.2 n n n n 17.2 18.3 n

Note.n, data not available; T, patient died; BM, bone marrow; controls 1, 2, healthy individuals (without treatment).

tion fragments) is able to show only the average expression, telomere analysissitu) in the course
size of telomeres, not their individual differences of therapy of cases of childhood leukemia.

or even a complete loss or extreme expansion at

certain chromosome arms. Instead of TRF, aMATERIALS AND METHODS

quantitative analysis of telomer@&s situ using a
dideoxy-version of PRimedIN Situ labeling

(dideoxy-PRINS) technique has become a tool of
choice for detailed analysis of telomeres. Eight children with acute leukemia have beel

In this report we present results of our study followed, six of them diagnosed as acute lymphc
on telomere dynamics (telomerase activity and blastic leukemias (ALL) and two as acute myeloic
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FIG. 1. Profiles of telomerase activities during treatment of childhood acute leukemias. Results in TPG units
product generated, Intergen Manual) were calculated from the signals obtained from two parallel reactions (60 ng c
protein per assay) using the TRAPeze telomerase detection kit (Intergene). While the profile observed in patient 2 is
for most patients (see Table 1), the increase in telomerase activity during the first 6 days of treatment in patient 3 is
within our set of patients (see also Results and Discussion).
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in cell extracts was determined by the Bradfort
procedure (4).

Total RNA was isolated from blood or mar-
row cells using a RNeasy Mini kit (QIAGEN) and
the quality of the product was checked on a
agarose gel. RT-PCRs were performed using ¢
Enhanced Avian RT-PCR kit with primers spe-
cific for the telomerase catalytic subunit’{5
CCTCTGTGCTGGGCCTGGACGATA-3 and
5'-ACGGCTGGAGGTCTGTCAAGGTAG-3,

- 3 % = omen.. = the RNA subunit (5CCTAACTGAGA-
3 -

patient 4 patient 1 patient 2
+—p p +—p

Day 0 41534 0 0 1534 2 4 6 8 15 34
PBPBPBPB BMPBPB PB PBPBPBPB PBPB

M (100 bp ladder)

- AGGGCGTAGG and 5GACTCGCTCCGTTC-
e CTCTTC-3) and for G3PDH mRNA
(5'-ACCACAGTCCATGCCATCAC-3 and 8-
TCCACCACCCTGTTGCTGTA-3 as a refer-

FIG. 2. Expression of the catalytic subunit of telomer ence transcript. After reverse transcriptiol
ase (hTERT) during the treatment period of three different (46°C/A5 min) and initial denaturation (94°C/3

patients. RNA samples were first analyzed for G3PDH as aMiN), PCR proceeded for 30 cycles (_94°C/45 §
reference transcript, and then used for RT-PCR of hTERT. 55°C/30 s, 68°C/45 s) followed by a final exten

PB, peripheral blood; BM, bone marrow. sion step (68°C/5 min).

. . i—i i

In Situ Analysis of Telomeres

leukemia (AML). Written informed consent was
obtained from each patient or their parents. Onthe  Cell suspensions obtained on the day of diag
day of diagnosis (day 0), bone marrow (BM) and nosis from blood of eight patients were analyze
peripheral blood (PB) was collected. Further col- by dual color PRINS (PRimetN Situ labeling).
lection of blood was performed on days 2, 4, 6, 8, In the first step, telomeres were labeled b
15, and 34 of therapy. dideoxy-primedn situ labeling (dideoxy PRINS)
Patients with ALL were treated according to using the probe Telo2 (CCCTAA)S). PRINS
the BFM 95 protocol, and those with AML ac- utilizes an unlabeled probe which after hybridiza

cording to the BFM 98 protocol. tion to its target sequence serves as a primer f
N _ chain elongation using Tth DNA polymerase tc
Telomerase Activity and Expression Assays incorporate labeled nucleotides. Dideoxy-PRIN:

is more specific for labeling sequences which lac
Nucleated cells were isolated from blood or one or more of the four bases of DNA; the base(:
marrow samples using HISTOPAQUE-1.077 not needed for chain elongation can be added
(Sigma Diagnostics) according to the manufactur- the form of dideoxynucleotide(s) to reduce non
er's instructions. The resulting cell pellet was relevant priming from random breaks in chromo
divided into aliquots for preparation of cell ex- somal DNA. In the case of the human C-rict
tracts for TRAP assay, total RNA preparation and telomeric strand, the dideoxynucleotide used |
cell counting. A TRAPeze telomerase detection ddGTP. Telo2-primed synthesis was visualize
kit (Intergene) was used for preparation of cell through incorporation of fluorescein—dUTF
extracts and for semiquantitative TRAP assay ac-(Roche). After the chain elongation, thé-énds
cording to the supplier’s instructions. A non-iso- of products were blocked by ddNTP before the
topic detection method using SYBR Green (Mo- next PRINS reaction (6).
lecular Probes) staining of reaction products after  Finally, centromeres of chromosome 4 wer:
separation by polyacrylamide electrophoresis haslabeled with the common PRINS reaction usint
been used throughout. The protein concentrationthe probe Alpha 4/12 (53CTG AGA ATG CTT
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FIG. 3. Analysis of telomeres of patient 2 by dideoxy-PRINS with the probe Telo2. On one chromosome, an incre
telomeric signal was observed (arrows) corresponding to a£835)-fold telomere expansion with respect to the averac
of the other telomeric signals (A). Healthy control is shown for comparison (B). The chromosome possessing the ex
telomere was identified as chromosome 4 using PRINS with the centromeric probe Alpha 4/12 (C, D). The amplified telc
signal can also be seen in interphase nuclei (C).

CTC TCT AGA TCT AGT TAT TAT ATG TCA healthy donors (Table 1). In further samples co
TCC C-3) (7) and digoxygenin—dUTP label lected in the course of therapy, a tight correlatio
(Roche). Rhodamine-conjugated anti-digoxyge- of telomerase activity with the clinical response
nin antibody (Roche) was used for visualization. was observed: most patients showed a comple
morphological remission and a corresponding d
RESULTS AND DISCUSSION crease of telomerase activity almost to the leve
of healthy donors within several days after diag
nosis (a typical profile is shown in Fig. 1, patien
2). A unique case was observed in the case
All eight acute leukemia patients were telom- ALL patient 3 whose telomerase activity on th
erase-positive on the day of diagnosis and showedday of diagnosis (day 0) was only moderatel
several fold increase of activity compared to increased above the normal; in the course of the

Telomerase Activity Profiles in the Course of
Therapy
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apy the activity gradually increased until day 6, ALL patient. In contrast to previously describec
and a subsequent decrease occurred only aftemechanism of alternative lengthening of telo
application of intensified therapy (Fig. 1, patient meres (ALT) (3, 9), the single telomere expansio
3). This patient did not respond to therapy, his observed here occurs in telomerase-positive cel
disease progressed and he finally died during in-while ALT and telomerase activity seem to be
tensified therapy. mutually exclusive and apply to all telomeres
within a cell (10). Our data thus suggest that
certain level of telomere length regulation is chro
mosome- or even telomere-specific.

Expression of Telomerase RNA and Catalytic
Subunit

RT-PCR examination of expression of the
RNA subunit (hnTR) revealed its ubiquitous occur-
rence in all samples collected. Telomerase cata- 1. . thors thank Dr. Ronald Hancock (Laval Uni

lytic subunit _(hTERT) MRNA v_vas present in all versity Cancer Research Centre) for critical reading ¢
samples until day 15, and disappeared or wWasihe manuscript and DAKO (Denmark) for providing us

S_UbSIantia”y reduced on day 34 (Fig. 2). EXpres- with software Telomere Quantifier. This work was sup
sion of hTERT, was also detected in RNA sam- ported by the Grant Agency of the Czech Republic

ples from healthy donors, corresponding to the Project 301/99/0045, the Grant Agency of the Academ
low levels of telomerase activity found in their of Sciences of the Czech Republic, Project S500401
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Dideoxy-PRINS Analysis of Telomeres
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