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AI Artificial intelligence 

ANN Artificial neural networks 

cGLP Current good laboratory practice 

ECM Extracellular matrix 

EMT Epithelial-to-mesenchymal transition 

ER Endoplasmic reticulum 

FIGO International Federation of Gynecology and Obstetrics 

hESCs Human embryonic stem cells 

MALDI-TOF MS Matrix-assisted laser desorption/ionization Time-Of-Flight 

Mass Spectrometry 

MET Mesenchymal-to-epithelial transition 

mOSE Mouse ovarian surface epithelium 

NPs Nanoparticles 

OC Ovarian cancer 

OST Oligosaccharyl transferase 

ROS Reactive oxygen species 

TEM Transmission electron microscopy 

TUSC3 Tumor suppressor candidate 3 

UPR Unfolded protein response 
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VII. COMMENTED  OVERVIEW OF SELECTED PUBLICATIONS 
  

Eighteen publications elaborated 2011-2018 primarily at the Department of 

Histology and Embryology of the Faculty of Medicine, Masaryk University, are 

commented. Author contributed to the presented set of publications in five cases as 

the first-author, in seven cases as co-author and in six cases as the corresponding author 

of the multidisciplinary team.   

Research axis I  

1. Pils D, Horak P, �s���x�Z���Œ���� �W, Anees M, Petz M, Alfanz A, Gugerell A, Wittinger M, 
Gleiss A, Auner V, Tong D, Zeillinger R, Braicu Ei, Sehouli J, Krainer M.  
Methylation status of TUSC3 is a prognostic factor in ovarian cancer.  Cancer. 
2013; 119(5): 946-954.  

2. �s���x�Z���Œ�����W, Horak P, Pils D, Anees M, Petz M, Gregor W, Zeillinger R, Krainer M. Loss 
of the oligosaccharyl transferase subunit tusc3 promotes proliferation and 
migration of ovarian cancer cells. International Journal of Oncology. 2013; 42(4): 
1383-1389.   

3. Horak P, Tomasich E, �s���x�Z���Œ�����W�U���<�Œ���š�}���Z�À�_�o�}�À�����<�U�����v�����•���D�U���D���Œ�Z�}�o�����D�U���>���u�����Œ�P���Œ��
CE, Gerschpacher M, Horvat R, Sibilia M, Pils D, Krainer M.  TUSC3 loss alters the 
ER stress response and accelerates prostate cancer growth in vivo. Scientific 
Reports 2014; 4: 3739.  

4. �<�Œ���š�}���Z�À�_�o�}�À�����<�U���,�}�Œ���l���W�U�����“�v���Œ���D�U���^�}�µ�����l���<�U���W�]�o�•�����U�����v�����•���D�U���d�}�u���•�]���Z�����U�����Œ���(�]���&�U��
�:�µ�Œ�š�_�l�}�À�����s�U���,���u�‰�o�����U���<�Œ���]�v���Œ���D�U���s���x�Z���Œ�����W. Tumor suppressor candidate 3 (TUSC3) 
prevents the epithelial-to-mesenchymal transition and inhibits tumor growth by 
modulating the endoplasmic reticulum stress response in ovarian cancer cells. 
International Journal of Cancer 2015; 137(6): 1330-1340.   

5. �<�Œ���š�}���Z�À�_�o�}�À�����<�U���D�}�Œ���x���>�U���W�����}�µ�Œ�}�À�����^�U���^�š���i�•�l���o���^�U���d���•���Ž�}�À�����>�U���a�]�u���Œ�����W�U���,���u�‰�o�����U��
�<�}�µ�š�v���� �/�U���s���x�Z���Œ���� �W. The role of the endoplasmic reticulum stress in stemness, 
pluripotency and development. European Journal of Cell Biology 2016; 95(3-5): 
115-123.  

6. �s���“�_���l�}�À���� �<�U�� �,�}�Œ���l�� �W�U���s���x�Z���Œ���� �W. TUSC3: functional duality of a cancer gene. 
Cellular and Molecular Life Sciences 2017; 75(5): 849-857.   

7. �W���Œ�v�]���}�À���� �•�U���s���x�Z���Œ���� �W�U�� �^�}�µ�����l�� �<�X��Formation of secretory senescent cells in 
prostate tumors: the role of androgen receptor activity and cell cycle regulation. 
In: Hayat MA (ed). Tumor Dormancy, Quiescence, and Senescence, Volume 1: Aging, 
Cancer, and Noncancer Pathologies. Springer Netherlands, 2013; pp 303-316.  
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8. �s���x�Z���Œ���� �W�U�� �,���u�‰�o�� ���U�� �<�}�Ì�µ���_�l�� ���U�� �^�}�µ�����l�� �<�X��Growth/differentiation Factor-15: 
prostate cancer suppressor or promoter? Prostate Cancer and Prostatic Diseases 
2012; 15(4): 320-328.   

9. Trudu F, Amato F, �s���x�Z���Œ���� �W, Pivetta T, Pena-Mendez EM, Havel J. Coordination 
compounds in cancer: past, present and perspectives. Journal of Applied 
Biomedicine 2015; 13(2): 79-103.   

10. �s���“�_���l�}�À���� �<�U���D�}�Œ���x�� �>�U���'�µ�Œ�_�v�� ���U���s���x�Z���Œ���� �W. Alleviation of endoplasmic reticulum 
stress by tauroursodeoxycholic acid delays senescence of mouse ovarian surface 
epithelium. Cell and Tissue Research 2018; 374(3): 643-652.  

  

Research axis II  
  

11. �<�}�o���Ž�}�À���� �>�U���s���x�Z���Œ���� �W, Pena-Mendez EM, Hampl A, Havel J. Tissue visualization 
mediated by nanoparticles: from tissue staining to mass spectrometry tissue 
profiling and imaging. In: Seifalian A (ed). Nanomedicine. Manchester, UK: One 
Central Press; 2014; pp 468-82.  

12. �<�}�o���Ž�}�À���� �>�U�� �<�µ�����Œ���� �>�U���s���x�Z���Œ���� �W, Hampl A, Havel J. Use of flower-like gold 
nanoparticles in time-of-flight mass spectrometry. Rapid Communications in Mass 
Spectrometry 2015; 29(17): 1585-1595.  

13. �<�}�o���Ž�}�À���� �>�U�� �W�Œ�}�l���“�� �>�U�� �<�µ�����Œ���� �>�U�� �,���upl A, Pena-Mendez EM, �s���x�Z���Œ���� �W, Havel J. 
Clusters of monoisotopic elements for calibration in (TOF) mass spectrometry. 
Journal of the American Association for Mass Spectrometry 2017; 28(3): 419-47.   
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Methylation Status of TUSC3 Is a Prognostic Factor
in Ovarian Cancer

Dietmar Pils, PhD 1; Peter Horak, MD 2; Petr Vanhara, PhD 2; Mariam Anees, PhD 2; Michaela Petz 2; Angela Alfanz 2;
Alfred Gugerell, PhD 2; Michael Wittinger, PhD 2; Andreas Gleiss, PhD 3; Veronika Auner 1; Dan Tong, PhD 1;

Robert Zeillinger, PhD 3; Elena-Ioana Braicu, MD 4; Jalid Sehouli, MD 4; and Michael Krainer, MD 2

BACKGROUND. Current prognostic information in ovarian cancer is based on tumor stage, tumor grade, and postoperative tumor
size. Reliable molecular prognostic markers are scarce. In this article, the authors describe epigenetic events in a frequently deleted
region on chromosome 8p22 that influence the expression of tumor suppressor candidate 3 ( TUSC3), a putative tumor suppressor
gene in ovarian cancer. METHODS. Messenger RNA expression and promoter hypermethylation of TUSC3 were studied in ovarian can-
cer cell lines and in tumor samples from 2 large, independent ovarian cancer cohorts using polymerase chain reaction-based meth-
ods. RESULTS. The results indicated that TUSC3 expression is decreased significantly because of promoter methylation in malignant
ovarian tumors compared with benign controls. Almost 33% of ovarian cancer samples had detectable TUSC3 promoter methylation.
Furthermore, methylation status of the TUSC3 promoter had a significant and independent influence on progression-free and overall
survival. CONCLUSIONS. TUSC3 hypermethylation predicted progression-free and overall survival in ovarian cancer. The current
observations suggested a role for N-glycosylating events in ovarian cancer pathogenesis in general and identified the epigenetic
silencing of TUSC3 as a prognostic factor in this disease. Cancer 2013;119:946-54. VC 2012 American Cancer Society.

KEYWORDS: TUSC3, methylation, ovarian cancer, glycosylation, progression-free survival, overall survival, biomarker..

INTRODUCTION
Epithelial ovarian cancer is the most lethal gynecologic malignancy and the fourth most frequent cause of cancer-related
death among women in industrialized countries.1 Because> 75% of women are diagnosed with advanced disease (Interna-
tional Federation of Gynecology and Obstetrics [FIGO] stages III and IV), an early diagnosis presents 1 of the challenges
of this disease. Patients with advanced ovarian cancer undergo intensive multimodal therapy consisting of cytoreductive
surgery and (neo)adjuvant platinum-based and taxane-based chemotherapy. Regardless of the progress made in surgical
and medical therapies over recent decades, the outcome for women with advanced ovarian cancer remains grim. Innova-
tive, hypothesis-driven approaches to biomarker development remain essential even in the era of high-throughput
sequencing and various omics. Studies of promoter methylation patterns in tumor suppressor genes have yielded several
promising methylated biomarker candidates.2…4In contrast to a gene or protein expression analysis, methylation can easily
be detected using polymerase chain reaction (PCR)-based methods in both tumor material and body fluids.5…7

TUSC3(tumor suppressor candidate 3), originally named N33, was identified as a potential tumor suppressor gene
in prostate cancer8,9and is located on chromosome band 8p22. Known homozygous deletions of this region in pancreatic
cell lines10,11and prostate cancer cell lines12,13contain no other cancer-related genes exceptTUSC3, although mutations
of theTUSC3coding sequence have not been observed. Through a systematic screening of this region on 8p22, we
recently observed thatTUSC3is significantly down-regulated in high-grade ovarian cancer and may have prognostic sig-
nificance.14 TUSC3deletions or mutations reportedly are frequently associated with mental retardation.15,16 TUSC3
shares high sequence homology with Ost3p, a subunit of the oligosaccharyltransferase (OST) complex involved in N-gly-
cosylation of proteins inSaccharomyces cerevisiae,17…19suggesting an analogous function in mammalian cells. Alterations
of protein N-glycosylation have been associated with some carcinogenic traits, such as invasiveness and metastatic poten-
tial.20…22Deregulated enzymatic activities of proteins directly involved in N-glycosylation or the availability of potential
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glycosylation sites determined by the branching of N-gly-
cans are considered to be crucial for these effects.23…26In
the current report, we describe the epigenetic regulation
of TUSC3expression through promoter methylation in
ovarian cancer and defineTUSC3 as an independent
prognostic factor in 2 large, independent cohorts of
women with ovarian cancer.

MATERIALS AND METHODS
Patient Characteristics
A written informed consent form for the scientific use of
biologic material was signed by all participating patients
according to the requirements of the Institutional Ethics
Committee of the Medical University of Vienna and the
Ethics Committee of the Charite Hospital of Berlin. All
patient-associated information was anonymized for fur-
ther analysis.

Samples of ovarian tumors for establishing the test
set were obtained between the years 2000 and 2003 from
patients who underwent radical surgery with the primary
objective of maximal tumor reduction at the Charite Hos-
pital of Berlin. Normal ovaries (microdissected ovarian
epithelium) and benign cyst samples came from patients
who were diagnosed without malignant disease and
underwent oophorectomy at the Medical University of
Vienna. In total, 20 benign ovarian samples and 102 pri-
mary tumor samples were assessed, microdissected, and
enriched for epithelial tissue (the clinicopathologic char-
acteristics are provided in Table 1). The validation set
included 97 ovarian tumor samples that were obtained
between the years 2005 and 2008 (Table 2). The majority
of patients in the test set (89%) and the validation set
(92%) received a platinum-based first-line chemotherapy
regimen (Tables 1 and 2). The study design adhered to
Reporting Recommendations for Tumor Marker
(REMARK) criteria, as applicable.27

Cell Culture and Cloning
The ovarian cancer cell lines A2780, A2780 ADR,
MDAH-2774, ES2, OVCAR-3, Caov-3, MIA PaCa-2,
and SKOV3 were obtained from the European Collection
of Cell Cultures (Health Protection Agency Culture Col-
lections, Porton Down, United Kingdom) or the Ameri-
can Type Culture Collection (Manassas, Va). Cells were
cultivated in medium (Caov-3 cells, Dulbecco modified
Eagle medium; MIA PaCa-2 and OV-CAR-3 cells,a-
minimal essential medium; SKOV3 cells, McCoy me-
dium; A2780, A2780 ADR, MDAH-2774, and ES2 cells,
RPMI medium; H134 cells, Dulbecco modified Eagle
medium with 25 mM HEPES, pH 8.0) enriched with

TABLE 1. Clinicopathologic Patient Characteristics:
Test Set

Characteristic
No. of

Patients (%)

Benign ovarian samples with
corresponding mRNA samples

20 (20)

Age at operation: Mean� SD, y 49.9 � 11.8
7 Normal ovaries: Mean age, y 51.6
13 Benign cysts: Mean age, y 49.0
Tumor samples (corresponding mRNA samples) 102 (99)
Age at diagnosis: Mean� SD, y 58.3 � 11.0
Histology
Serous 79 (77.4)a

Endometrioid 10 (9.8)
Mucinous 5 (4.9)
Clear cell 2 (2)
Other 5 (4.9)
Missing 1 (1)
FIGO stage
I 17 (16.7)
II 10 (9.8)
III 51 (50)
IV 22 (21.6)
Missing 2 (2)
Tumor grade
1 2 (2)
2 48 (46.1)
3 51 (50)
Missing 1 (1)
Residual disease after initial surgery
� 1 cm 86 (84.3)
> 1 cm 13 (12.7)
Missing 3 (2.9)
First-line chemotherapy
Carboplatin and paclitaxel 66 (64.7)
Carboplatin, paclitaxel, and gemcitabine 17 (16.7)
Carboplatin and other 8 (7.8)
Other 3 (2.9)
None 5 (4.9)
Missing 3 (2.9)
Response to first-line chemotherapy
NEDb 6 (5.9)
NCc 3 (2.9)
PDc 12 (11.8)
PRc 5 (4.9)
CRb 43 (42.2)
Missing 16 (15.7)
Duration of response, mo
0-6b 6 (5.9)
6-12b 5 (4.9)
> 12b 6 (5.9)
Remissions/PD
Without remission 49 (48)
With remission 33 (32.4)
PD 17 (16.7)
Missing 3 (2.9)

Abbreviations: CR, complete response; FIGO, International Federation of
Gynecology and Obstetrics; NC, no change; NED, no evidence of disease;
PD, progressive disease;
PR, partial response; SD, standard deviation.
a Percentages for histology were based on 102 tumor samples, because 1
patient (1%) was missing information on histology.
b These patients were responders to first-line chemotherapy.
c These patients were nonresponders to first-line chemotherapy.
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10% fetal calf serum, 50 U/mL� 1 penicillin G, and 50
l g/mL� 1 streptomycin sulfate at 37� C in a humidified
atmosphere with 5% CO2. The 32 ovarian cancer cell
lines that were used in our study were derived from
patients and cultivated as described previously.14 For the
reconstitution ofTUSC3 expression, the coding DNA
sequence of the IMAGE clone (BC010370 in pDNR-
LIB; Takara Bio Europe/Clontech, St. Germain-en-Laye,
France) was cloned into the expression vector pLP-IRE-
Sneo (Takara Bio Europe/Clontech). For the TUSC3-
FLAG-tag (TUSC3-FLAG) fusion protein, the FLAG
peptide was cloned in frame behind the C-terminus of
TUSC3. The empty vector pLP-IRESneo was used as a
control. Transfections were performed using Lipofect-
amine 2000 (Invitrogen, Darmstadt, Germany), and sta-
ble clones were selected with G418 (Sigma-Aldrich,
Munich, Germany) (H134 cells, 700l g/mL� 1; MIA
PaCa-2 cells, 800l g/mL� 1) and subcultured with half of
these concentrations. For the collagen I and bovine serum
albumin adhesion assay, the cells were incubated on
coated 96-well enzyme-linked immunosorbent assay
plates for 30 minutes, washed, and the remaining cells

were quantified with the Cell Titer-Blue cell-viability
assay (Promega, Madison, Wis).

DNA and RNA Isolation
Genomic DNA from approximately 15 mg of frozen tis-
sue or cell lines was extracted using the DNeasy Tissue Kit
(Qiagen, Hilden, Germany) and quantified with the Pico-
Green dsDNA Quantitation Kit (Molecular Probes,
Darmstadt, Germany). Total RNA from frozen tissues
was extracted using the Agilent Total RNA Isolation Mini
Kit (Agilent Technologies, Waldbronn, Germany). Total
RNA from cancer cell lines was prepared using the
RNeasy Mini Kit (Qiagen) and was quality/quantity
assessed on RNA Nano Chips (Lab-on-a-Chip, Agilent
Technologies).

Methylation-Specific Polymerase Chain Reaction
and 5-Aza-2 0-Deoxycytidine Treatment
Bisulfite treatment with 1l g genomic DNA was done as
described previously.28 Methylation-specific PCR (MSP)
was performed with 25 ng of bisulfite-treated DNA using
previously published primers29 for the test cohort and pri-
mers of our own design (methylated sequence: sense, 50-
GGTCGGGTAGGCGTGGTGCG-30; antisense, 50-
CCGCCCCGCTTACCTACGACGT-30; with amplifica-
tion of a 122-base-pair product; unmethylated sequence:
sense, 50-GAGGTTGGTTGGGTA GGTGTGGTGG-30;
antisense, 50-CACAACCACCACCCCACTTACCTA-
CAACAT-30; with amplification of a 136-base-pair prod-
uct) for the validation cohort with AmpliTaq Gold DNA
polymerase (Applied Biosystems,Carlsbad, Calif). Bisulfite
sequencing was performed directly with the PCR products
purified with the QIAquick PCR Purification Kit (Qiagen).
PCR products for the validation cohort were quantified
using ALFexpress II (GE Healthcare, Madison, Wis).
Because this method yielded continuous data in contrast to
the binary results from the original MSP, we dichotomized
it at the 29.4% level to match the distribution ofTUSC3
methylation negative and positive samples in the test cohort.
DNA demethylation of the MZ6 cancer cell line was per-
formed using a 72-hour treatment with 1l M or 2.5l M 5-
aza-20-deoxycytidine (Sigma-Aldrich) in cell culture me-
dium, and relativeTUSC3 expression was evaluated by
quantitative real-time reverse transcriptase (RT)-PCR.

cDNA Synthesis and Quantitative Real-Time
Reverse Transcriptase-Polymerase Chain
Reaction
cDNA was synthesized from 1l g DNase I-digested total
RNA using the DuraScript RT-PCR Kit (Sigma-Aldrich).
Expression was relatively quantified using TaqMan probes
specific for TUSC3 Hs00185147_m1 and b2-

TABLE 2. Clinicopathologic Patient Characteristics:
Validation Set

Characteristic
No. of

Patients (%)

No. of tumor samples 97
Age at diagnosis: Mean� SD, y 57.7 � 10.7
Histology
Serous 89 (91.7)a

Endometrioid 2 (2.1)
Mixed epithelial tumor 2 (2.1)
Other 4 (4.1)
FIGO stage
II 2 (2.1)
III 82 (84.5)
IV 13 (13.4)
Tumor grade
1 4 (4.1)
2 15 (15.5)
3 72 (74.2)
Missing 6 (6.2)
Residual disease after initial surgery
� 1 cm 60 (61.9)
> 1 cm 35 (36.1)
Missing 2 (2)
First-line chemotherapy
Carboplatin and paclitaxel and other 78 (80.4)
Carboplatin and docetaxel 5 (5.2)
Cisplatin and paclitaxel/docetaxel 6 (6.2)
Other 4 (4.1)
Missing 4 (4.1)

Abbreviations: FIGO, International Federation of Gynecology and Obstet-
rics; SD, standard deviation.
a Percentages for histology were based on 97 tumor samples.
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microglobulin Hs99999907_m1 (Applied Biosystems), as
described elsewhere,14,30and was expressed in relative ratio
units. All PCR reactions were performed in at least 3 inde-
pendent experiments, and RT-negative and template-nega-
tive controls were included.

Statistical Analysis
Continuous variables are expressed as means and standard
deviations, and categorical variables are expressed as abso-
lute and relative frequencies. To compare frequencies
between 2 or more groups, we used Fisher exact tests or
Fisher-Freeman-Halton tests, respectively. To compare
TUSC3expression between 2 or more groups, at test or a
1-way analysis of variance, respectively, was performed
using the log-transformed expression as independent vari-
able. Analogously, the potential influence of methylation
on TUSC3expression was investigated using at test on
the logarithmic scale. The potential influence ofTUSC3
methylation on progression-free and overall survival is
presented in plots of the corresponding Kaplan-Meier
estimates and quantified using Cox proportional hazards
regression models. Because of the restricted number of
events, onlyTUSC3methylation and the most prominent
predictor, FIGO stage, were forced into the model;
whereas the remaining variables were selected in a stepwise
manner. The date of documented first relapse or the first
documentation of disease progression, starting from the
time of the first diagnosis, was used as the time point for
disease progression. Univariate Cox models were used to
demonstrate the influence of known prognostic factors
and the potential new prognostic factor. To externally val-
idate our estimated Cox regression models, a risk score for
progression-free and overall survival was calculated with
the coefficients from the Cox regression models that we
built from our test set and corresponding data from our
validation set. A Cox regression model using this risk score
as a single predictor was used to validate the model esti-
mated from the test set. Coefficients close to 1.00 indi-
cated satisfactory prediction based on the model.Pvalues
� .05 were considered statistically significant. All compu-
tations were performed using the SAS statistical software
package (version 9.2; SAS Institute Inc., Cary, NC), and
the graphics were produced using SPSS software (version
13.0; SPSS Inc., Chicago, Ill).

RESULTS
Loss of Expression and Increased TUSC3
Promoter Methylation in Ovarian Cancer
Analyses of patient samples indicated thatTUSC3mes-
senger RNA (mRNA) expression was decreased signifi-

cantly in malignant ovarian tumors compared with
benign ovarian tissues (P < .001) (Fig. 1A, Table 3). We
did not observe any significant differences inTUSC3
expression with regard to patient age, FIGO stage, or his-
tologic grade.

To evaluate methylation status of theTUSC3pro-
moter in ovarian cancer, we used methylation specific
PCR. Hypermethylation of theTUSC3 promoter was
observed in 30 of 102 ovarian cancer tissues (29.4%), and
it was not observed in controls (P ¼ .003) (Fig. 1A, B).
TUSC3 promoter methylation in primary tumors was
correlated significantly with decreasedTUSC3 mRNA
expression (P < .001) (Fig. 1A), suggesting a mechanism
of promoter methylation-dependent epigenetic silencing
of TUSC3 in ovarian tumors. The statistical analysis
revealed no significant association betweenTUSC3pro-
moter methylation and clinicopathologic parameters like
tumor histology, tumor grade, FIGO stage, or patient age
(Table 4). To validate the results from MSP-based meth-
ods, we determined the CpG methylation frequency
within the TUSC3 promoter region using bisulfite
sequencing in 3 hypermethylated cell lines and 2 controls.
In the hypermethylated cell lines, on average, 75% of
CpG islands were methylated compared with 10% in con-
trols (data now shown).

Next, we used a panel of 38 ovarian cancer cell lines
that has been introduced and characterized previously.14

Expression and methylation analyses of ovarian cancer cell
lines confirmed a highly significant correlation between
TUSC3mRNA expression andTUSC3promoter methyla-
tion (P< .001) (Fig. 1A, C). We used MZ6 ovarian cancer
cells, which demonstratedTUSC3promoter hypermethyl-
ation (Fig. 1B), and treated the cell line with the demethy-
lating agent 5-aza-20-deoxycytidine for 72 hours. Genome-
wide demethylation led to a consequent increase inTUSC3
mRNA expression in this ovarian cancer cell line (Fig. 1D).
These results further illustrate the role of DNA methylation
in the regulation ofTUSC3expression.

TUSC3 Affects Cancer Cell Proliferation and
Adhesion
We reconstituted TUSC3 expression in a cancer cell line
model using H134 cells (an ovarian cancer cell line with
methylatedTUSC3) and MIA PaCa-2 cells (a pancreatic
carcinoma cell line with homozygous deletion of
TUSC3). TUSC3expression was stably reconstituted with
DNA constructs that coded for the TUSC3-FLAG fusion
protein or full-lengthTUSC3cDNA (TUSC3), respec-
tively. Reconstitution was confirmed quantitatively by
mRNA expression (Fig. 1E). We also assessed the
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influence of TUSC3 re-expression on cell proliferation
and adhesion. In TUSC3-reconstituted H134 and MIA
PaCa-2 cell lines, a significant decrease in cellular prolifer-
ation (expressed as increased doubling time) was observed
(Fig. 1E). In addition to these findings, TUSC3 re-expres-
sion significantly decreased the adhesion of cancer cells to
collagen I, an extracellular matrix component (Fig. 1F).

TUSC3 Promoter Methylation Predicts Survival
in Patients With Ovarian Cancer
We previously observed that TUSC3 was down-regulated
in high-grade ovarian cancer using a systematic approach

to analyze putative tumor suppressor genes on the short
arm of chromosome 8.14 In the current analysis of a larger
cohort, we observed that patients who had tumors with
TUSC3promoter methylation had significantly shorter
progression-free and overall survival rates, with a median
progression-free survival of 11.1 months in the methyl-
ated group versus 24.6 months in the unmethylated group
(Fig. 1G). In addition, a Cox proportional hazards analy-
sis that included known risk factors (age, histologic sub-
type, FIGO stage, tumor grade, residual disease, and
therapy response) andTUSC3methylation status revealed
a significant association betweenTUSC3 promoter

Figure 1. TUSC3 expression in ovarian cancer and survival analysis. (A) These box plots illustrate ( Left ) median expression levels
of the tumor suppressor candidate 3 ( TUSC3) gene in benign ovarian tissue and ovarian tumors and ( Right ) the expression of
TUSC3 subdivided into unmethylated (U) and hypermethylated (M) fractions, including cell lines. (B) Representative ethidium
bromide agarose gels reveal methylation-specific polymerase chain reaction (PCR) products from ( Top ) 9 benign ovarian tissue
samples (N1-N9), ( Middle ) 9 ovarian tumor samples (P1-P9), and ( Bottom ) 9 ovarian cancer cell lines. Sss I (CpG methylase)-
methylated human DNA was used as a positive control. (C) The expression of TUSC3 is illustrated in 38 ovarian cancer cell lines
(log scale). Arrows indicate cell lines that had silenced TUSC3 expression, and asterisks indicate cell lines that had methylation-
specific PCR products. The expression of TUSC3 was determined by quantitative reverse transcriptase-PCR and was normalized
to b-2 microglobulin. (D) The reconstitution of TUSC3 expression in the MZ6 cell line is illustrated. Cells either were cultivated in
the presence of 1.0 M or 2.5 M of the demethylating agent 5-aza-2 0-deoxycytidine or were left untreated for 48 hours. TUSC3
expression was determined as indicated in C. (E) This chart illustrates the in vitro characterization of cell line models that had
reconstituted TUSC3 expression (H134 cells and MIA PaCa-2 cells). Messenger RNA (mRNA) expression is illustrated in arbitrary
units, and doubling time is illustrated in hours. Co indicates control; TFlag, TUSC3-FLAG fusion protein; þ , TUSC3 positive; �
TUSC3 negative. (F) The adhesion of cells to 96-well plates that were coated with collagen I and bovine serum albumin (BSA)
(as a control) is illustrated. Binding of the control cells to collagen I was set arbitrarily to 1. All experiments were performed in
triplicate, and significance was calculated using t tests. (G) These Kaplan-Meier survival curves illustrate progression-free and
overall survival for patients who had tumor samples with hypermethylated or unmethylated TUSC3. The date of either the first
documented relapse or the first documented disease progression, starting from the time of the first diagnosis, was used as the
time point to define progression. P values indicate the statistical significance determined using univariate Cox regression
analysis.
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methylation and progression-free survival (relative risk
[RR], 2.23;P ¼ .012) as well as overall survival (RR,
5.14; P ¼ .001). This association was independent of
other risk factors, including FIGO stage and response to
chemotherapy, which were the strongest predictive factors
in our analysis (the interaction term was not significant)
(Table 5). The hazard ratio of methylated versus unme-
thylatedTUSC3promoter status for progression-free sur-
vival was significant (RR, 1.97;P ¼ .023) and was only
slightly inferior to an increase of 1 FIGO stage (RR, 2.82;
P < .001) and to the presence residual disease after sur-
gery (RR, 3.04;P¼ .001). Similarly, the significant influ-
ence ofTUSC3methylation on overall survival (RR, 2.92;
P¼ .007) was comparable to an increase of 1 FIGO stage
(RR, 2.52;P ¼ .002), to histologic subtype (serous vs
nonserous: RR, 2.37;P¼.037), and to residual disease af-
ter surgery (RR, 4.86;P< .001).

To validate our finding of TUSC3 hypermethyl-
ation in ovarian cancer and its prognostic significance, we
determined TUSC3 methylation status in an independent
cohort of 97 patients with late-stage ovarian cancer(FIGO
stage� II) (Table 1) using a different MSP-based method.
A second set of MSP primers targeting the same CpG
island in the TUSC3 promoter was designed, and PCR

products were quantified with a semiquantitative gel sys-
tem and dichotomized at the 29.4% level, generating 29
positive samples (the rationale for this procedure is pro-
vided above; see Materials and Methods). The hazard ra-
tio for TUSC3was estimated from a multiple Cox model
using validation data in the same manner that was used
for the test set data (disease-free survival: RR, 1.40; 95%
confidence interval, 0.77…2.52;P¼ .269; overall survival:
RR, 6.34; 95% confidence interval, 1.95…20.62;P ¼
.002).

To confirm that the Cox regression models from
our test and validation cohorts were similar, given the
slightly different patient characteristics, risk scores for
progression-free survival (0.83� FIGO stageþ 1.09 �
therapy responseþ 0.80 � TUSC3 methylation) and
overall survival (0.76� FIGO stageþ 1.80 � therapy
responseþ 1.64� TUSC3methylation) were calculated
with the coefficients from the Cox regression models we
built from our test set (Table 5) and with the correspond-
ing values (FIGO stage, response to chemotherapy, and
TUSC3methylation status) from our validation set. Cox
regression models using the respective risk score as a single
predictor were used to validate the models estimated from
the test set. The resulting regression coefficients were 1.05
(95% confidence interval, 0.67…1.42) for disease-free sur-
vival and 1.16 (95% confidence interval, 0.73…1.59) for
overall survival, demonstrating a successful validation of

TABLE 3. TUSC3 Expression in Ovarian Cancer and
Survival Analysis

Clinicopathologic
Characteristic

Expression of TUSC3:
Mean (95% CI),
Arbitrary Units

P for
Comparison

Benign ovarian samples 0.465 (0.347–0.623)
Tumor samples vs

benign ovarian samples
0.105 (0.082–0.135) < .001a

Age, y
� 50 0.085 .299a

> 50 0.114
Histology
Serous 0.121 .037a

Nonserous 0.064
FIGO stage
I 0.084 .764b

II 0.124
III 0.104
IV 0.126
Tumor grade
1 0.068 .188b

2 0.135
3 0.086

Abbreviations: CI, confidence interval; FIGO, International Federation of
Gynecology and Obstetrics; TUSC3, tumor suppressor candidate 3.
a An analysis of variance was used to calculate P values after logarithmic
transformation; means and CIs were calculated after back-transformation
to the original scale.
b T tests were used to calculate P values after logarithmic transformation;
means and CIs were calculated after back-transformation to the original
scale.

TABLE 4. TUSC3 Promoter Methylation and
Clinicopathologic Characteristics

Clinicopathologic
Characteristic

Methylation of TUSC3:
No. of Patients/

Total No. (%)
P for

Comparisona

Benign ovarian samples 0/20 (0)
Primary tumor samples 30/102 (29.4) .003
Age, y .218
� 50 5/26 (19.2)
> 50 25/75 (33.3)
Histology .200
Serous 21/79 (26.6)
Nonserous 9/22 (40.9)
FIGO stage .948
I 5/17 (29.4)
II 2/10 (20)
III 15/51 (29.4)
IV 7/22 (31.8)
Tumor grade .102
1 2/2 (100)
2 15/48 (31.2)
3 13/51 (25.5)

Abbreviations: FIGO, International Federation of Gynecology and Obstet-
rics; TUSC3, tumor suppressor candidate 3.
a The Fisher exact test and the Fisher-Freeman-Halton test were used to
calculate P values.
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the regression model. Note that FIGO stage was incorpo-
rated into the risk score and, thus, was accounted for
when transferring the coefficients estimated from the test
set to the validation set.

DISCUSSION
Prognostic factors in ovarian cancer include disease stage,
tumor grade, and size of the residual tumor after primary
cytoreductive surgery.31,32 By using publicly available
gene-expression profiling data, we have systematically
screened the region on 8p22 for differentially regulated
genes and identifiedTUSC3as a candidate tumor sup-
pressor gene in ovarian cancer.14 In our current work, we
validate our previous observations in a larger, completely
independent patient population and demonstrate that the
expression ofTUSC3in ovarian cancer may be regulated
by promoter methylation. We did not investigate other
possible mechanisms for TUSC3 down-regulation in
ovarian cancer, which may include micro-RNA…mediated
silencing, transcriptional regulation, or homozygous dele-
tions of 8p22, as demonstrated in prostate and pancreatic
cancers.11,13

Some of our observations differ from the screening
study, most probably because of the larger size of the
cohorts. We can now observe a significant difference in
TUSC3methylation and expression between ovarian can-
cer and controls, and we can confirm an impact of
TUSC3 on ovarian cancer survival, although we do not

observe differences between high-grade and low-grade
tumors, as described previously.14Our cohorts did not ex-
plicitly exclude patients with FIGO stage I and II disease,
but the stepwise multivariate analysis did include FIGO
staging, hinting at a FIGO-independent prognostic effect
of TUSC3methylation. A recent paradigm shift points to-
ward distinct tissues of origin in ovarian cancer that are re-
sponsible for its various histologic subtypes.33 Because
our study was designed to be exploratory, we deliberately
included different histologic subtypes of ovarian cancer,
because we were acutely aware of the recent controversy
regarding their differing origin and pathogenesis.34,35

Nevertheless, the vast majority of our patients, particu-
larly in the validation cohort, were diagnosed with
advanced stage, high-grade, serous ovarian cancer. Hence,
we propose the further evaluation of TUSC3 as a prog-
nostic factor primarily in this subset of patients with ovar-
ian cancer.

TUSC3 is the human homologue toS. cerevisiae
Ost3p, a noncatalytic subunit of the oligosaccharyltransfer-
ase complex.18,19 Analyses of the Ost3p and its yeast
paralogue Ost6p (human MagT1/IAP) demonstrated their
function in regulating glycosylation efficiency36 and
recently also uncovered their oxidoreductase activity as well
as a possible role in magnesium transport.37 Aberrant gly-
cosylation of proteins can be observed in essentially all in
vitro cancer models and human cancers, and many glyco-
sylated epitopes constitute tumor-associated antigens,38,39

TABLE 5. Univariate and Multivariate Cox Proportional Hazards Analysis of Factors Affecting Progression-
Free and Overall Survival in Ovarian Cancer

Univariate Analysis Multivariate Analysis

Variable RR (95% CI) P RR (95% CI) P

Progression-free survival
Age at diagnosis 1.02 (0.99–1.05) .184 —a

Histology: Nonserous vs serousb 1.16 (0.58–2.32) .683 —a

FIGO stagec 2.82 (1.87–4.26)d < .001 2.30 (1.45–3.64)d < .001
Tumor gradec 0.98 (0.58–1.65) .933 —a

Residual disease: > 1 cm vs � 1 cmb 3.04 (1.53–6.03)d .001 —a

Therapy response: No vs yesb 4.91 (2.64–9.10)d < .001 2.97 (1.56–5.66)d .001
Methylation of TUSC3: Yes vs nob 1.97 (1.10–3.53)d .023 2.23 (1.19–4.17)d fo.012
Overall survival
Age at diagnosis 1.06 (1.02–1.10)d .003 —a

Histology: Nonserous vs serousb 2.37 (1.05–5.33)d .037 —a

FIGO stagec 2.52 (1.41–4.49)d .002 2.14 (0.96–4.75) .062
Tumor gradec 0.76 (0.38–1.53) .446 —a

Residual disease: > 1 cm vs � 1 cmb 4.86 (2.13–11.12)d < .001 —a

Therapy response: No vs yesb 9.56 (3.56–25.66)d < .001 6.05 (2.06–17.73)d .001
Methylation of TUSC3: Yes vs nob 2.92 (1.35–6.30)d .007 5.14 (1.93–13.66)d .001

Abbreviations: CI, confidence interval; FIGO, International Federation of Gynecology and Obstetrics; RR, relative risk; TUSC3, tumor suppressor candidate 3.
a This variable was not selected in the stepwise selection procedure.
b This was a categorical variable.
c This was an ordinal variable.
d This P value was statistically significant.
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sustaining a long-standing debate regarding whether and
how protein glycosylation is involved in tumorigenesis.
Recently, global DNA methylation changes in ovarian can-
cer cells were linked to significant alterations of protein gly-
cosylation.40 One possible explanation for this effect is the
re-expression of epigenetically silenced key glycosyltransfer-
ase enzymes. Treatment with 5-aza-20-deoxycytidine
restores sensitivity to carboplatin in patients with advanced
ovarian cancer.41 In addition, it has been demonstrated
that defective multidrug resistance proteins lead to plati-
num resistance.42 Defects in N-glycosylation also may
affect tumor growth in cells with deregulated phosphatidyl-
inositol 3-kinase/v-Akt murine thymoma viral oncogene
homolog (PI3K-Akt) pathway.26 We have observed that
reconstitution of TUSC3 in vitro decreases proliferation as
well as binding of cancer cells to the extracellular matrix.
Consequently, we propose that loss of TUSC3 not only
may lead to ovarian cancer growth but also may facilitate
the adhesion of cancer cells to the extracellular matrix
caused by differential glycosylation of yet unknown adhe-
sion molecules. In ovarian cancer in particular, loss of
TUSC3 may promote intraperitoneal dissemination,
which is generally associated with a poor prognosis. In light
if these data, our results further add to the picture and
emphasize the role of methylation and N-glycosylation in
ovarian cancer tumorigenesis.

A deeper understanding of the role ofTUSC3pro-
moter methylation in the development of ovarian cancer
may offer additional possibilities for therapeutic interven-
tions in the future. Regardless of the molecular function
of TUSC3 protein, the frequency ofTUSC3promoter
methylation in ovarian cancer deserves prospective evalua-
tion either on its own or as a part of a larger prognostic
biomarker panel.
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Abstract. Consequences of deregulated protein N-glycosylation 
on cancer pathogenesis are poorly understood. TUSC3 is 
a gene with a putative function in N-glycosylation, located 
on the short arm of chromosome 8. This is a chromosomal 
region of frequent genetic loss in ovarian cancer. We estab-
lished recently that the expression of TUSC3 is epigenetically 
decreased in epithelial ovarian cancer compared to benign 
controls and provides prognostic information on patient 
survival. Therefore, we analyzed the consequences of silenced 
TUSC3 expression on proliferation, invasion and migration 
of ovarian cell lines. In addition, we performed subcellular 
fractionation, co-immunofluorescence and co-immunopre
cipitation experiments to establish the molecular localization 
of TUSC3 in ovarian cancer cells. We demonstrated that 
TUSC3 is localized in the endoplasmic reticulum as a subunit 
of the oligosaccharyltransferase complex and is capable of 
modulation of glycosylation patterning of ovarian cancer cells. 
Most importantly, silencing of TUSC3 enhances proliferation 
and migration of ovarian cancer cells in vitro. Our observa-
tions suggest a role for N-glycosylating events in ovarian 
cancer pathogenesis in general, and identify TUSC3 as a tumor 
suppressor gene in ovarian cancer in particular.

Introduction

Epithelial ovarian cancer is the most lethal gynecologic malig-
nancy and the fourth most frequent cause of cancer mortality 
in women in western industrialized countries (1). Early 

detection and diagnosis of ovarian cancer presents one of the 
challenges of this entity and consequently a majority of cases 
are diagnosed in advanced stages (FIGO III and IV). The 
prognosis for women with advanced ovarian cancer remains 
bleak despite the advances of surgical and medical therapies 
in the last decades. A better understanding of the pathogenesis 
of ovarian cancer may lead to earlier diagnosis and novel 
therapies for this disease.

Tumor suppressor candidate 3 (TUSC3), originally named 
�1���������Z�D�V���L�G�H�Q�W�L�À�H�G���D�V���D���S�R�W�H�Q�W�L�D�O���W�X�P�R�U���V�X�S�S�U�H�V�V�R�U���J�H�Q�H���L�Q��
prostate cancer located on chromosome band 8p22 (2,3). 
Homozygous deletions of this chromosomal region have been 
detected in pancreatic (4,5) and prostate cancer cell lines (6,7), 
even though mutations of the TUSC3 coding sequence are 
rare. Using a systematical screening approach, we recognized 
TUSC3���D�V���D���V�L�J�Q�L�À�F�D�Q�W�O�\���G�R�Z�Q�U�H�J�X�O�D�W�H�G���J�H�Q�H���L�Q���R�Y�D�U�L�D�Q���F�D�Q�F�H�U��
�����������5�H�F�H�Q�W�O�\�����Z�H���U�H�Y�H�D�O�H�G���D���V�W�U�R�Q�J���S�U�R�J�Q�R�V�W�L�F���V�L�J�Q�L�À�F�D�Q�F�H���R�I��
epigenetic silencing of TUSC3 on survival of ovarian cancer 
patients (9), however, the molecular mechanism of tumor-
suppressor effect of TUSC3 on cancer cells remained unclear. 
TUSC3 deletions or mutations are frequently associated with 
familial mental retardation syndromes (10,11). TUSC3 function 
in regulation of magnesium transport and embryonic develop-
ment in vertebrates has been suggested (12). TUSC3 shares a 
high sequence homology with Ost3p, a subunit of the oligosac-
charyltransferase (OST) complex involved in N-glycosylation 
of proteins in Saccharomyces cerevisiae (13-15), implying an 
analogous function in mammalian cells. Alterations of protein 
N-glycosylation are associated with carcinogenic properties, 
such as invasion and metastasis (16-18). Deregulated enzymatic 
activities of proteins directly involved in N-glycosylation, or 
the availability of potential glycosylation sites determined 
by the branching of N-glycans are considered to be crucial 
for these effects (19-21). Well known targets for differential 
N-glycosylation in tumor cells or their microenvironment are, 
among others, growth factor receptors (21,22), immunomodu-
lators (23) or extracellular matrix receptors, such as integrins 
(24).

In this study, we investigated the subcellular localization 
of TUSC3���L�Q���K�X�P�D�Q���R�Y�D�U�L�D�Q���F�D�Q�F�H�U���F�H�O�O���O�L�Q�H�V���D�Q�G���L�G�H�Q�W�L�À�H�G��
it as a binding partner of STT3A, a core protein of oligo
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saccharyltransferase complex in endoplasmic reticulum 
in vitro. Additionally, we observed that silencing of TUSC3 
expression in vitro stimulates migration and proliferation of 
ovarian cancer cell lines, in particular under conditions of 
�J�U�R�Z�W�K���I�D�F�W�R�U���G�H�S�U�L�Y�D�W�L�R�Q�����7�D�N�H�Q���W�R�J�H�W�K�H�U�����Z�H���S�U�H�V�H�Q�W���W�K�H���À�U�V�W��
experimental evidence that a protein involved in N-glycosylation 
may act as a clinically-relevant tumor suppressor gene in 
ovarian cancer.

Materials and methods

Cell culture and lentiviral transduction. The cancer cell lines 
were obtained from American Type Culture Collection and 
cultured in medium (HEK293T, H134, DMEM; OVCAR-3, 
� -MEM; SKOV3, McCoy's 5A; TR-170, RPMI-1640) enriched 
with 10% FCS (fetal calf serum), 50 U/ml penicillin G and 
���� �—�J���P�O�� �V�W�U�H�S�W�R�P�\�F�L�Q�� �V�X�O�I�D�W�H�� �D�W�� �����Ý�&�� �L�Q�� �D�� �K�X�P�L�G�L�I�L�H�G��
atmosphere with 5% CO2. For the reconstitution of TUSC3 
expression in H134 cell line, the CDS of the IMAGE clone 
(BC010370 in pDNR-LIB) was cloned into the expression 
vector pLP-IRESneo. The FLAG peptide was cloned in frame 
behind the C-terminus of TUSC3 to form a TUSC3-FLAG 
fusion protein. The empty vector pLP-IRESneo was used as a 
control. Transfection was performed with Lipofectamine 2000 
(Invitrogen), stable clones were selected with G418 (700 µg/ ml). 
Downregulation of TUSC3 in SKOV3 and TR-170 cell lines 
was performed by lentiviral transduction using a 4-plasmid 
system with pLKO.1 puro vector containing TUSC3 shRNA 
or scrambled control (Open Biosystems, Thermo Fisher 
�6�F�L�H�Q�W�L�À�F���� �D�Q�G�� �+�(�.���������7�� �S�D�F�N�D�J�L�Q�J�� �F�H�O�O�� �O�L�Q�H���� �7�R�� �J�H�Q�H�U�D�W�H��
stable cell lines, cells were selected in media containing 
puromycin (3 µg/ml). Prior to the proliferation, migration 
and invasion assays, cells were cultivated in the absence of 
selection antibiotics and the status of TUSC3 silencing was 
assessed by qRT-PCR regularly.

RNA isolation, cDNA synthesis and quantitative real-time 
RT-PCR. Total RNA from cancer cell lines was prepared using 
the RNeasy Mini kit (Qiagen) and quality/quantity assessed 
on RNA Nano Chips (Lab-on-a-Chip, Agilent Technologies). 
cDNA was synthesized from 1 µg DNase I-digested total 
RNA using the DuraScript RT-PCR kit (Sigma-Aldrich). 
�(�[�S�U�H�V�V�L�R�Q�� �Z�D�V�� �U�H�O�D�W�L�Y�H�O�\�� �T�X�D�Q�W�L�À�H�G�� �X�V�L�Q�J�� �7�D�T�0�D�Q�� �S�U�R�E�H�V��
�V�S�H�F�L�À�F���I�R�U��TUSC3, Hs00185147_m1 and �¡2-microglobulin, 
Hs99999907_m1 (Applied Biosystems) as described elsewhere 
(8,25) and expressed in relative ratio units. All PCR reactions 
were performed from at least three independent experiments, 
and reverse transcriptase-negative and template-negative 
controls were included.

Proliferation, migration and invasion assays. Proliferation 
rates were determined in 96-well format using Cell Titer-Blue 
cell viability assay (Promega) according to the manufacturer's 
instructions. Migration and invasion abilities were measured 
using in vitro migration (8.0-µm pore size control chambers) 
and invasion assays (BD Matrigel™ invasion chambers). Cells 
�W�K�D�W���S�H�Q�H�W�U�D�W�H�G���W�K�H���P�H�P�E�U�D�Q�H���Z�H�U�H���T�X�D�Q�W�L�À�H�G���D�I�W�H�U���&�D�O�F�H�L�Q��
�G�\�H�����%�'���%�L�R�V�F�L�H�Q�F�H�����X�S�W�D�N�H���E�\���Á�X�R�U�H�V�F�H�Q�F�H���P�H�D�V�X�U�H�P�H�Q�W���D�W��
435Ex-538Em nm. Each data point was calculated as mean of 
three technical replicates. Three independent experiments were 

performed. For direct assessment of cell migration a wound 
�K�H�D�O�L�Q�J���D�V�V�D�\���L�Q���D���F�R�Q�Á�X�H�Q�W���F�H�O�O���P�R�Q�R�O�D�\�H�U���Z�D�V���S�H�U�I�R�U�P�H�G����
Wound closure was assessed after 18 h. Representative images 
out of three independent experiments are shown.

�6�X�E�F�H�O�O�X�O�D�U���I�U�D�F�W�L�R�Q�D�W�L�R�Q���D�Q�G���L�P�P�X�R�Á�X�R�U�H�V�F�H�Q�F�H����Subcellular 
fractionation (nuclei, mitochondria, lysosomes, microsomes, 
and cytoplasm) of H134-TUSC3-Flag cells were performed 
based on a differential centrifugation protocol (1,000, 9,700, 
20,200 and 182,000  gmax for aforementioned organelles, 
respectively (26) after cell lysis with a Potter pestle. The 
purity of these fractions was analyzed by immunoblotting 
with antibodies against marker proteins for the respective 
fractions (nucleus, nucleoporin p62; mitochondria, cox 5a; 
lysososmes, none; microsomes, ribophorin I; and cytoplasm, 
�¡-actin; Sigma-Aldrich). A mouse monoclonal anti-FLAG M2 
antibody (F3165, Sigma-Aldrich) primary antibody against 
FLAG and a goat secondary anti-mouse HRP-linked antibody 
(Calbiochem) were used.

�,�P�P�X�Q�R�Á�X�R�U�H�V�F�H�Q�F�H���V�W�D�L�Q�L�Q�J���Z�D�V���S�H�U�I�R�U�P�H�G���R�Q���I�R�U�P�D�O
dehyde-fixed H134-TUSC3-FLAG cells with antibodies 
against FLAG SIG1-25 (F2555, Sigma-Aldrich) and calnexin 
(polyclonal rabbit antibody, kind gift from E. Ivessa) and 
counterstained with phalloidin (F-actin). For a morphological 
overview, the whole cells were stained with hematoxylin/eosin 
or phalloidin (F-actin)/DAPI (nuclei).

Immunocytochemistry. For immunocytochemical staining, 
cells on Lab-Tek™ Chamber Slides™ (Nalge Nunc International, 
�5�R�F�K�H�V�W�H�U�����1�<�����Z�H�U�H���I�R�U�P�D�O�G�H�K�\�G�H���À�[�H�G���D�Q�G���S�H�U�P�H�D�E�L�O�L�]�H�G��
with 0.5% Triton  X-100. Endogenous peroxidase activity 
and slides were blocked with 3% H2O2/PBS and 0.2% fish 
gelatine, respectively. After incubation with polyclonal goat 
anti-integrin �¡1 antibody (1:500, R&D, Minneapolis, MN) 
and biotinylated rabbit anti-goat antibody (1:200, Vector 
Laboratories, Burlingame, CA) or with the biotinylated sialic 
acid-specific lectin SNA (1:200, Vector Laboratories), the 
streptavidin ABComplex-HRP (ABC-kit from Dako, Glostrup, 
Denmark) was employed and subsequently DAB+ (Dako) 
staining was performed. IgG-negative controls were included. 
Finally, cells were counterstained with hematoxyline/eosin and 
mounted in Eukitt (O. Kindler GmbH, Freiburg, Germany). 
Microscopy was performed on an Olympus BX50 upright light 
microscope (Olympus Europe, Hamburg, Germany) equipped 
with the Soft Imaging system CC12.

Western blotting and immunoprecipitation. Harvested cells 
were washed two times with 1X PBS and resuspended in the 
NP-40 lysis buffer containing 50 mM Tris-Cl (pH 7.4), 150 mM 
NaCl, 2 mM EDTA, 1% NP-40, 50 mM NaF and supplemented 
with phosphatase inhibitor cocktail (PhosStop, Roche) and 
protease inhibitor cocktail (Complete, Roche). Protein extracts 
������ �—�J�����T�X�D�Q�W�L�À�H�G���E�\���%�&�$���S�U�R�W�H�L�Q���D�V�V�D�\�����3�L�H�U�F�H�����$�X�V�W�U�L�D�������Z�H�U�H��
mixed with 2X Laemmli sample buffer (100 mM Tris pH 6.8, 
4% SDS, 200 mM DTT, 20% glycerol and 0.1% bromophenol 
blue) boiled for 3 min and resolved by 10% sodium dodecyl
sulfate-polycrylamide gel electrophoresis (SDS-PAGE). For 
analysis of glycosylation of integrin �¡1, the 7% SDS-PAGE 
was employed. The resolved proteins were then electroblotted 
to the 0.45-µm PVDF membrane (Millipore) and incubated 
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with the indicated primary antibodies diluted 1:500-1:1,000 
�D�W�����Ý�&���R�Y�H�U�Q�L�J�K�W�����7�K�H���E�O�R�W�V���Z�H�U�H���G�H�Y�H�O�R�S�H�G���X�V�L�Q�J���K�R�U�V�H�U�D�G�L�V�K��
peroxidase-conjugated secondary antibodies (anti-rabbit 
HRP no. 7074 (Cell Signaling) anti-mouse HRP Ab50043 
(Abcam), both 1:4,000 and Immobilon Western HRP substrate 
(Millipore) according to the manufacturer's instructions.

For co-immunoprecipitation, 150 µg of cell extracts were 
precleared using NP-40-washed G-protein beads (Sigma-
Aldrich). Supernatants were incubated with 5 µl of one of 
the following antibodies: anti-TUSC3 (Ab65213, Abcam), 
anti-STT3A (Ab55371, Abcam) or commercially available 
�Q�R�Q���V�S�H�F�L�I�L�F�� �P�R�X�V�H�� �R�U�� �U�D�E�E�L�W�� �,�J�*�� �D�Q�W�L�E�R�G�\���� �D�W�� ���Ý�&�� �I�R�U�� �� �K����
Then, 25 µl of NP-40-washed G-proteins were added and 
�L�Q�F�X�E�D�W�H�G���R�Y�H�U�Q�L�J�K�W���D�W�����Ý�&�����3�H�O�O�H�W�V���Z�H�U�H���Z�D�V�K�H�G���I�R�X�U���W�L�P�H�V���L�Q��
NP-40 buffer and resolved by SDS-PAGE.

Statistical analysis. In order to compare the TUSC3 shRNA 
�V�L�O�H�Q�F�H�G���R�Y�D�U�L�D�Q���F�D�Q�F�H�U���F�H�O�O���O�L�Q�H�V���W�R���F�R�Q�W�U�R�O�V���D�W���W�K�H���V�S�H�F�L�À�H�G��

FSC concentrations, two-way ANOVA model with interaction 
was used. P-values for pairwise post hoc comparisons were 
corrected for multiple testing using the Holm-Bonferroni 
�P�H�W�K�R�G�����3�”�����������Z�H�U�H���F�R�Q�V�L�G�H�U�H�G���W�R���E�H���V�W�D�W�L�V�W�L�F�D�O�O�\���V�L�J�Q�L�À�F�D�Q�W����
All calculations were performed using the SPSS software 
Version 13.0 (SPSS Inc.).

Results

Loss of TUSC3 promotes cell proliferation and migration 
in vitro. To investigate the tumor suppressive function of 
TUSC3 in an ovarian cancer model, we silenced the expres-
sion of TUSC3 in two serous ovarian cystadenocarcinoma 
cell lines (SKOV-3, TR-170) using shRNA. Efficiency of 
�W�K�H���N�Q�R�F�N���G�R�Z�Q���Z�D�V���F�R�Q�À�U�P�H�G���R�Q���E�R�W�K���P�5�1�$���D�Q�G���S�U�R�W�H�L�Q��
levels (Figs. 1A and 2A). Consequently, we analyzed the 
effect of TUSC3 silencing on cell proliferation, migra-
tion and invasion conditions, however, we did not detect 

Figure 1. (A) Downregulation of TUSC3 in SKOV-3 cells. �¡2-microglobulin-normalized expression of TUSC3 was determined by qRT-PCR and western 
blotting. (B) Silencing of TUSC3 stimulates metabolic activity/proliferation of SKOV-3 under conditions of serum deprivation. TUSC3-silenced and control 
�6�.�2�9�������F�H�O�O�V���Z�H�U�H���F�X�O�W�L�Y�D�W�H�G���L�Q���������Z�H�O�O���S�O�D�W�H���I�R�U������ �K���L�Q���D���P�H�G�L�X�P���V�X�S�S�O�H�P�H�Q�W�H�G���Z�L�W�K���G�L�I�I�H�U�H�Q�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���)�&�6�����$�F�F�X�P�X�O�D�W�L�R�Q���R�I���Á�X�R�U�H�V�F�H�Q�W���S�U�R�G�X�F�W��
(Cell Titer-Blue®���F�H�O�O���Y�L�D�E�L�O�L�W�\���D�V�V�D�\�����Z�D�V���W�K�H�Q���G�H�W�H�U�P�L�Q�H�G�����0�H�D�Q���“���6�'���R�I���W�K�U�H�H���L�Q�G�H�S�H�Q�G�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V�����$�V�W�H�U�L�V�N�V���L�Q�G�L�F�D�W�H���V�W�D�W�L�V�W�L�F�D�O���V�L�J�Q�L�À�F�D�Q�F�H���D�W���S�”��������������
(C) Silencing of TUSC3 enhances migration of SKOV-3 cells through 8.0-µm membrane. TUSC3-silenced and control SKOV-3 cells were seeded on BD 
�W�U�D�Q�V�Z�H�O�O���S�O�D�W�H���D�Q�G���F�X�O�W�L�Y�D�W�H�G���I�R�U������ �K�����&�H�O�O�V���W�K�D�W���S�H�Q�H�W�U�D�W�H�G���W�K�H���P�H�P�E�U�D�Q�H���W�R���O�R�Z�H�U���F�K�D�P�E�H�U���Z�H�U�H���L�Q�F�X�E�D�W�H�G���Z�L�W�K���&�D�O�F�H�L�Q���Á�X�R�U�H�V�F�H�Q�W���G�\�H���D�Q�G���T�X�D�Q�W�L�À�H�G���E�\��
�Á�X�R�U�H�V�F�H�Q�F�H���P�H�D�V�X�U�H�P�H�Q�W���D�W��������Ex-538Em �Q�P�����0�H�D�Q���“ �6�'���R�I���W�K�U�H�H���L�Q�G�H�S�H�Q�G�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V�����$�V�W�H�U�L�V�N�V���L�Q�G�L�F�D�W�H���V�W�D�W�L�V�W�L�F�D�O���V�L�J�Q�L�À�F�D�Q�F�H���D�W���S�”�����������������'�� �6�L�O�H�Q�F�L�Q�J��
of TUSC3 does not enhance invasion of SKOV-3 cells through 8.0-µm tumor invasion system. Quantity of cells penetrating through Matrigel was determined 
�Á�X�R�U�R�P�H�W�U�L�F�D�O�O�\���D�V���G�H�V�F�U�L�E�H�G���L�Q ���&�������0�H�D�Q���“ �6�'���R�I���W�K�U�H�H���L�Q�G�H�S�H�Q�G�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V�����$�V�W�H�U�L�V�N�V���L�Q�G�L�F�D�W�H���V�W�D�W�L�V�W�L�F�D�O���V�L�J�Q�L�À�F�D�Q�F�H���D�W���S�”������������
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major differences in proliferation between TUSC3 silenced 
and control cells cultured under optimal conditions (10% 
FCS) (Fig. 1B and 2B). To assess their propensity for serum-
independent growth, we exposed the cells to stress conditions 
using varying serum concentrations. Interestingly, the TUSC3 
silenced cells gained a significant survival advantage in 
contrast to controls after 72 h of cultivation in the absence of 
serum stimulation (Figs. 1B and 2B). This effect could also 
be observed to a lesser degree at different time intervals (data 
not shown). As a next step, we used a Matrigel™ based assay 
in order to assess effects of TUSC3 knock-down on migration 
and extracellular matrix (ECM) invasion of ovarian cancer 
cells. While we did not observe any differences in invasive 
properties of control ovarian cancer cells regardless of attrac-
tant concentration (Figs. 1D and 2D), TUSC3 silenced cells 
displayed increased migration through the insert membrane in 
both cell lines studied (Figs. 1C and 2C). These results were 
further supported by a wound healing assay, showing increased 
migration and consequent enhanced closure of the epithelial 

monolayer of SKOV-3 cells in no serum or low serum condi-
tions after 18 h (Fig. 3).

TUSC3 is localized in the endoplasmatic reticulum as a subunit 
of the OST complex. The largest part of the data on TUSC3 
localization and function is derived from observations of its yeast 
homologue Ost3p. To determine the subcellular localization of 
TUSC3 in mammalian cells, we stably transfected the ovarian 
cancer cell line H134 with a TUSC3-FLAG fusion protein 
(Fig. 4A). The H134 cell line does not express TUSC3 due to 
promoter hypermethylation (data not shown). We performed 
�F�R���L�P�P�X�Q�R�Á�X�R�U�H�V�F�H�Q�F�H���O�D�E�H�O�L�Q�J�����Z�K�L�F�K���U�H�Y�H�D�O�H�G���D���V�X�E�V�W�D�Q�W�L�D�O��
overlap of the TUSC3-FLAG protein and calnexin, an integral 
protein of the endoplasmic reticulum (Fig. 4B). Further, subcel-
lular fractions derived from the H134 cells (microsomes, soluble 
cytoplasm, mitochondria, lysosomes, and nuclei) were analyzed 
for the presence of exogenous TUSC3-FLAG expression and 
appropriate fraction markers. We observed TUSC3 enrichment 
in the microsomal fraction that comprises the endoplasmic 

Figure 2. (A) Downregulation of TUSC3 in TR-170 cells. �¡2-microglobulin-normalized expression of TUSC3 was determined by qRT-PCR and western blotting. 
(B) Silencing of TUSC3 stimulates proliferation of TR-170 cells under conditions of serum deprivation. TUSC3-silenced and control TR-170 cells were 
�F�X�O�W�L�Y�D�W�H�G���I�R�U������ �K���L�Q���D���P�H�G�L�X�P���V�X�S�S�O�H�P�H�Q�W�H�G���Z�L�W�K���G�L�I�I�H�U�H�Q�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���)�&�6���D�Q�G���T�X�D�Q�W�L�À�H�G���D�V���L�Q���)�L�J�� ���%�����0�H�D�Q���“ �6�'���R�I���W�K�U�H�H���L�Q�G�H�S�H�Q�G�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V����
�$�V�W�H�U�L�V�N�V���L�Q�G�L�F�D�W�H���V�W�D�W�L�V�W�L�F�D�O���V�L�J�Q�L�À�F�D�Q�F�H���D�W���S�”�����������������&�� �6�L�O�H�Q�F�L�Q�J���R�I���7�8�6�&�����H�Q�K�D�Q�F�H�V���P�L�J�U�D�W�L�R�Q���R�I���7�5�����������F�H�O�O�V���W�K�U�R�X�J�K�����������—�P���P�H�P�E�U�D�Q�H�����7�8�6�&�����V�L�O�H�Q�F�H�G��
�D�Q�G���F�R�Q�W�U�R�O���7�5�����������F�H�O�O�V���Z�H�U�H���V�H�H�G�H�G���R�Q���%�'���W�U�D�Q�V�Z�H�O�O���S�O�D�W�H���D�Q�G���F�X�O�W�L�Y�D�W�H�G���I�R�U������ �K���D�Q�G���T�X�D�Q�W�L�À�H�G���D�V���L�Q���)�L�J�� ���&�����0�H�D�Q���“ �6�'���R�I���W�K�U�H�H���L�Q�G�H�S�H�Q�G�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V����
�$�V�W�H�U�L�V�N�V���L�Q�G�L�F�D�W�H���V�W�D�W�L�V�W�L�F�D�O���V�L�J�Q�L�À�F�D�Q�F�H���D�W���S�”�����������������'�� �6�L�O�H�Q�F�L�Q�J���R�I���7�8�6�&�����G�R�H�V���Q�R�W���H�Q�K�D�Q�F�H���L�Q�Y�D�V�L�R�Q���R�I���7�5�����������F�H�O�O�V���W�K�U�R�X�J�K�����������—�P���W�X�P�R�U���L�Q�Y�D�V�L�R�Q���V�\�V�W�H�P��
�Z�D�V���T�X�D�Q�W�L�À�H�G���D�V���L�Q���)�L�J�� ���&�����0�H�D�Q���“ �6�'���R�I���W�K�U�H�H���L�Q�G�H�S�H�Q�G�H�Q�W���H�[�S�H�U�L�P�H�Q�W�V��
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reticulum (ER) and some minor amounts of cytoplasmic 
membranes (Fig. 4C). Levels of the endogenous TUSC3 protein 
�L�Q���R�Y�D�U�L�D�Q���F�D�Q�F�H�U���F�H�O�O���O�L�Q�H�V���Z�H�U�H���Q�R�W���V�X�I�À�F�L�H�Q�W���I�R�U���G�H�W�H�F�W�L�R�Q��
in the subcellular fractionation protocol. However, our data 
�F�R�Q�À�U�P���W�K�H���S�U�H�G�L�F�W�H�G���V�X�E�F�H�O�O�X�O�D�U���O�R�F�D�O�L�]�D�W�L�R�Q���R�I���7�8�6�&�����L�Q���W�K�H��
endoplasmic reticulum in ovarian cancer.

Within the endoplasmic reticulum, TUSC3 is supposed 
to function as a subunit of the OST complex. To determine 
whether TUSC3 indeed physically interacts with OST in human 
ovarian cancer cells, we performed co-immunoprecipitation 
�H�[�S�H�U�L�P�H�Q�W�V���X�V�L�Q�J���D�Q�W�L�E�R�G�L�H�V���V�S�H�F�L�À�F���W�R���H�Q�G�R�J�H�Q�R�X�V���7�8�6�&����
and STT3A, a core catalytic protein of the OST complex. We 
�G�H�P�R�Q�V�W�U�D�W�H�G���D���V�S�H�F�L�À�F���L�Q�W�H�U�D�F�W�L�R�Q���E�H�W�Z�H�H�Q���H�Q�G�R�J�H�Q�R�X�V���7�8�6�&����
and STT3A proteins in TUSC3 expressing ovarian cancer cell 
lines SKOV-3, TR-170 and OVCAR-3 (Fig. 4D) and provided 
the evidence for TUSC3 localization in mammalian cells.

TUSC3 modulates glycosylation pattern in H134 ovarian 
cancer cell line. Next, we wanted to investigate whether 
there is a causative link between TUSC3 and glycosylation 
of putative molecular targets. As a model molecule we chose 
integrin �¡1, a highly glycosylated membrane protein involved 
in cell adhesion and migration. We employed the H134 with 
almost null endogenous TUSC3 gene expression and compared 
it with H134 cell line highly producing exogenous TUSC3 
protein. Probing for integrin �¡1 in H134 total cell extracts on 
6% SDS-PAGE revealed bands between 110-150 kDa corre-
sponding to glycosylated integrin �¡1. As a control, a complete 
removal of N-glycosylated oligosaccharides was achieved by 
digestion with PNGase F, resulting in bands of equal mobility 
at ~80 kDa, consistent with the calculated molecular weight 
of roughly 85 kDa. Interestingly, H134 cells overexpressing 
TUSC3 showed a shift in bands intensity towards the higher 
molecular weight when compared to control H134 cells (Fig. 5). 
Accordingly, immunohistochemical staining of H134 cells 
for total sialylated proteins using the Sambucus nigra lectin 
(SNA) revealed an increase in sialylation in TUSC3-positive 
cells compared to TUSC3-negative cells (Fig. 6). Staining for 
integrin �¡1 was used as a control.

Discussion

We previously identified TUSC3 as a candidate tumor 
suppressor gene in ovarian cancer by systematically screening 
the chromosomal region 8p22 for differentially regulated 
genes (8). Nevertheless, mutational analysis performed in 
several tumor entities failed to reveal a significant rate of 
protein disruptive mutations and the interest in TUSC3 gene 
consequently vanished. Recently, we documented epigenetic 
silencing of TUSC3 by promoter hypermethylation in various 
ovarian cell lines and independent cohorts of ovarian cancer 
patient samples, revealing a strong prognostic potential on 
survival and indicating a character of tumor-suppresor gene 
(9). Upregulation of TUSC3 in pancreatic carcinoma cell line 
MIA-PACA-2 lacking endogenous expression of TUSC3, 
decreased binding capacity of TUSC3 overexpressing cells 
to collagen I and prolonged the doubling time (9). However, 
molecular information on the role of TUSC3 in ovarian cancer 
�L�V���V�W�L�O�O���L�Q�V�X�I�À�F�L�H�Q�W��

TUSC3 is the human homologue to S. cerevisiae Ost3p, a 
non-catalytic subunit of the oligosaccharyltransferase complex 
(14,15). Analyses of the Ost3p and its yeast paralogue Ost6p 
(human MagT1/IAP) demonstrated their function in regu-
�O�D�W�L�Q�J���J�O�\�F�R�V�\�O�D�W�L�R�Q���H�I�À�F�L�H�Q�F�\�������������D�Q�G���O�D�W�H�U���D�O�V�R���X�Q�F�R�Y�H�U�H�G��
their oxidoreductase activity as well as a possible role in 
magnesium transport (12). Aberrant glycosylation of proteins 
can be found in essentially all in vitro cancer models and 
human cancers, and many glycosylated epitopes constitute 
tumor-associated antigens (28,29), sustaining a long-standing 
debate if and how protein glycosylation is involved in tumori-
genesis. Recently, global DNA methylation changes in ovarian 
�F�D�Q�F�H�U���F�H�O�O�V���Z�H�U�H���O�L�Q�N�H�G���W�R���V�L�J�Q�L�À�F�D�Q�W���D�O�W�H�U�D�W�L�R�Q�V���R�I���S�U�R�W�H�L�Q��
glycosylation (30). Re-expression of epigenetically silenced 
glycosylation enzymes or their subunits, such as TUSC3, may 
provide a possible explanation for this effect. Our functional 
analysis builds upon this hypothesis and adds crucial data 
to the incremental understanding of the causal connection 
between TUSC3 expression and cancer. We were able to show 
the subcellular localization of TUSC3 in the endoplasmic 

�)�L�J�X�U�H���������6�L�O�H�Q�F�L�Q�J���R�I���7�8�6�&�����V�W�L�P�X�O�D�W�H�V���P�L�J�U�D�W�L�R�Q���R�I���6�.�2�9�����F�H�O�O�V�����&�H�O�O�V���Z�H�U�H���F�X�O�W�L�Y�D�W�H�G���D�W�������Z�H�O�O���S�O�D�W�H�V���X�Q�W�L�O���W�K�H�\���U�H�D�F�K�H�G���F�R�Q�Á�X�H�Q�F�H�����7�K�H���V�X�U�I�D�F�H���Z�D�V���W�K�H�Q��
scratched using sterile tip and cells were cultivated at indicated serum conditions for 18 h. Closing of the gap was assessed by light microscopy. Representative 
images of three independent experiments are shown.
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Figure 5. Western blot analysis of integrin �¡1 in H134 cell line. Total cell 
extracts were resolved on 6% SDS-PAGE, electroblotted to PVDF membrane 
and probed for integrin �¡1. The 110-kDa band represents the precursor 
�¡1-pool in the ER, the 140-150-kDa bands correspond to the mature 
integrin �¡1 protein. Treatment of proteins with the PNGase F resulted in 
one band approximately at the position of the calculated apoprotein mass 
���a���� �N�'�D�������$�G�M�D�F�H�Q�W���W�R���W�K�H���E�O�R�W�V�����T�X�D�Q�W�L�À�F�D�W�L�R�Q���F�X�U�Y�H�V���D�Q�G���E�D�Q�G���G�H�Q�V�L�W�\���U�D�W�L�R�V��
according to �¡-actin are shown. Representative image is shown.

Figure 6. Immunocytochemical stains for sialylated proteins (Sambucus 
nigra lectin, SNA) and integrin �¡1 in either TUSC3-overexpressing or control 
�+���������R�Y�D�U�L�D�Q���F�D�Q�F�H�U���P�R�G�H�O���F�H�O�O���O�L�Q�H�����&�H�O�O�V���Z�H�U�H���I�R�U�P�D�O�G�H�K�\�G�H���À�[�H�G�����S�H�U�P�H-
abilized and probed with anti-integrin �¡1 antibody and biotinylated-SNA, 
respectively. The staining for integrin �¡1 was used as an internal control. 
Cells were counterstained with hematoxylin/eosin. Representative images 
are shown.

Figure 4. (A) TUSC3 expression in H134 cell line. H134 cells were transfected with pLP-IRESneo or pLP-IRES-TUSC3-FLAG vectors or left untreated. 
�7�U�D�Q�V�I�H�F�W�L�R�Q���Z�D�V���F�R�Q�À�U�P�H�G���E�\���7�8�6�&�����V�S�H�F�L�À�F���T�5�7���3�&�5���Q�R�U�P�D�O�L�]�H�G���W�R���¡2-microglobulin and western blotting. (B) TUSC3 colocalizes with endoplasmic 
�U�H�W�L�F�X�O�X�P���P�D�U�N�H�U���F�D�O�Q�H�[�L�Q�����&�R�O�R�F�D�O�L�]�D�W�L�R�Q���H�[�S�H�U�L�P�H�Q�W���R�I���À�[�H�G���+���������F�H�O�O�V���V�W�D�L�Q�H�G���Z�L�W�K���W�K�H���7�8�6�&�����)�/�$�*���I�X�V�L�R�Q���S�U�R�W�H�L�Q���Z�L�W�K���D�Q�W�L���)�/�$�*���D�Q�W�L�E�R�G�\�����Z�L�W�K��
anti-calnexin for an integral endoplasmic reticulum protein and with phalloidin as a counterstain. (C) Western blot analysis of subcellular fractions for FLAG-
tagged TUSC3 (TUSC3-FLAG) in the ovarian cancer cell line H134. Individual fractions - microsomes, cytoplasm, mitochondria, lysosomes and nuclei - were 
probed with TUSC3-Flag and ribophorin I, �¡-actin, cox 5a and nucleoporin p62, respectively. (D) TUSC3 co-immunoprecipitates with STT3A. Total proteins 
�I�U�R�P���6�.�2�9���������7�5�����������D�Q�G���2�9�&�$�5�����F�H�O�O�V���Z�H�U�H���H�[�W�U�D�F�W�H�G���D�Q�G���V�X�E�M�H�F�W�H�G���W�R���W�K�H���F�R���L�P�P�X�Q�R�S�U�H�F�L�S�L�W�D�W�L�R�Q���D�Q�D�O�\�V�L�V���X�V�L�Q�J���D�Q�W�L�E�R�G�L�H�V���V�S�H�F�L�À�F���D�J�D�L�Q�V�W���7�8�6�&�����R�U��
�6�7�7���$�����1�R�Q���V�S�H�F�L�À�F���,�J�*���Z�D�V���X�V�H�G���D�V���D���F�R�Q�W�U�R�O�����%�L�Q�G�L�Q�J���S�D�U�W�Q�H�U���Z�D�V���Y�L�V�X�D�O�L�]�H�G���E�\���Z�H�V�W�H�U�Q���E�O�R�W�W�L�Q�J���V�S�H�F�L�À�F���H�L�W�K�H�U���D�J�D�L�Q�V�W���7�8�6�&�����R�U���6�7�7���$��
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reticulum of ovarian cancer cells, as predicted from its 
homology to Ost3p. Further, we demonstrate direct physical 
interaction between TUSC3 and the OST complex catalytic 
subunit STT3A. Experiments showing changes in overall or 
�S�U�R�W�H�L�Q���V�S�H�F�L�À�F�� �J�O�\�F�R�V�\�O�D�W�L�R�Q�� �S�D�W�W�H�U�Q�V�� �V�X�J�J�H�V�W���G�L�U�H�F�W���I�X�Q�F-
tional involvement of TUSC3 in N-glycosylation. In line with 
the putative function of TUSC3 as a tumor suppressor, we 
observed enhanced serum-independent cellular proliferation 
and migration after silencing of TUSC3 in ovarian cancer cell 
lines and similarly, a mild increase of the doubling time and 
reduced migration in H134 cell line overexpressing TUSC3 
(data not shown). Although these in vitro effects remain rela-
tively modest due to the limitations of a cell culture system, 
we believe that loss of TUSC3 and consequent aberrant 
N-glycosylation might have a much greater effect in ovarian 
cancer progression and metastasis. In light of recent data on 
N-glycosylation affecting tumor growth in cells with e.g., 
deregulated PI3K-Akt pathway (22), our results further add to 
the picture and highlight the possible role of N-glycosylation 
events in ovarian cancer tumorigenesis.

Taken together, our data are consistent with tumor-suppres-
sive character of TUSC3 published previously (9), but provide 
�W�K�H���À�U�V�W���H�Y�L�G�H�Q�F�H���R�I���D���W�X�P�R�U���V�X�S�S�U�H�V�V�R�U���J�H�Q�H���L�Q���R�Y�D�U�L�D�Q���F�D�Q�F�H�U��
involved in protein glycosylation. Although abnormal protein 
glycosylation is a common event in many cancers, the missing 
comprehension of its mechanisms and lack of any substantial 
evidence for causative genetic aberrations are obstructive 
to development of glycosylation targeted cancer therapies. 
�'�H�À�Q�L�Q�J���W�K�H���P�R�O�H�F�X�O�D�U���I�X�Q�F�W�L�R�Q���R�I���7�8�6�&�����L�Q���R�Y�D�U�L�D�Q���F�D�Q�F�H�U��
may contribute to understanding the role of N-glycosylation 
in ovarian cancer and possibly open the door for future drug 
development.
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and Accelerates Prostate Cancer Growth
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Prostate cancer is the most prevalent cancer in males in developed countries. Tumor suppressor candidate 3
(TUSC3) has been identified as a putative tumor suppressor gene in prostate cancer, though its function has
not been characterized. TUSC3 shares homologies with the yeast oligosaccharyltransferase (OST) complex
subunit Ost3p, suggesting a role in protein glycosylation. We provide evidence that TUSC3 is part of the
OST complex and affects N-linked glycosylation in mammalian cells. Loss ofTUSC3expression in DU145
and PC3 prostate cancer cell lines leads to increased proliferation, migration and invasion as well as
accelerated xenograft growth in a PTEN negative background.TUSC3downregulation also affects
endoplasmic reticulum (ER) structure and stress response, which results in increased Akt signaling.
Together, our findings provide first mechanistic insight in TUSC3 function in prostate carcinogenesis in
general and N-glycosylation in particular.

In developed countries, prostate cancer is the most prevalent cancer in males and the second most common
cause of cancer related death1. Despite PSA screening and availability of multiple therapeutic options a number
of patients experience relapse in the form of hormone-refractory or castration-resistant prostate cancer

(CRPC). These patients constitute a heavily pretreated and highly heterogeneous population and despite current
advances in treatment of CRPC patients, the 5-year survival rate remains less than 5%. Molecular factors for onset
and development of prostate cancers are largely elusive, although their number and characterizations are growing
rapidly. Most prostate cancers harbor mutations or deletions of tumor suppressor genes, such asPTEN, SMAD4,
MAGI2, CADM2or TP532. Recently, a genome wide expression, mutation and copy number alteration analysis
identified genomic loss on chromosome 8p as the most common genetic aberration in prostate cancers3, con-
firming earlier observations of chromosomal loss and loss of heterozygosity (LOH) in this region4,5. These losses
include large regions of this chromosomal arm encompassing a multitude of genes including prostate cancer
tumor suppressors, such as the homeodomain-containing transcription factor NKX3-1.TUSC3, originally named
N33, was identified as a potential tumor suppressor gene on the chromosomal band 8p22 in prostate cancer in the
mid 1990•s5…9. Our previous work described high frequency of LOH on the short arm of chromosome 8 in ovarian
cancer10 and specifically defined the prognostic influence11,12and carcinogenic effects13 of TUSC3loss in this
cancer entity.

TUSC3has been described and identified as a homologue of the yeast Ost3p subunit of the oligosaccharyl-
transferase (OST) complex14,15. OST is an integral membrane protein complex that catalyzes N-linked glycosyla-
tion of proteins in the endoplasmic reticulum (ER)16. TUSC3mutations have been found in families with
non-syndromic autosomal recessive mental retardation17…20. In analogy to this observation, several congenital
disorders of glycosylation present phenotypically with variable degrees of mental retardation. N-glycosylation is a
ubiquitous posttranslational modification of eukaryotic proteins that modulates protein folding, protects them
from degradation, and regulates their function as well as their immunogenicity21. In general, glycosylation is
involved in biological processes such as intercellular or cell-matrix interactions, which play an important role in
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cancer initiation and progression22…24. In PTEN driven prostate
cancer, increase in N-glycosylation results in increased tumori-
genicity due to the activity of an endoplasmic reticulum UDPase
ENTPD525. Changes in protein glycosylation patterns lead to
accumulation of unfolded or misfolded proteins in the endoplas-
mic reticulum and induce the unfolded protein response (UPR)26.
UPR then facilitates cellular adaptation to ER stress by several
distinct mechanisms in order to modulate the crosstalk between
autophagy and apoptosis, and its deregulation might thus further
contribute to carcinogenesis27,28.

So far, function of TUSC3 in neither N-glycosylation nor ER stress
has been well characterized. In our work we present the first evidence
of TUSC3 involvement in protein N-glycosylation and demonstrate
the effects of TUSC3 loss on ER stress response in prostate
carcinogenesis.

Results
TUSC3 interacts with the STT3B subunit of the oligosacchary-
ltransferase complex and affects N-glycosylation. TUSC3 homo-
logue Ost3p has been described as a subunit of the yeast OST
complex responsible for OST substrate specificity and efficien-
cy14,29. We could confirm the physical interaction between

endogenous and exogenous human TUSC3, respectively, and the
STT3B (Figures 1a and b), the core catalytic protein of the com-
plex, by co-immunoprecipitation in HEK293T cells. In contrast,
STT3A did not co-immunoprecipitate with TUSC3 in these cells
(data not shown). To answer the question if and how TUSC3
regulates N-glycosylation within the OST complex, we employed a
luciferase based assay described by Contessa et al30. In this assay, wild
type firefly luciferase containing three N-glycosylation consensus
sites is fused with the EGFR derived endoplasmic reticulum tar-
geting sequence. N-glycosylation of the wild type firefly luciferase
in HEK293T cells leads to a change in molecular weight in SDS-
PAGE (Supplementary Figure S1a) and decreased enzymatic ac-
tivity (Figure 1c). We used an overexpression approach to study
the effects of TUSC3 on N-glycosylation of ER-luciferase (ER-Luc).
Silencing would possibly lead to further inhibition of already
decreased activity of the ER-Luciferase, making an evaluation diffi-
cult (Figure 1c). We overexpressed ER-Luc and wild-type TUSC3 in
HEK293T cells and assessed the enzymatic activity of the ER-
luciferase after 48 hours. We treated transfected HEK293T cells
with 0.5mM tunicamycin for 24 hours to show that deglycosyla-
tion results in a decrease in molecular weight of the ER-Luc
(Supplementary Figure S1a). We observed an increase in luciferase

Figure 1| TUSC3 associates with oligosaccharyltransferase subunit STT3B.(a) TUSC3 co-immunoprecipitates with STT3B in HEK293T cells. Lysates
from HEK293T cells were immunoprecipitated with TUSC3 antibody or control IgG and detected with STT3B antibody on a western blot. IgG heavy
chain (IgG HC) represents the loading control. Endogenous input STT3B and TUSC3 levels are shown. (b) HEK293T cells were transfected with TUSC3
or an empty control pcDNA 3.1 vector (V). Lysates from transfected cells were immunoprecipitated using STT3B antibody or control IgG and TUSC3 was
detected using western blot. IgG light chain (IgG LC) serves as loading control.TUSC3 overexpression affects ER-Luciferase N-glycosylation in
HEK293T cells.(c) HEK293T cells were transfected with wild type firefly luciferase (Luc) or luciferase fused to an endoplasmic reticulum targeting
sequence (ER-Luc) and seeded in 96-well plates. Luminesence was measured 32–48 hours after transfection and normalized to the cell count. (d)
HEK293T cells were co-transfected with ER-Luc and empty pcDNA 3.1 vector (V) or full length TUSC3. Luminesence was measured and normalized to
the cell count. The luciferase experiments are representative of several biological replicates and were performed in triplicates (depicted as means and
standard deviations). Electrophoretic gel shift of the fusion construct (ER-Luc) in contrast to wild type luciferase (Luc) is shown. TUSC3 overexpression
does not have an effect on the molecular weight of the ER-Luciferase. (e) A panel of cell lines derived from human prostate cancers (DU145, PC3, LNCaP)
and benign prostatic hyperplasia (BPH-1) were assessed for expression of TUSC3, PTEN and ENTPD5. Cropped blots are depicted for clarity reasons and
full-length blots will be provided upon request.
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activity in TUSC3 overexpressing cells compared to controls
(Figure 1d), suggesting reduced N-glycosylation efficiency caused
by TUSC3 overexpression, although not attaining the wild-type
luciferase activity. TUSC3 overexpression in HEK293T cells also
does not lead to a large band shift due to decreased glycosylation
(Figure 1d), suggesting a small effect of TUSC3 on ER-luciferase N-
glycosylation. This result might support the notion of a TUSC3 role
in the regulation of N-glycosylation substrate specificity29.

We also analyzed the expression of TUSC3 in three cell lines
derived from human prostate cancer (DU145, PC3, LNCaP) and
one cell line from benign prostatic hyperplasia (BPH-1). We can
demonstrate varied levels of TUSC3 expression in these cell lines,
with LNCaP and BPH-1 cells having lowest levels of TUSC3 express-
ion. The ER UDPase ENTPD5 has been recently implicated in the
pathogenesis of PTEN negative prostate cancer through ER stress
modulation25, and for this reason we also assessed its expression. In
contrast to the PTEN negative LNCaP cells, DU145 and PC3 cells
display higher TUSC3 expression levels while their basal expression
of ENTPD5 is relatively low (Figure 1e).

Knockdown of TUSC3 leads to increased proliferation and inva-
sion of prostate cancer cellsin vitro . We were curious about the
phenotypic effects of TUSC3 loss in a prostate cancer cell line model.
We knocked down TUSC3 expression in two well characterized
androgen resistant prostate cancer cell lines, PC3 and DU145, and
analyzed themin vitro. Silencing efficiency of 5 short hairpin RNAs
against TUSC3 was first tested in the HEK293T cell line (Supple-
mentary Figure S1c). PC3 and DU145 cell lines were lentivirally
transduced to achieve a considerable reduction of TUSC3 expres-
sion (Figure 2a). mRNA levels of the closest TUSC3 homolo-
gue, MagT1 remained unchanged, thus validating knockdown

specificity (Figure 2a). Cell lines with silenced TUSC3 expression
(shTUSC3) and cell lines transduced with scrambled shRNA
(control) were assessed for proliferation using a resazurin based
cell viability assay. TUSC3 silenced PC3 prostate cancer cell lines
demonstrate a significant growth advantage over control cells,
which is retained under conditions of cellular stress, such as serum
deprivation. Interestingly, knockdown of TUSC3 in DU145 cells did
not demonstrate similar effects (Figure 2b). Next, we tested if
shTUSC3 cells were displaying increased migratory and invasive
properties consistent with increased tumorigenicity. In a wound
healing assay, 18 hours after wounding, both silenced cell lines
show accelerated wound closure (Figure 2c). To assess invasion
through extracellular matrix, we used a Matrigel transwell invasion
assay using medium with 20% FCS as chemoattractant. In
comparison to control cells, and corrected for migration through
the 8mm pore membrane, shTUSC3 cells demonstrate increased
invasion through extracellular matrix (Figure 2d). These results
suggest that TUSC3 loss might accelerate tumorigenesis in prostate
cancer cells under specific circumstances.

TUSC3 loss under serum deprivation promotes Akt activity.
Growing cancer cells often encounter lack of nutrients leading to
cellular stress response and adaptation, including induction of ER
stress and autophagy. Interestingly, both cell lines continue to
proliferate without serum for up to 72 hours (Figure 2b) and the
difference between TUSC3 silenced cells and controls remains un-
affected. Next, we looked at the downstream activation of MAPK and
PI3K/Akt pathways as major drivers of cellular proliferation and
survival in the two prostate cancer cell lines. For this purpose, we
serum starved the prostate cells for 36 hours and stimulated growth
factor activation with FCS for 30 minutes before lysis. We observe

Figure 2| TUSC3 loss promotes carcinogenesis.(a) Prostate cancer cell lines DU145 and PC3 demonstrated shRNA mediated downregulation ofTUSC3
mRNA (shTUSC3) versus scrambled shRNA (co) and unchanged expression of its closest homologueMagT1. (b) TUSC3 silenced cells proliferate in
serum and under serum deprivationin vitro. Cells were plated in 96-well plates and allowed to adhere overnight, followed by addition of serum free or
serum complemented medium. Cell viability for up to 72 hours was assessed in triplicates. (c) Cell motility was compared 18 hours after wounding of a
DU145 and PC3 monolayer under conditions of serum deprivation. Representative images are shown in 2003 magnification. (d) Invasion of prostate
cancer cell lines through Matrigel was assessed in a transwell migration assay towards cell culture medium with 20% FCS as chemoattractant. Crystal violet
stained cells from triplicate experiments were counted in 3 high power fields (HPF, 4003 magnification) per well and normalized to migration without
Matrigel. Results are depicted as means and standard deviations.

www.nature.com/scientificreports

SCIENTIFICREPORTS| 4 : 3739 | DOI: 10.1038/srep03739 3



differential phosphorylation of ERK1/2 and Akt (Ser473) between
the PC3 and DU145 cell lines as a result of their PTEN mutational
status (Figure 3a). PTEN levels remain unaffected by TUSC3 status
(Supplementary Figure S1d). MAPK pathway seems to be the pre-
dominant signaling pathway in the DU145 cell line as evidenced by
ERK1/2 phosphorylation. In PTEN negative PC3 cells however, loss
of TUSC3 further induces basal Akt activity in serum starved cells
(Figure 3c).

TUSC3 function within the OST complex may define distinct OST
isoforms and confer target specificity16,29. In order to assess the level
of global protein glycosylation in shTUSC3 cells, we employed lectin
based assays using Concanavalin A and Phytohaemagglutinin-L.
There was no difference in binding of these two lectins to glycosy-
lated residues of isolated whole cell protein lysates or whole cells
(Supplementary Figures S2a and b). To specifically analyze the N-
glycosylation of cell surface proteins, we used cell surface biotinyla-
tion and purification. Surprisingly, within the isolated cell membrane
fraction we could detect increased N-glycosylation of unspecified cell
surface proteins in both cell lines (Figure 3b).

Given the possible alterations in N-glycosylation and ER stress
induction through loss of TUSC3, we looked at a downstream target
of UPR, the pro-apoptotic transcription factor CHOP (GADD 153).
When we evaluated induction of CHOP in serum starved PC3 and
DU145 cells at 36 h, we can see an increase of CHOP primarily in
PC3 cells while we simultaneously observe a reduction of CHOP
levels in PC3 shTUSC3 cells (Figure 3a). To induce physiological
and long term ER stress induction in prostate cancer cells, we
deprived them of serum for up to 72 hours. Under these conditions,
sustained Akt phosphorylation in both shTUSC3 cell lines is present,

although a stronger signal is observable in PC3 cells (Figure 3b). At
this time point, we also observe CHOP induction in both cell lines.
Repeatedly, this pro-apoptotic response is partly abolished in
shTUSC3 cells. We were curious how loss of TUSC3 in prostate
cancer cells may affect the ER stress induced cell death in general.
We treated shTUSC3 and control cell lines with tunicamycin at
concentrations ranging from 0.5mM to 10 mM and evaluated their
viability for up to 72 hours after induction of ER stress. IWe observed
that at 5mM tunicamycin, PC3 cell were generally more sensitive to
ER stress than DU145 cells (Figure 3d) and that knockdown of
TUSC3 significantly increased their resistance to tunicamycin
(Figure 3d), while no difference was observed in DU145 cells.
Taken together, we speculate that TUSC3 loss may control and
increase Akt activity in serum deprived tumor cells especially under
ER stress conditions.

TUSC3 loss alleviates endoplasmic reticulum stress in prostate
cancer cells. Disruption of the OST complex and N-glycosylation
leads to accumulation of misfolded proteins in the ER lumen, which
triggers the unfolded protein response and activation of pro-
apoptotic PERK/CHOP as well the adaptive IRE-1/XBP-1 path-
ways. In resting cells, the ER stress receptors are inactivated
through their association with the ER chaperone BiP(GRP78). We
wondered, if TUSC3 loss may lessen the pro-apoptotic ER stress
caused by tunicamycin treatment. Induction of CHOP following
tunicamycin is markedly reduced in shTUSC3 PC3 cells (Figure 4a).
Previously, induction of N-glycosylation by ENTPD5 expression was
shown to alleviate ER stress in prostate cancer cells31. ENTPD5
expression is slightly increased in TUSC3 knockdown cells,

Figure 3| TUSC3 loss leads to increased viability, N-glycosylation and Akt signaling.(a) shTUSC3 and control cells were serum starved for 36 hours (2 )
and serum was added for 30 minutes before lysis (1 ). PI3K/Akt and MAPK signaling pathway were evaluated by immunoblotting. Increased downstream
activation of Akt can be observed in serum starved TUSC3 silenced PC3 cells as well as in DU145 cells after stimulation with serum. ER stress and CHOP
are induced by prolonged serum starvation (lane 5 and 6) in PC3 cells. Loss of TUSC3 decreases CHOP levels in PC3 cells (lane 7 and 8). (b) Increased N-
glycosylation in shTUSC3 cells. Lectin blotting using Concanavalin A and Phytohaemagglutinin-L lectins on isolated cell surface proteins was performed
in cell membrane fractions of PC3 and DU145 cells following 72 h serum starvation. Control for protein loading was performed by amido black staining
(Supplementary Figure S2C). (c) DU145 and PC3 prostate cancer cell lines were serum starved for 72 hours before lysis. Silencing of TUSC3 (sh) leads to
sustained phosphorylation of Akt and decreased expression of CHOP in both cell lines. (d) Viability of TUSC3 silenced (shTUSC3) and control
(scrambled shRNA) prostate cancer cells was assessed with the CellTiter-BlueHAssay after treatment with 5mM tunicamycin or DMSO for 72 hours in full
medium. Experiments were performed in triplicates and results are representative of several independent experiments.* p 5 0.01.
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consistent with adaptation to increased glycosylation. However, its
expression is abolished upon tunicamycin treatment in PC3 cells,
thus it is not sufficient to explain ER stress reduction in these cells.

To further examine the role of TUSC3 in ER stress response, we
looked at the transcriptional regulation of TUSC3 expression under
ER stress. Following a 24 h treatment with 5mM tunicamycin, we
measured a twofold induction of TUSC3 mRNA in PC3 cells
(Figure 4b).

Next, in order dissect the responsible ER stress pathways and
addressing adaptive as well as pro-apoptotic branches, we analyzed
BiP, IRE-1 and XBP-1 expression in TUSC3 silenced cell lines after
72 h of serum starvation. Interestingly, BiP (GRP78) was recently
identified as an essential factor for Akt activation in PTEN negative
prostate cancer32. Interestingly, levels of BiP were elevated in
shTUSC3 PC3 cells (Figure 4c) whereas the induction of IRE-1
and spliced XBP-1 was repressed. The effect was more pronounced
in PC3 cells, although the general expression of IRE-1 was higher in
DU145. This effect was confirmed using different methods. We per-
formed a semi-quantitative and quantitative PCR of the XBP-1 splice
variants as well as BiP. We find that serum starvation induces BiP
mRNA expression predominantly in the PC3 shTUSC3 cell line
(Figure 4d). In addition, a shift from spliced to unspliced, inactive
isoform of XBP-1 can be detected upon downregulation of TUSC3,
which is more pronounced in PC3 cells, indicating less ER stress
induction (Figure 4c and d).

These observations prompted us to examine the ultrastructural
changes of endoplasmic reticulum in TUSC3 silenced prostate can-
cer cell lines. Both, PC3 and DU145 cells deficient for TUSC3 dis-
played ER rearrangement consistent with cross-linked and slightly
dilated ER cisternae when compared to controls. These effects on the
endoplasmic reticulum may represent morphological correlates of
disturbed ER function under ER stress conditions. In our analyses,

only cells with clearly visible nucleus, nucleolus, mitochondria, Golgi
apparatus and rough endoplasmic reticulum were evaluated and
representative images are shown (Figure 5a).

TUSC3 loss leads to increased tumor formationin vivo. To assess
the influence of TUSC3 onin vivo tumorigenesis, we used a nude
mouse xenograft model. Relatively small differences in proliferation,
migration and invasion, which we observedin vitro, might have a
summative effect in anin vivo model. We injected the modified
shTUSC3 cell lines into the dorsal flanks of male nude athymic
(Foxn1nu/nu) mice. The contralateral flanks were inoculated with
control (scrambled shRNA) cells of the respective cell line.In vivo
growth of TUSC3 silenced DU145 and PC3 cell lines did rather
resemble thein vitro proliferation pattern, disregarding the TUSC3
mediated differences in extracellular matrix invasion and migration
of the DU145 cell line. Tumor formation of shTUSC3 DU145 cells
did not differ from their control counterparts while shTUSC3 PC3
xenografts developed a growth advantage over control cells after 6…7
weeksin vivo (Figure 5b). TUSC3 silencing was maintained in
isolated mouse tumors, as evidenced by mRNA levels and histo-
chemistry (Figure 5c). Not unexpectedly, pronounced changes in
protein glycoslyation were not apparent by ConA lectin histo-
chemistry of mouse tumors as suggested by thein vitro data
(Figure 5c).

TUSC3 is downregulated in prostate cancer patients. We set out to
identify and characterize a putative tumor suppressor gene in
prostate cancer. Although we identified loss of TUSC3 expression
through promoter hypermethylation in ovarian cancer11,12, TUSC3
has never been evaluated in a large prostate cancer patient cohort. In
order to assess TUSC3 protein expression in clinical samples, we
analyzed 143 prostate cancer patients using a tissue microarray.
We observed strong cytoplasmic staining of TUSC3 in prostate

Figure 4| TUSC3 alleviates ER stress in prostate cancer cell lines.(a) CHOP and ENTPD5 expression was measured after 24 hours of 5mM tunicamycin
(TM) or DMSO treatment. Decreased CHOP induction in shTUSC3 PC3 cells indicates reduced ER stress response (lane 7 vs. 8). (b) Cells were treated
with 5 mM tunicamycin (TM) or DMSO for 24 hours.TUSC3mRNA expression was assessed using qRT-PCR. (c) UPR was assessed by expression levels
of BiP, IRE-1 and XBP-1s in serum starved (72 h) prostate cancer cells. XBP-1 mRNA splicing was also measured by semiquantitative RT-PCR. Intensity
of the bands was quantified and ratio of spliced to unspliced isoform was calculated. Increased ratio indicates elevated levels of ER stress. Croppedblots are
depicted for clarity reasons and full-length blots will be provided upon request. (d) qRT-PCR was used to evaluate the mRNA expression of BiP and
spliced XBP-1 isoform. Silencing of TUSC3 leads to an increase in BiP expression in PC3 cells and conversely to an increase in spliced XBP-1 in DU145
cells, suggesting opposing effects on UPR signaling.* p 5 0.03 and** p 5 0.04.
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cancer as well as normal tissues, consistent with its subcellular
localization in the endoplasmic reticulum (representative stainings
are shown in Supplementary Figure S3a). We found that 13.3% of
tissue samples demonstrated starkly reduced protein expression
of TUSC3 (assessed as absent and weak staining in more than 30%
of cells, Supplementary Figure S3b). We could not detect significant
differences in TUSC3 expression between the clinicopathological
subgroups (Supplementary Table 1). The follow-up of this cohort
was not sufficient to assess the influence of TUSC3 on progression-
free or overall survival (Supplementary Table 1). Additionally, we
performed a comprehensivein silico evaluation ofTUSC3gene
expression, promoter methylation and gene copy number using
publicly available datasets of The Cancer Genome Atlas (TCGA).
We could define a large number of homozygous (11.8%) and
heterozygous (42.9%) deletions of TUSC3, confirming a high
percentage of 8p deletions in prostate cancer3 (Supplementary
Figure S3b). Consistent with the data in ovarian cancer11,12, TUSC3
expression was significantly correlated with promoter hypermethy-
lation as well as downregulated in higher stage tumors (Supple-
mentary Figure S3c). This data further supports the notion of
TUSC3 acting as a tumor suppressor in prostate cancer.

Discussion
Functional knowledge about the origins of altered glycosylation of
tumor cell surface proteins is limited33,34. Deregulated enzymatic
activities of proteins directly involved in N-glycosylation or the avail-
ability of potential glycosylation sites determined by the branching of
N-glycans are considered to be crucial for these effects25,35. TUSC3 is
the human homologue toS. cerevisiaeOst3p, a non-catalytic subunit
of the OST complex15,29. Analyses of the Ost3p and its yeast paralogue
Ost6p (human MagT1/IAP) demonstrated their function in

regulating glycosylation substrate specificity29, glycosylation effi-
ciency36as well as their recently uncovered role in magnesium trans-
port37. We find that mammalian TUSC3 binds the STT3B isoform of
the catalytic subunit of the OST complex, but not STT3A. It is con-
ceivable that TUSC3 modulates the function of STT3B, which has
been described to have a salvage role in N-glycosylation, while the
STT3A based complex is primarily responsible for the bulk of co-
translational N-glycosylation15,38,39. This distinct role of STT3B
complex might explain the relatively modest effect of TUSC3 over-
expression on ER-Luc glycosylation and no global changes in lectin
binding upon TUSC3 knockdown. In contrast to ENTPD5, which
has been described as an oncogenic factor in PTEN negative prostate
cancer25, TUSC3 might have a selective role in regulating N-glyco-
sylation, affecting target specificity and OST efficiency. Moreover,
ENTPD5 acts downstream of the OST complex, hydrolyzing UDP in
the endoplasmic reticulum to promote further glycosylation and
protein folding following OST mediated transfer of the core glycan
on the nascent protein. Therefore it is conceivable that TUSC3 down-
regulation and ENTPD5 overexpression in prostate cancer may con-
fer an additive effect on tumor growth.

Our finding of increased N-glycosylation of cell surface proteins
being mediated by TUSC3 loss is somehow unexpected, as we prev-
iously described an opposite role for TUSC3 in ovarian cancer13.
These differences might be attributable to a number of factors, such
as different cancer model (prostate vs. ovarian), different expression
system (knockdown vs. overexpression) as well as different lectins
used (ConA and PHA vs. SNA). We believe that TUSC3 mediated N-
glycosylation might exert several different functions in tumorigen-
esis depending on cancer type and genetic background. Integrins as
well as growth factor receptors are likely candidates for N-glycosy-
lated target proteins involved in carcinogenesis40…42, an our further

Figure 5| TUSC3 silencing is associated with ultrastructural changes in endoplasmic reticulum.(a) shTUSC3 and control (scrambled shRNA) PC3 and
DU145 cells, respectively, were evaluated using transmission electron microscopy in ultrathin sections. Only cells with intact plasma membrane, nucleus,
nucleolus, mitochondria, ER and Golgi apparatus were included into the analysis. We examined 20 cells of each cell type. Arrows indicate branching or
dilatation of ER cisternae. Scale bars correspond to 2mm. TUSC3 silencing promotes prostate cancer xenograft growth.(b) shTUSC3 and control
(scrambled shRNA) PC3 and DU145 cells, respectively, were injected into the flanks of 6–8-week old male nude mice. Tumor growth was monitored and
is shown as mean tumor size (1 /2 SEM). (c) Representative tumor formed by the TUSC3 silenced PC3 xenograft in the right flank of a Foxn1nu/nu mouse
(top left). Sustained downregulation of TUSC3 in mouse tumors was analyzed by qRT-PCR (top right) and immunohistochemistry (TUSC3 IHC, middle
graphs). Major differences in N-glycosylation in mouse tumors were not identified by Concanavalin A lectin histochemistry (ConA lectin, bottom
graphs).
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efforts are aimed at the successful identification of a TUSC3 target
protein in prostate and ovarian cancers. In our study, however, we
cannot prove a direct effect of increased N-glycosylation caused by
TUSC3 loss to prostate carcinogenesis.

We observe that ER structure is altered depending on TUSC3
status in prostate cancer cells and we detect an effect of TUSC3 on
the unfolded protein response. UPR is triggered by endoplasmic
reticulum stress caused by accumulation of misfolded proteins,
which causes simultaneous activation of both adaptive and pro-
apoptotic pathways. ER stress receptors are activated by binding of
unfolded proteins to the BiP(GRP78) and its dissociation from IRE-
1, ATF6 and PERK27. The pro-apoptotic response consists of the
PERK mediated activation of the transcription factor CHOP. The
adaptive pathway is primarily regulated by by IRE-1, a conserved
UPR stress sensor, which splices XBP-1 into its active form26. We
observe ER stress induction in both prostate cancer cell lines studied,
although serum starved PTEN negative cells demonstrate generally
higher levels of XBP-1 splicing and CHOP induction. This response
is blunted in TUSC3 silenced cell lines and particularly in PTEN
negative cells, which may result in a better adaptation to ER stress
and growth advantagein vivo. We are aware that there might be
further differences between the two prostate cancer cell lines than
their PTEN status, but we have reason to believe that the PTEN/Akt
pathway disruption is the main driver for increased ER stress in
prostate cancer31. The importance of a crosstalk between ER stress
response through BiP/GRP78 and Akt activation in prostate cancer
pathogenesis has been demonstrated recently32. We speculate that
TUSC3 might be responsible for regulation of N-glycosylation and
UPR under ER stress conditions of serum starvation, leading to
alteration of Akt signaling. The possibly deleterious effects of
increased ER stress are ameliorated in PTEN negative cells, leading
to a survival advantage.

In our previous work, we characterized the prognostic relevance of
TUSC3promoter hypermethylation in ovarian cancer11,12. TUSC3
promoter methylation has been described in prostatic intraepithelial
neoplasia as well as prostate adenocarcinoma43. Here we offer further
evidence for a loss ofTUSC3expression in two large cohorts of
prostate cancer patients as well as indications for its epigenetic regu-
lation through promoter hypermethylation.

We hypothesize that loss of TUSC3 in prostate epithelium may
facilitate cancer initiation and progression under certain circum-
stances, such as PTEN loss. In conclusion, we propose that loss of
TUSC3 in PTEN negative prostate cancer cells further enhances their
carcinogenic potential by increased N-glycosylation of yet unknown
target proteins and alleviation of ER stress and unfolded protein
response.

Methods
Cell culture conditions and treatments. The cancer cell lines PC3, DU145, BPH-1,
LNCaP, HEK293T were obtained from European Collection of Cell Cultures
(ECACC) or American Type Culture Collection (ATCC). Cells were cultivated at
37uC in a humidified atmosphere with 5% CO2 in growth medium (HEK293T:
DMEM; DU145, PC3: RPMI; all enriched with 10% FCS (fetal calf serum), 50 units
ml2 1 penicillin G, and 50mg ml2 1 streptomycin sulfate; LNCaP, BPH-1: RPMI
enriched with 20% FCS (fetal calf serum), 50 units ml2 1 penicillin G, and 50mg ml2 1

streptomycin sulfate. In addition, BPH-1 cells received 5 mg/ml transferrin, 5 ng/ml
sodium selenite, 5 mg/ml insulin (Invitrogen, Carlsbad, CA, USA). Tunicamycin
(T7765) was obtained from Sigma Aldrich (St. Louis, MO, USA) and reconstituted in
DMSO.

Semiquantitative and quantitative reverse transcription-polymerase chain
reaction. Total RNA was isolated from a confluent 6-well plate using RNAzolHRT
(Molecular Research Center, Inc.). RNA concentration was measured on a Nanodrop
8000 and cDNAs were generated by reverse transcription of isolated mRNAs using
SuperScript II RNase H-Reverse Transcriptase (Invitrogen) according to the
manufacturer•s instructions. Quantitative real-time PCR was performed using
TaqManHGene Expression Assays by Applied Biosystems (Carlsbad, CA, USA) for
TUSC3 (Hs00185147_m1), MagT1 (Hs00259564_m1), huHPRT (Hs99999909_m1)
or SYBRHGreen based assays for CHOP, BiP and XBP-1 using published primers and

conditions44,45. For the semiquantitative determination of XBP-1 splicing, primers
and conditions as described previously were used46.

Proliferation and cytotoxicity assays. Cells were plated at a density of 53 103 in
100ml of culture medium in a 96-well plate and were left overnight to adhere. On the
next day medium was aspirated, cells were washed once with 13 PBS, and
appropriate medium containing 5mM tunicamycin (Sigma Aldrich) or DMSO was
added. Cells were then incubated for 24 to 72 hours. Cell viability was measured by
CellTiter-BlueHAssay (Promega, Madison, WI, USA) according to the
manufacturer•s instructions.

Matrigel assay. 50,000 cells were seeded in triplicates onto a 24-well plate with
modified Boyden chambers (BD Biosciences, San Jose, CA, USA). The lower chamber
contained 20% FCS/culture medium as a chemoattractant. Cells were incubated for
18 hours, stained with crystal violet and counted under a microscope.

Lentiviral transduction and transfection. Downregulation of TUSC3 in prostate
cancer cell lines DU145 and PC3 was performed by lentiviral delivery using pLKO.1
vector containing TUSC3 shRNA (Open Biosystems, Thermo Fisher Scientific,
Lafayette, CO, USA) and HEK293T packaging cell line. Transduced cells were
selected and maintained in medium containing puromycin (3mg/ml). ER-Luc, Luc
and TUSC3 constructs were cloned into the pcDNA 3.11 vector according to
Contessa et al.30and transfected into HEK293T cells using the CalPhosTM Mammalian
Transfection Kit (Clontech, Saint-Germain-en-Laye, France).

Luciferase assay. Luciferase activity was measured using Promega•s Luciferase Assay
System according to the manufacturer•s protocol. Measurements were performed on
a Berthold TriStar LB 941 Multimode Microplate Reader (Berthold Technologies,
Bad Wildbad, Germany). In experiments using tunicamycin at cytotoxic
concentrations, the final values of bioluminescence were normalized to cell counts of
treated wells.

Immunoblotting and co-immunoprecipitation. Cells were lysed with RIPA buffer
supplemented with cOmplete Protease Inhibitor Cocktail Tablets (Roche
Diagnostics, Mannheim, Germany) and PhosSTOP Phosphatase Inhibitor Cocktail
Tablets (Roche Diagnostics). After incubation for 10 minutes on ice, cell lysates were
cleared by centrifugation at 15,000 rpm for 10 minutes at 4uC and protein
concentration was determined by Bradford absorbance assay (Sigma Aldrich). Equal
amounts of protein lysates (40mg) were separated by SDS-PAGE, blotted on PVDF
membranes (GE Healthcare, Chalfont St. Giles, UK), incubated with the appropriate
primary antibody and horseradish peroxidase (HRP)-conjugated secondary
antibodies and detected with enhanced chemilumescence detection system (Pierce
ECL Western Blotting Substrate, Thermo Scientific, Rockford, IL, USA). Following
antibodies and dilutions were used: luciferase (15500, AB3256, Millipore, Billerica,
MA, USA), TUSC3 (15500, ab65213, Abcam), actin (15500, sc-1616, Santa Cruz
Biotechnology, Santa Cruz, CA), phospho-ERK 1/2 (Thr202/Tyr204, 151000, #9101,
Cell Signaling Technology, Danvers, MA, USA), ERK (151000, sc-93, Santa Cruz),
phospho-Akt (Ser473, 151000, Cell Signaling #4060), Akt (151000, Cell Signaling
#9272), PTEN (15500, Cell Signaling #9552), ENTPD5 (15500, HPA002927, Sigma
Aldrich), CHOP (15500, MA1-250, Thermo Scientific), IRE1a (14C10) (Cell
Signaling #3294), BiP (C50B12) (Cell Signaling #3177), STT3B (15500, 15323-1-AP,
Proteintech, Chicago, IL, USA) and XBP-1s (D2C1F) (Cell Signaling #12782).

For co-immunoprecipitations, cells were lysed in PBS with 0.75% NP40 and
cOmplete Protease Inhibitor as well as PhosSTOP Phosphatase Inhibitor. After
incubation for 10 minutes on ice, cell lysates were cleared by centrifugation at
15,000 rpm for 10 minutes at 4uC. 1000mg of the protein lysate were incubated with
Protein A/G Sepharose beads for 1 hour at 4uC. Precleared lysates were then incu-
bated overnight at 4uC with the respective antibody (TUSC3, ab65213, Abcam;
STT3B, 15323-1-AP, Proteintech; normal rabbit IgG, sc-2027, Santa Cruz), followed
by precipitation with protein A Sepharose (GE Healthcare) at 4uC for 1 hour. Beads
were washed three times in lysis buffer, bound proteins separated with SDS/PAGE
and visualized by western blotting.

Cell Surface Protein isolation. Selective isolation of the cell membrane proteins was
performed using the Pierce Cell Surface Protein Isolation Kit according to the
manufacturer•s instructions (Thermo Scientific).

Immunohistochemistry.5 mm thick tissue sections were deparaffinized by heating at
60uC and subsequently rehydrated in xylene and graded alcohols. Antigen retrieval
was performed with DEPP-9 epitope retrieval solution (EB-depp9-250, eubio,
Vienna, Austria), followed by treatment with 0.3% H2O2 in PBS (pH 7.4) to quench
endogenous peroxidase activity. After blocking with 10% secondary antibody host
serum for 10 minutes, the sections were incubated in primary antibody (rabbit
polyclonal to TUSC3, dilution 15300, ab65213, Abcam, Cambridge, UK) for 1 hour at
room temperature. Primary antibody dilutions were made in 10% secondary antibody
host serum. The sections, after 2xPBS washes, were incubated in respective
biotinylated secondary antibodies [biotinylated anti-rabbit IgG (BA-1000), Vector
Laboratories, Burlingame, CA, USA], diluted 15200 in 10% serum for 30 minutes at
room temperature, followed by 45 minute incubation in StreptABComplex/HRP
(K0377 Dako, Glostrup, Denmark). The sections were again washed twice with PBS
and incubated in Dako Liquid DAB1 Substrate-Chromogen System (K3468) until
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the development of brown color. This was followed by counterstaining with Meyer•s
hematoxylin, dehydration, and mounting using Eukitt medium.

Three tissue microarrays of prostate cancer from 143 patients were used to assess
the TUSC3 protein expression. Each tissue microarray consisted of 3 biopsies of
tumor material and 2 biopsies of adjacent benign tissue from each patient. Stained
cells per 5 high-power fields were counted and grouped according to percentage of
positive cells as, 10%, 10%…30%, and. 30%. The intensity of staining was deter-
mined on a scale of 0 to 3, with 0 for absent, 1 for weak, 2 for moderate, and 3 for
strong. The microscopic assessment and quantification of the staining was performed
independently by three investigators (R.H., M.A. and P.H.).

Lectin histochemistry and lectin blotting. 5 mm thick paraffin embedded tissue
sections and cell lines grown on glass chamber slides (Nunc, Langenselbold,
Germany) were used. Lectin histochemistry and cytochemistry was performed using
Concanavalin A (ConA) HRP conjugate in a concentration of 1540 in PBS
(USBiological, Swampscott, MA, USA) overnight at 4uC, followed by 2xPBS washes
and visualized with Dako Liquid DAB1 Substrate-Chromogen System (K3468). This
was followed by counterstaining with haematoxylin, dehydration and mounting
using Eukitt medium (O. Kindler GmbH, Freiburg, Germany).

Lectin blotting was performed after cell lysis in lysis buffer (1% Triton X-100,
20 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 5 mM EDTA) containing protease
and phosphatase inhibitors. Protein lysates were separated by SDS-PAGE, blotted on
PVDF membranes (GE Healthcare) and blocked with PBST1 2% gelatin for 1 hour.
Membranes were incubated 4 hours at 4uC with 2 mg/ml Concanavalin A (ConA) or
Phytohaemagglutinin-L (PHA) HRP lectin conjugates and washed three times in
PBST. Bound lectins were visualized with enhanced chemilunescence detection sys-
tem (Pierce ECL Western Blotting Substrate).

Transmission electron microscopy. For electron microscopy analysis, cell lines were
harvested from cell culture plates using trypsin-EDTA and suspended in RPMI
medium. Cells were fixed in 3% glutaraldehyde with 0.2% tannin in 0.1 M cacodylate
buffer for 1 hour and post-fixed in 1% OsO4 in the same buffer for 50 minutes. Cells
were then washed three times in cacodylate buffer and then embedded in small blocks
of 1% agar of 1 mm3 in size. Those blocks were then dehydrated in ascending series of
ethanol (50%, 70%, 96%, and 100%), treated 23 10 minutes with 100% acetone and
embedded in Durcupan resin (Sigma Aldrich). Ultrathin sections were prepared on
LKB 8802A ultramicrotome, stained with OsO4 and examined on Morgagni 286(D)
(FEI, Hillsboro, OR, USA) transmission electron microscope.

Mouse xenograft experiments. We treated 8-week old male, athymic Foxn1nu/nu
mice, which were maintained under specific pathogen-free conditions. shTUSC3
DU145 (107 cells) and shTUSC3 PC3 (53 106 cells) prostate cancer cell lines as well as
the same number of scrambled shRNA control cells were subcutaneously injected
into the right and left dorsal flanks of nu/nu mice, respectively. Matrigel (BD
Biosciences, San Jose, CA, USA) was used for the engraftment of PC3 cells and mixed
with shTUSC3 and control cells in a 151 volume ratio. Tumor size was measured
three times weekly in two perpendicular axes using a caliper. Tumor volume was
calculated using the formula: volume5 K (length3 width2). Animal experiments
were carried out in adherence to protocols approved by the Austrian Federal Ministry
for Science and Research and the Animal Ethics Committee of the Medical University
of Vienna.

Statistical andin silico analysis. All statistical computations were performed using
the SPSS software version 20 (SPSS Inc., Chicago, IL, USA). Comparison of means in
normally distributed data was performed using Student•s t-test, otherwise the
nonparametric Mann-Whitney U test was applied. Pearson•s correlation coefficient
(r) was used to examine significant correlations. P-values of equal or less than 0.05
were considered statistically significant. All bar graphs are depicted using means and
standard deviations as error bars, unless stated otherwise.TUSC3gene expression,
promoter methylation and gene copy number were analyzed using the Caleydo
visualization software47and publicly available TCGA (http://cancergenome.nih.gov/)
datasets for prostate adenocarcinoma after obtaining a written permission from the
TCGA Research Network.
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Tumor suppressor candidate 3 (TUSC3) prevents the epithelial-
to-mesenchymal transition and inhibits tumor growth by
modulating the endoplasmic reticulum stress response in
ovarian cancer cells

Kate�rina Kratochv�õlov�a1,2, Peter Horak3, Milan E�sner1, Karel Soucÿek2,4,5, Dietmar Pils6, Mariam Anees3,7, Erwin Tomasich3,
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Ovarian cancer is one of the most common malignancies in women and contributes greatly to cancer-related deaths. Tumor
suppressor candidate 3 (TUSC3) is a putative tumor suppressor gene located at chromosomal region 8p22, which is often lost
in epithelial cancers. Epigenetic silencing ofTUSC3has been associated with poor prognosis, and hypermethylation of its pro-
moter provides an independent biomarker of overall and disease-free survival in ovarian cancer patients. TUSC3 is localized to
the endoplasmic reticulum in an oligosaccharyl tranferase complex responsible for the N-glycosylation of proteins. However,
the precise molecular role of TUSC3 in ovarian cancer remains unclear. In this study, we establish TUSC3 as a novel ovarian
cancer tumor suppressor using a xenograft mouse model and demonstrate that loss of TUSC3 alters the molecular response
to endoplasmic reticulum stress and induces hallmarks of the epithelial-to-mesenchymal transition in ovarian cancer cells. In
summary, we have confirmed the tumor-suppressive function of TUSC3 and identified the possible mechanism driving TUSC3-
deficient ovarian cancer cells toward a malignant phenotype.

Ovarian cancer (OC) is one of the most common malignan-
cies and the “fth leading cause of cancer-related death in
women.1 Despite the recent progress in OC diagnosis and

therapy, its overall prognosis remains unfavorable. The het-
erogeneity of its clinical display re”ects the diverse molecu-
lar mechanisms contributing to malignant transformation
and dissemination of the primary cancer. The tumor sup-
pressor candidate 3 (TUSC3or N33) gene has been located
to chromosomal region 8p22, which is often lost in com-
mon epithelial cancers, such as breast, prostate, oral squa-
mous or ovarian cancer.2…6 According to the Oncomine
database, expression ofTUSC3gene is signi“cantly downre-
gulated in OC cases, suggesting the potential clinical rele-
vance of TUSC3 in OC pathogenesis (www.oncomine.org,
Supporting Information Fig. 1). Moreover, epigenetic silenc-
ing of TUSC3has been associated with poor prognosis of
OC, and hypermethylation of its promoter provides an
independent biomarker of overall and disease-free survival
in OC patients.7 Until recently, the molecular function of
TUSC3 was inferred from its sequence homology to the
yeast protein Ost3p, which forms a subunit of the oligosac-
charyltransferase (OST) complex that is responsible for
post- and co-translational N-glycosylation of proteins in the
endoplasmic reticulum (ER).8

We demonstrated recently that in embryonic kidney
(HEK293) and ovarian cancer cells, TUSC3 localizes to the
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rough ER and binds to the core OST proteins STT3A/B.9,10

Moreover, downregulation of TUSC3 protein is associated
with changes in the expression of markers of the ER stress
response in DU-145 and PC3 prostate cancer cell lines, while
its overexpression in HEK293 cells attenuates N-glycosyla-
tion.9 In ovarian cancer, hypermethylation of theTUSC3pro-
moter is clearly correlated with clinical outcome,7 and small
hairpin RNA (shRNA)-mediated silencing of TUSC3 in ovar-
ian cancer cells promotes proliferation and migration under
serum free conditionsin vitro.10 Despite its potential clinical
signi“cance, the detailed molecular mechanism linking
TUSC3 to cancer remains unclear.

In this work we establish TUSC3 as a novel ER-associated
tumor suppressor involved in ovarian cancer pathobiology.
On both the morphological and molecular levels, we docu-
ment that TUSC3 is involved in rough ER homeostasis and
that its loss induces markers of the epithelial-to-mesenchymal
transition (EMT) and enhances tumor growthin vivo.

Material and Methods
Cell culture conditions and treatments
Ovarian cancer cell line SKOV-3 was obtained from the
American Type Culture Collection (ATTC), and ovarian can-
cer cell lines H134 and TR170 were a kind gift from Prof.
Thomas Grunt, Medical University of Vienna, Vienna, Aus-
tria. Prior to use, all cell lines were authenticatedvia short
tandem repeat (STR) pro“ling carried out by a commercial
service (Generi Biotech, Czech Republic), which con“rmed
the identity (SKOV-3) or purity (TR170, H134) of the cell
populations and established reference STR pro“les for the
TR170 and H134 cell lines (Supporting Information Table 1).
Mycoplasma contamination was investigated on a routine
basis using PCR.11,12TR170 and H134 cells were cultured in
high glucose (4.5 g l2 1) Dulbecco•s Modi“ed Eagle Medium
(DMEM), SKOV-3 cells in McCoy•s 5A Modi“ed Medium
enriched with 10% fetal calf serum (FCS) (Invitrogen, Life
Technologies, Czech Republic), 50 U ml2 1 penicillin G, and
50 mg ml2 1 streptomycin sulfate (PAA, GE Healthcare, Aus-
tria) at 37 � C in a humidi“ed atmosphere with 5% CO2. In
cell lines SKOV-3 and TR170, expression ofTUSC3 was
silenced as described previously9,10 using lentiviral-mediated
delivery of a pLKO.1 puro vector containingTUSC3shRNA
(Open Biosystems, Thermo Fisher Scienti“c, Czech Republic).
Scrambled shRNA sequence was used as a control (Open
Biosystems, Thermo Fisher Scienti“c, Czech Republic). Cell

line H134 with rescued expression of TUSC3 was derived
previously using the cytomegalovirus (CMV)-drivenTUSC3
cDNA cloned into the pLP-IRESneo plasmid (pLP-IRES-
TUSC3). An empty pLP-IRESneo vector (pLP-IRES) was
used as a control.7 To speci“cally induce ER stressvia dis-
ruption of N-glycosylation, tunicamycin solution in dimethyl
sulfoxide (DMSO; Sigma Aldrich, Czech Republic) was used
at concentrations 0.2, 0.5 or 1mg ml2 1 for 12, 24 or 48 hr.

MTT assay and annexin V/propidium iodide ßuorescence-
activated cell sorting (FACS) analysis
First, 1 3 104 cells were seeded in triplicate on 96-well plates
(Corning, USA) and cultured for the indicated time in complete
medium containing either DMSO or tunicamycin at concentra-
tions 0.2, 0.5 or 1mg ml2 1. Then, thiazolyl blue tetrazolium bro-
mide (Sigma…Aldrich, Czech Republic) solution in water (5
mg ml2 1) was added at one-tenth of culture volume and incu-
bated for 4 hr. Absorbance was measured at 570 nm. The plots
derived represent mean normalized, background subtracted
absorbance6 the standard deviation (SD) from three independ-
ent experiments. To analyze cell death, cell suspensions were
washed with 13 phosphate buffered saline (PBS), stained with
annexin V-”uorescein isothiocyanate (FITC) conjugate (Apronex,
Czech Republic) and propidiumiodide (Sigma…Aldrich, Czech
Republic), and incubated for 15 min in the dark at room tem-
perature. Then, cells were washed using HEPES buffered solution
(10 mM HEPES, 140 mM NaCl, and 10 mM CaCl2 pH 7.4)
and the ”uorescence was quanti“ed using an AttuneVR Acoustic
Focusing Cytometer (Life Technologies, Czech Republic).

Real-time, impedance-based cell analysis (RTCA,
xCELLigence)
To assess adhesion and proliferation of ovarian cancer cells,
the commercially available, impedance-based, label-free xCEL-
Ligence RTCA SP system (Acea Biosciences, USA) was
employed as described previously.13,14 Brie”y, an Acea
E-plate 96 was coated with “bronectin dissolved in 13 PBS to
a “nal concentration of 5mg cm2 2 and incubated for 1 hr at
room temperature. Coated wells were washed with deionized
water and “lled with 100ml complete medium containing
either tunicamycin (0.2mg ml2 1) or DMSO, according to the
experimental design. Prior to analysis, standard background
measurements were performed. Then, tunicamycin (0.2
mg ml2 1) or DMSO pretreated cells were trypsinized, quanti-
“ed using a CasyVR Cell Counter (Roche Applied Science,

WhatÕs new?
While epigenetic silencing of the tumor suppressor candidate 3 (TUSC3) gene is associated with poor outcome in ovarian
cancer, the molecular role of TUSC3 in ovarian malignancies is unknown. In this study, loss ofTUSC3expression in ovarian
cancer cells was associated with alterations in endoplasmic reticulum (ER) ultrastructure, as well as with alterations in ER
stress signaling. TUSC3silencing was further associated with the loss of epithelial phenotype and epithelial-to-mesenchymal
transition. In mice, loss of TUSC3promoted massive tumor growth of ovarian cancer cells. The results establishTUSC3as a
novel tumor suppressor in ovarian cancer.
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Czech Republic), seeded in 100ml their respective medium at a
“nal concentration of 53 104 cells per well, and monitored
every minute for the “rst 6 hr post-seeding, then every 5 min
for 18 hr, and “nally every 15 min, for a total of 120 hr. To
monitor cell migration, 33 104 serum-starved cells were resus-
pended in serum-free medium and seeded in an uncoated Acea
cell invasion and migration (CIM)-plate 16 with the appropri-
ate cell culture media containing 10% serum as an attractant.
The cell index was recorded every 15 min for 56 hr. Resulting
plots represent the mean cell index6 SD.

Spheroid culture and analysis
Formation of 3D spheroids was induced by culturing cells
under low-adhesion conditions in low melting point agarose-
coated (Sigma…Aldrich, Czech Republic) 96-well plates
(Greiner Bio-ONE, Germany). Brie”y, 53 102 cells were
seeded in a hexaplicate layout, centrifuged at 2,000 rpm for 1
min, and cultured in presence of tunicamycin at concentra-
tions 0.2, 0.5 or 1mg ml2 1 or DMSO. To monitor spheroid
formation, we performed time-lapse microscopy, imaging the
plate immediately after centrifugation; one image was taken
every 30 min for 24 hr. We acquired bright “eld images
using a 103 objective with an automated microscope
equipped with an environmental chamber (Image Xpress
MicroXL, Molecular Devices, USA). For the end-point assay,
spheroids were stained with Hoechst stain and propidium
iodide (5 mg ml2 1; Sigma…Aldrich, Czech Republic) and
imaged with the same microscope. Images were analyzed
using Cell Pro“ler 2.0 software (Broad Institute, USA) to
determine spheroid size (in pixels) and shape (as a form fac-
tor from 0…1, with 1 representing an ideal sphere).

Transmission electron microscopy (TEM)
Ovarian cancer cell lines with altered expression ofTUSC3
were treated for 24 hr with either 0.2mg ml2 1 tunicamycin
or DMSO, harvested using trypsin-EDTA, washed in 13
PBS, “xed in 3% glutaraldehyde with 0.2% tannin in 0.1 M
cacodylate buffer for 1 hr, and post“xed in 1% OsO4 in the
same buffer for 50 min. After post-“xation, cells were washed
three times in cacodylate buffer and embedded in small
blocks of 1% agar 1 mm3 in size. Agar blocks were dehy-
drated in increasing concentrations of ethanol (50%, 70%,
96% and 100%), treated 23 10 min with 100% acetone, and
embedded in Durcupan resin. Ultrathin sections were pre-
pared on an LKB 8802A ultramicrotome, stained with OsO4,

and examined with an FEI Morgagni 286(D) TEM. One hun-
dred cells from each experimental group in two independent
experiments were examined. Images were analyzed using
ImageJ software.15 Cytological analysis of TEM images was
validated by two independent reviewers.

RNA isolation, cDNA synthesis and quantitative reverse
transcription PCR (qRT-PCR)
Total RNA from cancer cell lines was extracted using an
RNeasy Mini Kit (Qiagen) and quanti“ed using a NanoDrop

(Thermo Scienti“c, USA). cDNA was synthesized from 1mg
DNase I-treated total RNA using a First Strand Reverse Tran-
scription Kit (Roche). Relative expression was quanti“ed using
exon-spanning TaqMan probes speci“c forTUSC3 (N33,
Hs00185147_m1), binding immunoglobulin protein (BiP;
GRP78, HSPA5, Hs00607129_gH), DNA-damage-inducible
transcript 3 (CHOP; DDIT3, Hs00358796_g1), growth differ-
entiation factor 15 (GDF-15; Hs00171132_m1), transforming
growth factorb1 (TGF-b1; Hs99999918_m1) and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH; Hs99999905_m1)
(Applied Biosystems, Life Technologies, Czech Republic), as
described elsewhere,16 and expressed as relative ratio units.
All PCR reactions were performed in triplicate from three
independent experiments, and reverse transcriptase-negative
and template-negative controls were included.

SDS-PAGE and western blotting
Trypsinized cells were washed two times with ice-cold 13
PBS and resuspended in NP-40 lysis buffer containing 50 mM
Tris-Cl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1% NP-40,
50 mM NaF supplemented with phosphatase inhibitor cocktail
(PhosStop, Roche Applied Science, Czech Republic) and pro-
tease inhibitor cocktail (Complete, Roche Applied Science,
Czech Republic). Next, 15l g protein extract, quanti“ed using
the Bradford-based BioRad protein Assay Kit (BioRad), was
mixed with 23 Laemmli sample buffer (100 mM Tris pH 6.8,
4% SDS, 200 mM DTT, 20% glycerol, and 0.1% Bromophenol
Blue),17 boiled for 3 min, and resolved using 10% sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Resolved proteins were then electroblotted to a 0.45
l m polyvinylidene di”uoride (PVDF) membrane (Millipore,
Czech Republic) and incubated with the indicated primary
antibodies diluted 1:500…1:1,000 at 4� C overnight (ZO-1 cat.
no: #8193; Slug #9585; TCF8/ZEB1 #3396; E-Cadherin #3195;
BiP #3177; Calnexin #2679; Ero1a# 3264; Ire1a #3294;
CHOP #2895; PERK #5683, all from Cell Signaling, USA;
TUSC3 (Ab65213), Vimentin (Ab92547) and Actin (Ab1801)
from Abcam, UK). Blots were developed using horseradish
peroxidase (HRP)-conjugated secondary antibodies, including
anti-rabbit HRP #7074 (Cell Signaling, USA) or anti-mouse
HRP Ab50043 (Abcam, UK), both diluted 1:5,000, and Immo-
bilon Western HRP Substrate (Millipore, Czech Republic),
according to the manufacturer•s protocols. Quantitative densi-
tometry was performed using ImageJ software.15 Values above
the band represent the integrated density for the particular
band normalized to the control of equal loading.

Mouse xenograft experiments
A colony of NOD scid gamma mice (NSG, NOD.Cg-Prkdcscid
Il2rgtm1Wjl/SzJ) was obtained from the Jackson laboratory,
maintained under speci“c-pathogen-free conditions with 12/12
light cycles, and fedad libitum. For xenograft experiments,
thirty 8- to 10-week-old mice were subcutaneously injected with
5 3 106 control and TUSC3-altered cells in sterile 13 PBS in
the left and right ventral ”anks, respectively. Animals were
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checked daily and tumor size was measured three times a week
along perpendicular axes using an external caliper. Tumor vol-
ume was calculated using the equation volume5 1=2(length 3
width2). To minimize suffering, animals were sacri“ced when
tumor size exceeded 1 cm3 or after 8 weeks, whichever occurred
“rst. Prior to sacri“ce, animals were anesthetized with iso”urane
and tumor mass was visualized and independently measured
using a high-frequency ultrasound Vevo 2100 System (Fuji“lm
Visual Sonic, Canada) at 30 MHz. Isolated tumors were snap-
frozen or “xed in formalin for subsequent analyses. For analysis
of tumor growth in theperitoneal cavity, 33 106 control and
TUSC3-altered cells in sterile DMEM were injected intraperito-
neally into eighteen 8- to 10-week-old mice. Tumors were
measured in regular intervals using a high-frequency ultrasound
Vevo 2100 System in iso”urane anesthesia. Animals were sacri-
“ced 4 weeks after tumor induction, dissected and analyzed
semiquantitatively (number of •1 Ž corresponds with tumor size
or extent of metastasizing, n/a … animal excluded from the set).

Animal experiments were approved by the Ministry of Edu-
cation, Youth, and Sport of the Czech Republic under project
number MSMT-15876/2013-310; supervised by the local ethi-

cal committee of the Faculty of Medicine, Masaryk University;
and performed by certi“ed individuals (KK, FD, PV).

Immunohistochemistry
First, 5-l m-thick tissue sections were deparaf“nized by heat-
ing at 60 � C; subsequently, they were rehydrated in xylene
and decreasing concentrations of ethanol. Antigen retrieval
was performed with Target Retrieval Solution, pH 9 (Dako,
Germany) for 40 min at 98� C, followed by treatment with
0.3% H2O2 in 13 PBS (pH 7.4) to quench endogenous per-
oxidase activity. After blocking with 1% bovine serum albu-
min (BSA) for 10 min, sections were incubated in primary
antibody (rabbit polyclonal to TUSC3, dilution 1:100,
ab65213, Abcam, UK) for 1 hr at room temperature. Primary
antibody dilutions were made in Antibody Diluent (Dako,
Germany). The sections were washed three times in 13 PBS
and incubated in biotinylated detection agent
(LSAB1 System HRP, Dako, Germany) for 30 min at room
temperature, followed by 45-min incubation in StreptAB-
Complex/HRP (K0377 Dako, Denmark). Sections were
washed three times with 13 PBS and incubated in

Figure 1.Expression ofTUSC3in ovarian cancer cell lines. (a) Cells were cultured under optimal conditions and harvested, then, the total
RNA was extracted, reverse transcribed, and analyzedvia qRT-PCR. Plots represent mean relativeGAPDH-normalized expression6 SD, deter-
mined from three independent experiments. In parallel, TUSC3 protein was documented by SDS-PAGE and immunoblotting. (b) Metabolic
activity of tunicamycin-treated cells as determined by the MTT conversion assay. First, 13 104 cells were seeded in triplicate on 96-well
plates and cultured for the indicated time in complete medium containing either DMSO or tunicamycin at concentrations 0.2, 0.5 or 1
mg ml2 1. Then, thiazolyl-blue-tetrazolium bromide was added and incubated for 4 hrs. Absorbance was measured at 570 nm. Plots repre-
sent mean normalized (i.e., background subtracted) absorbance6 SD from three independent experiments. Asterisks indicate statistical sig-
niÞcance atp < 0.05 as determined by StudentÕst test.
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Streptavidin-HRP (LSAB1 System HRP, Dako, Germany)
until a brown color developed. Sections were then counter-
stained with Gill•s hematoxylin, dehydrated, and mounted
using Pertex medium.

Immunoßuorescent microscopy
Nearly 53 103 of cells were seeded into 24-well plate either
in presence of tunicamycin (0.2mg ml2 1)or DMSO and cul-
tured for 24 hr. Then, cells were washed in 13 PBS, “xed in
4% formaldehyde for 15 min, washed three times in 13 PBS,
permeabilized in 0.1% Triton-X100 in PBS for 10 min/RT,

blocked in 3% BSA in PBS for 1 hr. Then, cells were incubated
with anti-vimentin primary antibody (Abcam, UK, Ab92547;
1:2000 in 3% BSA/PBS) for 2 hr at room temperature. The
cells were then washed three times in 13 PBS and incubated
for 1 hr with secondary antibody conjugated with AlexaFluor
455 (Life Technologies, Czech Republic, A21429, 1:2000 in 3%
BSA/PBS) followed by additional wash in 13 PBS. Hoechst
stain was added to the “nal concentration 5mg ml2 1. Images
were acquired using an automated microscope equipped with
an environmental chamber and 103 objective with (Image
Xpress MicroXL, Molecular Devices, USA).

Figure 2. (a) Adhesion of ovarian cancer cells as a function of cell index over time as determined by the xCELLigence RTCA SP system. Cells
were seeded on a Þbronectin-coated Acea E-plateVR96 and monitored every 1 min. for the Þrst 6 hr post-seeding, then every 5 min for 18
hr, and Þnally every 15 min for a total of 120 hr. Plots represent the mean cell index6 SD over the Þrst 12 hr. (b) Plots of mean cell
index6 SD at 3, 6 and 12 hr. Asterisks indicate statistical signiÞcance atp < 0.05 as determined by StudentÕst test. (c) Migration of ovar-
ian cancer cells as a function of cell index over time as determined by the xCELLigence RTCA SP system. The upper chamber of an uncoated
Acea CIM-plateVR16 was seeded with serum-starved cells containing 10% serum as an attractant. The cell index was recorded every 15 min
for 56 hr. Plots represent mean cell index6 SD over the Þrst 12 hr. (d) Plots demonstrating mean cell index6 SD at 3, 6 and 12 hr. Aster-
isks indicate statistical signiÞcance at p< 0.05 as determined by StudentÕst test. (e) Mean time6 SD required for assembly of 3D sphe-
roids from ovarian cancer cells expressing or not expressingTUSC3in low-adhesion conditions. Asterisks indicate statistical signiÞcance at
p < 0.05 (*) or p < 0.005 (**) as determined by StudentÕst test. (f) Structure of 3D spheroids revealed by Hoechst staining and ßuorescent
microscopy.
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Results
Modeling TUSC3 lossin vitro
We investigated the role ofTUSC3in ovarian cancer devel-
opment using a panel of three established and previously
characterized serous ovarian adenocarcinoma cell lines H134,
SKOV-3 and TR170, selected to re”ect the substantial intrin-
sic heterogeneity of high-grade serous ovarian cancer. These
lines are tumorigenic in nude mice and differ in several
aspects, including p53 status, karyotype, and resistance to
chemotherapeutic agents.18…22In SKOV-3 and TR170,TUSC3
expression was dampened to roughly 30% that of the
scrambled-shRNA control. The H134 cell line has virtually
no basalTUSC3expression due to the hypermethylation of
the entire 8p22 region,7 mimicking in vitro to some extent
the epigenetic loss ofTUSC3 in vivowithout the use of
shRNA. To rescueTUSC3expression, H134 cells were stably
transfected withTUSC3cDNA (Fig. 1a).

TUSC3-silenced cells are resistant to tunicamycin
TUSC3 is an ER integral protein involved inN-glycosylation
by the OST complex. This fact prompted us to investigate
whether the potential tumor-suppressive role of TUSC3 is
linked to its function in the ER. We exposed control and
TUSC3-silenced cells to the N-glycosylation inhibitor tunica-
mycin and induced ER stress conditionsin vitro. Cells were
treated with three different concentrations of tunicamycin
(0.2, 0.5 and 1mg ml2 1) for 3, 24 or 48 hr, and overall meta-
bolic activity was determined using the colorimetric MTT
assay. In control cells, we observed both a dose- and time-
dependent decrease in total cellular reductase activity. Inter-
estingly,TUSC3-silenced SKOV-3 and TR170 cells did not
respond to non-toxic doses tunicamycin with a drop in meta-
bolic activity when compared to control cells (Fig. 1b). Dif-
ferences diminished when the cells were exposed to high
concentrations of tunicamycin or were treated for prolonged
time, probably due to the cytotoxic effects of tunicamycin.
Therefore, the determined minimal effective concentration of
tunicamycin was used in following experiments. To deter-
mine if the difference in MTT conversion rate was caused by
cell death, we treated cells with the minimal effective concen-
tration of tunicamycin (0.2mg ml2 1) for 24 hr, stained them
with annexin V/PI, and performed the FACS analysis. How-
ever, we did not identify any signi“cant changes in apoptotic
or necrotic cell death rate (Supporting Information Fig. 2),
con“rming that effects induced by 0.2mg ml2 1 tunicamycin
are not associated with cytotoxicity.

Silencing TUSC3 enhances cell adhesion and migration
Next, we quanti“ed the effects ofTUSC3loss on cell prolifera-
tion, adhesion, and migration. To measure cellular processes in
real-time, we employed the impedance-based, label-free xCEL-
Ligence (RTCA) system. First, we monitored simple adhesion
to a “bronectin-coated E-plate of either tunicamycin (0.2
mg ml2 1) or DMSO-pretreated cells in medium containing

either tunicamycin (0.2mg ml2 1) or DMSO, recording the cell
index for 12 hr. Tunicamycin clearly interfered with the adhe-
sion capability of control cells, substantially reducing the cell
index. By contrast, TUSC3-silenced cells showed an increase in
cell index over the same interval when compared to control
cells. Therefore, even in the presence of tunicamycin, cells lack-
ing TUSC3 were capable of adhering ef“ciently (Figs. 2ab).
During further cultivation (up to 120 hr), tunicamycin-treated
samples reduced the cell index irrespective of TUSC3 expres-
sion, and we also did not identify any signi“cant growth
advantage of TUSC3-silenced cells over controls (Supporting
Information Fig. 3a). To analyze the migration rate, we seeded
the upper chamber of an uncoated 16-well CIM plate with pre-
treated cells in serum-free medium and recorded the cell index
of penetrating cells for 12 hr. SKOV-3 and H134 cells with
attenuatedTUSC3expression, but not TR170 cells, migrated at
a signi“cantly higher rate thanTUSC3-expressing variants
(Figs. 2cd). Tunicamycin clearly interfered with the migration
capacity of all cells; however,TUSC3-silenced cells migrated
more ef“ciently than the respective controls. During prolonged
culture (up to 56 hr), differences between controls andTUSC3-
manipulated cells diminished (Supporting Information Fig. 3b).

TUSC3 loss augments formation of 3D spheroids
Ovarian cancer cells typically delaminate from the primary
tumor site and spread throughout the peritoneal cavity in the
form of multicellular aggregates, adhering to the mesothelium
and extracellular matrix (ECM).23 To gain further insight
into the role ofTUSC3in the dissemination of ovarian can-
cer, we generated three-dimensional (3D) spheroids from
control and TUSC3-manipulated ovarian cancer cells. All
three ovarian cell lines were capable of spheroid formation
within 24 hr under low-adhesion conditions. Using time-
lapse microscopy, we monitored the “rst 24 hr of culture in
30-min intervals. TUSC3-expressing cells assembled into
compact clusters within 8…10 hr. Interestingly,TUSC3-
silenced cells assembled into 3D aggregates in a signi“cantly
shorter time than controls (Fig. 2e); however, no signi“cant
difference in spheroid size was observed (Supporting Infor-
mation Fig. 4a). Next, we were curious if induction of ER
stress would affect formation of 3D spheroids. Ovarian can-
cer cells were treated with three different concentrations of
tunicamycin (0.2, 0.5 and 1.0mg ml2 1) and monitored using
time-lapse microscopy. Surprisingly, tunicamycin treatment
resulted in massive disintegration of spheroids derived from
cells that physiologically or ectopically expressed TUSC3 pro-
tein; this was not observed in spheroids generated from cells
lacking TUSC3 (Fig. 1f). Data obtained from visual analysis
were con“rmed by automated image analysis that determined
spheroid shape (Supporting Information Fig. 4b). To deter-
mine whetherTUSC3-expressing spheroids were more sensi-
tive to cell death, we counterstained cell nuclei with
propidium iodide. All spheroids displayed a percentage of
propidium iodide-positive nuclei that increased with tunica-
mycin treatment, but we did not observe any signi“cant
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difference in cell death rate betweenTUSC3-silenced cells
and their controls (Supporting Information Figs. 4c and 4d).
In summary, downregulation ofTUSC3enhanced the forma-
tion of 3D spheroids and also attenuated the effect of tunica-
mycin treatment without directly effecting cell viability.

Loss of TUSC3 induces morphological alterations in the ER
and alters expression of ER stress markers
N-glycosylation of proteins in the ER is a complex process
tightly linked to the proper folding of nascent peptides and

quality control and shuttling.24 Improper function of the ER
glycosylation machinery or extrinsic environmental cues
may induce alterations in ER structure and function, termed
ER stress. Response to ER stress involves a number of com-
plex signaling pathways that alter cell phenotype.25

We asked whetherTUSC3loss is linked to alterations in ER
architecture that can be visualized using TEM. Processing cul-
tured cells for TEM requires detaching them from plastic and
embedding a cell suspension in solid resin; direct analysis of
adherent cells typically does not provide a suf“cient number in

Figure 3. (a) Representative TEM images of the endoplasmic reticulum in SKOV-3, TR170 and H134 cells. Scale bars: 2mm. Inset shows the
structure of whole intact cells with the distribution of the endoplasmic reticulum system visible in the cell cytoplasm. (b) Area of endoplas-
mic reticulum calculated from representative TEM images. (c) Frequency of dilation of the endoplasmic reticulum and the microvesicular
system. Every experimental group consisted of 200 otherwise intact cells. (d) Loss ofTUSC3alters the ER stress response and induces hall-
marks of the EMT in ovarian cancer cells. Cells were cultured for the indicated times in varying concentrations of tunicamycin, and expres-
sion of protein markers of the ER stress response and EMT were measured using SDS-PAGE and immunoblotting. Observed molecular
weight and calculated band intensity is indicated. (e) Loss ofTUSC3alters expression ofCHOPand BiP and (F) GDF-15and TGF-b1 in ovar-
ian cancer cell lines. Cells were treated for the indicated times, then total RNA was extracted, reverse transcribed, and analyzedvia qRT-
PCR. Plots represent mean relativeGAPDH-normalized expression6 SD, determined from three independent experiments. Asterisks indicate
statistical signiÞcance atp < 0.05 as determined by StudentÕst test. [Color Þgure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

C
an

ce
r

C
el

lB
io

lo
gy

1336 Tumor suppressor candidate 3 (TUSC3)

Int. J. Cancer:137, 1330–1340 (2015) VC 2015 UICC

http://wileyonlinelibrary.com


any one plane of the section. To check whether undesirable
changes in cell cytoarchitecture were induced by the enzymatic
detachment of cells, we “rst prepared TEM samples from both
trypsinized cells and cells adherent to culture plastic. We did
not identify any pathological changes in the nuclei, mitochon-
dria or membrane compartments of detached cells compared
to cells adherent to the culture substrate (data not shown).
Next, we treated SKOV-3, TR170 and H134 cells with 0.2
mg ml2 1 tunicamycin for 24 hr and analyzed cell ultrastructure.
In scrambled-control/DMSO-treated SKOV-3 and TR170 cells,
the rough ER formed thin, regularly arranged cisternae with
attached ribosomes. Treatment with tunicamycin induced vast
dilation of the rough ER and detachment of ribosomes, though
other organelles,e.g.,mitochondria, were unaffected. Interest-
ingly, in TUSC3-silenced SKOV-3 and H134 cells, similar ER
abnormalities were observed even without tunicamycin treat-

ment (Fig. 3a), suggesting loss ofTUSC3can destabilize the
rough ER system and induce in”ation of the cisternae system.
Importantly, overexpression ofTUSC3in H134 cells restored
ER morphology and partially prevented the disruptive effects of
tunicamycin (Figs. 3bc).

Next we investigated whether altered ER ultrastructure was
associated with activation of the ER stress response. We
treated monolayers of SKOV-3, TR170 and H134 cells with
0.2 and 0.5mg ml2 1 tunicamycin for 12 and 24 hr, and then
determined expression of ER stress markersvia immunoblot-
ting. Under optimal conditions, all cell lines expressed virtually
no levels of the major effectors of the adaptive or apoptotic
pathways, BiP and CHOP. Upon tunicamycin treatment, how-
ever, expression of BiP and CHOP was upregulated in all con-
trol cells. Surprisingly,TUSC3-silenced SKOV-3 and TR170
cells failed to respond with CHOP and BiP upregulation to

Figure 4. (a) First, thirty 8- to 10-week-old mice were subcutaneously injected with 53 106 control or TUSC3-altered cells in sterile 13 PBS
in the left and right ventral ßanks, respectively. Animals were checked daily, and tumor size was measured three times a week along two
perpendicular axes using an external caliper. Tumor volume was calculated using the formula volume5 1=2(length 3 width2). Plots represent
mean tumor volume6 SEM. (b) Representative images of tumor masses visualized and independently measured using the high-frequency
ultrasound Vevo 2100 System (FujiÞlm Visual Sonic) at 30 MHz. The tumor volume (mm3) of representative images is provided. (c) Immuno-
histochemical analysis of dissected tumors visualized in (b) documenting expression of TUSC3 in formalin-Þxed, parafÞn-embedded tissue
sections. (d) Expression ofTUSC3transcript in dissected tumor samples visualized in (b). Tumors were snap frozen, then total RNA was
extracted, reverse transcribed, and analyzed using qRT-PCR.
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the same extent as control cells (Figs. 3df). In H134 cells,
induction of BiP and CHOP expression followed tunicamycin
treatment irrespective ofTUSC3expression. Three upstream
sensors of ER homeostasis, Ire1a, Ero1a and PERK, but not
calnexin, were upregulated in response to tunicamycin treat-
ment. In TUSC3-silenced TR170 and SKOV-3 cells, the levels
of Ire1a and Ero1a were markedly reduced, while PERK levels
were increased (Fig. 3d). Taken together, the data indicate that
loss ofTUSC3alters ER stress response signaling, affecting BiP
and CHOP-mediated pathways.

Silencing of TUSC3 decreases expression of E-cadherin
and ZO-1
Alterations in cell phenotype induced by loss ofTUSC3
prompted us to investigate expression of markers associated with
the EMT. We treated cells with 0.2 or 0.5mg ml2 1 tunicamycin
for 12 or 24 hr, as described above, and determined induction of
markers associated with epithelial and mesenchymal cell types.
Downregulation ofTUSC3, either alone or in combination with
tunicamycin, led to a signi“cant decrease in levels of E-Cadherin
and tight junction protein 1 (ZO-1). A decrease in cell junction
molecules was accompanied by upregulation of the mesenchymal
transcription factors Slug and TCF8/ZEB1. Interestingly, the
effect of TUSC3 on the expression of ZO-1 and Slug was
enhanced by tunicamycin, suggesting a combined effect of down-
regulatedTUSC3and ER stress induction (Fig. 3d).

Next, we determined by immunoblotting and immuno”uo-
rescence microscopy the expression of the intermediate “la-
ment protein vimentin, associated with the mesenchymal
phenotype. However, we did not observe any signi“cant change
in vimentin expression or distribution in cytoplasm under
these conditions (Supporting Information Fig. 5). In conclu-
sion, our data documents thatTUSC3silencing is associated
with loss of epithelial characteristics of ovarian cancer cells.

Cells lacking TUSC3 enhance expression of GDF15 and
TGFb1
The ER stress response is associated with altered expression of
various secreted molecules, including cytokines and immuno-
modulators.26 We examined expression of the cytokines
TGFb1 and GDF15using qRT-PCR. All tunicamycin-treated
cells exhibited enhanced expression ofGDF15, suggesting acti-
vation of a general cellular stress state. Interestingly, we found
signi“cantly elevated levels ofGDF15in TUSC3-silenced cells
irrespective of tunicamycin treatment. Moreover, the loss of
TUSC3enhanced expression ofTGFb1 upon induction of ER
stress in TUSC3-silenced TR170 cells (Fig. 1f). Thus, we docu-
mented that loss ofTUSC3induces complex cellular altera-
tions contributing to the malignant phenotypein vitro.

Loss of TUSC3 promotes tumor growth in
immunocompromised mice
To con“rm whether ourin vitro data were also relevantin
vivo, we performed a xenograft growth assay. Ovarian cancer
cell lines with alteredTUSC3expression and their controls

were subcutaneously injected into the contralateral ”anks of
immunocompromised NSG mice, followed by regular evalua-
tion of the growth of xenografted tumor tissue. The latency
period differed between the H134, SKOV-3 and TR170 cell
lines, but tumors from cells with attenuatedTUSC3expres-
sion developed earlier and formed signi“cantly larger masses
(Fig. 4a). Calculation of tumor mass based on external caliper
measurements wasex postcon“rmed by ultrasound measure-
ment and in vivo 3D visualization of representative animals
(Fig. 4b). After sacri“ce, expression of TUSC3 was quanti“ed
in formalin-“xed and snap frozen mouse tumorsvia immu-
nohistochemistry and qRT-PCR, respectively (Figs. 4cd).

Ovarian cancer, however, disseminates preferentially into
peritoneal cavity. To assess the tumor growth in clinically rel-
evant locations, we injected ovarian cancer cell lines with
alteredTUSC3expression and their respective controls intra-
peritoneally and monitored the tumor growth by ultrasound
measurements for 4 weeks. Tumor mass and dissemination
were then assessed by dissection semiquantitatively. All ani-
mals developed tumors rapidly with frequent ascites. In con-
cordance with subcutaneous xenografts, all three cell lines
with silencedTUSC3 induced earlier formation of tumors
and larger tumor mass. Interestingly, in case of SKOV-3 and
H134 cells with silencedTUSC3, the tumor growth was fol-
lowed by massive invasion to peritoneal cavity when com-
pared to control cells (Supporting Information Fig. 5). In
conclusion, we experimentally con“rmed the status of
TUSC3 as a tumor suppressor in ovarian cancerin vivo.

Discussion
Great effort has been dedicated in recent decades to identify-
ing the most important genetic drivers of high-grade serous
epithelial ovarian cancer.27 A majority of the known onco-
genes and tumor suppressors are regulators of fundamental
biological events, such as the cell cycle and DNA repair
(AURKA, TP53, BRCA, cyclin E1), mitogenic outside-in sig-
naling (HER2, FGF1, PTEN, AKT, KRAS), the immune
response (IL-10), angiogenesis (VEGF) or mutual interactions
within the tumor microenvironment.28…30Systematic screen-
ing has also revealed genes linked to malignancy without any
clear contribution to the cancer phenotype.

TUSC3 was identi“ed as a putative tumor suppressor by
systematic cloning analysis of the 8p22 chromosomal region,
which is frequently lost in many epithelial cancers, including
ovarian.2 Loss of expression by hypermethylation ofTUSC3
promoter is associated with poor clinical outcomes in ovarian
cancer patients7 and our previous data have demonstrated that
loss ofTUSC3contributes to the development of prostate can-
cer mouse xenografts.9 The sequence of TUSC3 shows high
homology to the yeast Ost3p protein, which constitutes one of
the subunits of the OST complex that catalyzes N-
glycosylation of newly synthetized proteins in the ER,8 and
our previous work has localized TUSC3 to the OST complex
in the ER of ovarian cancer cells.10 A detailed structural analy-
sis of interactions between TUSC3 and de“ned peptide
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substrates at atomic level by Mohorkoet al.31 that was pub-
lished recently, suggested a role of TUSC3 in selective glycosy-
lation of target proteins potentially involved in diverseTUSC3-
associated phenotypes.32,33It is well established thatN-glycosy-
lation of proteins is associated with cancer development and
progression,34 but the intrinsic molecular mechanisms that
result in altered glycosylation pro“les and clinically relevant
phenotypes, including the role ofTUSC3, remain unclear.

Perturbations in protein folding and biochemical modi“ca-
tions of the ER lead to activation of an adaptive mechanism
termed the unfolded protein response (UPR). The accumula-
tion of misfolded proteins changes the activity and localization
of molecular chaperones, triggering a signaling network that
activates the adaptive or apoptotic signaling pathways. The
adaptive response mediated by PERK attenuates the expression
of general translation factors (e.g.,eIF2a) and induces expres-
sion of molecular chaperones such as BiP (GRP78/HSPA5).
The proapoptotic branch is primarily activatedvia IRE1a/JNK
kinases in response to permanent and irreversible ER stress and
involves the UPR effector CHOP (DDIT3). The mechanism for
ER stress induction and the UPR has been described in detail
elsewhere.35…38We found PERK kinase levels were constitu-
tively elevated and IRE1a was downregulated inTUSC3-
silenced cells, even in the absence of tunicamycin treatment,
suggesting the permanent state of ER-stress. After tunicamycin
treatment, levels of the chaperones CHOP and BiP were mas-
sively upregulated in control cells only. We suggest that cells
lacking TUSC3 alleviate the massive ER stress responsevia the
PERK-mediated adaptive pathway rather than by initiating pro-
grammed cell death. Downregulation of BiP and CHOP was
observed previously inTUSC3-silenced prostate cancer cell lines
with inhibited N-glycosylation.9 In these scenarios, cancer cells
can probably alleviate ER-stress by alternative pathways, such
as translation inhibition or autophagy, generally contributing to
malignant phenotype.39…41In a tissue microenvironment, vari-
ous extrinsic signals, including the level of oxygen saturation
and the generation of reactive oxygen species (ROS), in”amma-
tory or mitogenic cues, and lipid metabolism, combine with
intrinsic signals from the proteosynthetic and cell cycle machin-
ery on the ER to modulate a cell•s response to the microenvir-
onment.42 In a tumor microenvironment, which is far from
being normal tissue in many respects, including hypoxia signal-
ing, extracellular matrix or intercellular signaling,43 and chemo-
therapy exposure,44,45 the integrated response of ER-
destabilized cancer cells can result either in enhanced malignity
or represent a target for therapy in resistant tumors.46,47

Activation of the ER stress response effectors BiP and Xbp-1
was recently shown to be associated with a shift of epithelial
alveolar cancer cells toward a more invasive mesenchymal phe-
notype, including deregulation of ZO-1 and E-Cadherins.48

Similar observations have been reported by Zhaoet al. for a
model of non-cancerous pulmonary “brosis, in which
bleomycin-induced ER stress evoked hallmarks of the EMT in
lung alveolar cells.49 In thyroid cell line PCCL3, perturbation of
ER homeostasis leads to upregulation of ER stress markers and

substantial changes in cell phenotype, toward dedifferentiation
and the EMT.50 Interestingly, activation of the PERK-eIF2a sig-
naling pathway has been reported in cells undergoing the EMT,
suggesting the existence of mutual signaling and functional
feedbacks between the EMT phenotype and cellular responses
to ER stress.51 In our model, TUSC3-silenced cells showed
decreased expression of E-Cadherin and ZO-1 and upregulation
of the EMT-associated transcription factors Slug and TCF8/
ZEB. When we overexpressedTUSC3in H134 cells, levels of
ZO-1 and E-Cadherin increased markedly and Slug and TCF8/
ZEB protein levels were attenuated. Of particular importance,
these effects were augmented by the ER stress inductor tunica-
mycin. Our previousin vitro studies have also documented that
prostate and ovarian cancer cells lackingTUSC3and stressed
by serum starvation are capable of effective migration in
wound-healing assays driven by the Akt signaling pathway.9,10

The EMT phenotype is also associated with the formation
of multicellular spheroids. Recently, Peaseet al.52 reported
spontaneous formation of 3D aggregates budding from
monolayers of ovarian cancer cells. Interestingly, these buds
lacked cortical E-Cadherin, could effectively detach from the
monolayer, and survived even in the presence of commonly
used cytotoxic drugs. To form secondary tumors, cancer cells
must retain the capability to adhere to the ECM in the peri-
toneal cavity, usuallyvia the integrin family of proteins.53 In
our model,TUSC3loss enhanced formation of 3D spheroids
in low-adhesion conditions and provided resistance to tunica-
mycin treatment, while cells retained the ability to bind to
“bronectin-coated surfaces. In addition, downregulation of
TUSC3 induced expression of the mRNA ofGDF15 and
TGFb1 cytokines, suggesting possible paracrine modulation
of complex interactions within the tumor microenvironment.

In light of these “ndings, we conclude that the cumulative
effect of (i) TUSC3silencing and (ii ) extrinsic microenviron-
ment cues that trigger the ER stress response signi“cantly
contributes to the phenotypic changes involved in the EMT
and tumor dissemination observed in ovarian cancer cells.
Consistent with ourin vitro results, xenograft experiments
con“rmed the tumor-suppressive character of TUSC3in vivo.
Despite the intrinsic heterogeneity of cell lines used, the loss
of TUSC3resulted in earlier tumor development and larger
tumor masses. In summary, we experimentally proved the
tumor-suppressive function of TUSC3 in ovarian cancer and
demonstrated for the “rst time thatTUSC3might link dis-
tinct biological mechanisms regulating the ER stress response
and the EMTin vitro, and promoting tumor growthin vivo.
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a b s t  r  a c t

The molecular  machinery  of  endoplasmic  reticulum  (ER) integrates  various  intracellular  and  extracel-
lular  cues to  maintain  homeostasis  in  diverse  physiological  or  pathological  scenarios.  ER stress  and  the
unfolded  protein  response  (UPR) have  been  found  to  mediate  molecular  and  biochemical  mechanisms
that  affect  cell  proliferation,  differentiation,  and  apoptosis.  Although  a number  of  reviews  on  the  ER
stress  response  have  been  published,  comprehensive  reviews  that  broadly  summarize  ER physiology  in
the  context  of  pluripotency,  embryonic  development,  and  tissue  homeostasis  are lacking.  This  review
complements  the  current  ER literature  and  provides  a summary  of  the  important  “ndings  on  the  role  of
the  ER stress  and  UPR in  embryonic  development  and  pluripotent  stem  cells.
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1. Introduction

The endoplasmic  reticulum  (ER) is the  principal  organelle
involved  in  the  synthesis,  maturation,  and  post-  or  co-translational
modi“cation  of  secreted  and  membrane  proteins,  as well  as in
various  metabolic  processes including  dynamic  ion  storage  and
biogenesis  of  membrane  structures  (Kleizen  and  Braakman,  2004 ).
The rough  ER (rER) is an extensive  membranous  network  of  cis-
terns,  branched  tubules,  and  ”attened  sacs that  form  a unique

� Corresponding  author  at:  Masaryk  University,  Faculty  of  Medicine,  Depart-
ment  of  Histology  and  Embryology,  Kamenice  3, Brno  62500,  Czech Republic.
Tel.:  +00  420  54949  7780;  fax:  +00  420  54949  1320.
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microenvironment  consisting  of  oxidizing  conditions  and  a high
calcium  concentration,  which  are necessary  for  the  formation  of
disul“de  bonds  and  supramolecular  conformations  of  proteins
(Ulianich  et  al., 2007 ). During  proteosynthesis,  nascent  proteins
are translated  into  the  ER lumen  where  they  are co-translationally
and/or  post-translationally  modi“ed  with  oligosaccharyl  residues.
These glycosylated  motifs  are targets  for  intra-ER  chaperones,  such
as Calnexin  and  Calreticulin.  Properly  folded  proteins  are then
addressed  to  the  Golgi  apparatus  and  to  the  extracellular  surface
by  the  secretory  pathway  or  to  other  intracellular  organelles  (Ogata
et  al., 2006 ). Since the  discovery  of  the  ER by  Albert  Claude  in  the
early  1940s  (Claude,  1943 ) and  a series  of  pioneering  publications
that  identi“ed  the  fundamental  structure  of  the  ER and  suggested
the  proteosynthetic  function  of  the  ER (Porter  et  al., 1945 ) and  liver
and  pancreatic  microsomal  structures  (Palade, 1956;  Palade and
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Siekevitz,  1956a,b;  Zamecnik  and  Keller,  1954 ), the  ER has been
shown  to  be a complex  hub  that  regulates  numerous  aspects  of
cellular  life.

The ER machinery  integrates  various  intracellular  and  extracel-
lular  signals  including  growth,  differentiation,  and  in”ammatory
signals,  and  executes  a unique  set  of  molecular  responses,  which
are conserved  among  various  eukaryotes,  including  yeasts, plants,
nematodes,  insects,  and  mammals  (for  a detailed  review  see Ruberti
and  Brandizzi,  2014 ). The ability  of  the  ER to  sense properly  folded
and  post-translationally  modi“ed  proteins  is at  the  core  of  a com-
plex  signaling  network  that  evaluates  the  ER work  load  and  initiates
molecular  responses  to  imbalanced  homeostasis  and  ER stress.

2. ER homeostasis  and  the  molecular  response  to  ER stress

Disruption  of  ER homeostasis,  the  ER stress, may  occur  dur-
ing  cell  differentiation,  tissue  development,  and  senescence or  as
a result  of  increased  protein  synthesis,  perturbation  of  calcium
homeostasis,  DNA  damage,  altered  redox  status  or  the  expression
of  mutant  proteins  (Zhong  et  al., 2011 ). In  addition,  exogenous
chemical  and  physical  inducers,  such  as hypoxia,  glucose  depriva-
tion,  and  mechanical  forces  may  cause ER stress. ER stress  typically
triggers  a complex  signaling  process  called  the  unfolded  protein
response  (UPR) (Ulianich  et  al., 2007;  Ozcan and  Tabas, 2012 ).
The common  hallmarks  of  ER stress  are proteosynthesis  overload
and  attenuation  of  the  secretory  pathway  by  metabolic  inhibition.
Dilatations  of  ER cisterns,  ribosome  detachment,  and  abnormal  cis-
tern  crosslinking  (Fig. 1) have  been  described  in  many  cell  types,
including  somatic,  cancer  or  stem  cells,  in  the  presence  of  various  ER
stress  inducers  (Duan  et  al., 2014;  Horak  et  al., 2014;  Kratochvílová
et  al., 2015 ). These molecular  responses  include  upregulation  of
molecular  chaperones,  downregulation  of  mRNA  translation,  and
degradation  of  misfolded  proteins  in  a sequence  of  biochemical
events  termed  UPR and  ER associated  degradation  (ERAD). In  cases
of  long-lasting  ER stress, proapoptotic  signaling  pathways,  which
involve  downregulation  of  Bcl-2  and  induction  of  Bim  or  Puma,  may
be initiated  (Kim  et  al., 2008 ).

UPR is initiated  by  three  stress-sensing  transmembrane  pro-
teins  in  the  ER: 1)  leucine  zipper  activating  transcription  factor
6 (ATF6), 2)  inositol-requiring  kinase/endoribonuclease  1 (IRE1),
and  3)  protein  kinase  RNA-like  ER kinase  (PERK) (Nishitoh,  2012 ).
In  unstressed  cells,  these  sensors  are maintained  in  an inactive
state  by  the  ATP-dependent  ER chaperone  GRP78 (BiP), which  binds
to  their  luminal  domains.  GRP78 belongs  to  the  HSP70 family  of
heat  shock  proteins  and  is the  most  abundant  protein  in  the  ER
lumen  (Lane et  al., 2014;  Csala et  al., 2012 ). Under  physiological
conditions,  GRP78 binds  to  nascent  or  unfolded  proteins  through
its  peptide-binding  domain  and  uses the  energy  from  hydrolyzing
ATP to  promote  proper  folding  and  to  prevent  protein  aggregation
(Luo et  al., 2006 ). When  there  are excessive  amounts  of  misfolded
proteins  in  the  ER lumen,  unbound  GRP78 is depleted  and  bound
GRP78 dissociates  from  PERK, ATF6, and  IRE1. The release  of  GRP78
allows  these  transmembrane  receptors  to  oligomerize,  autophos-
phorylate,  and  activate  their  respective  downstream  pathways.

Upon  release  from  GRP78, the  90  kDa  ATF6 protein  is dispatched
to  the  Golgi  apparatus  where  it  is  processed  by  Site-1  and  Site-2
proteases  (Yoshida  et  al., 2006 ). The 50  kDa  active  soluble  form
of  ATF6 is then  transported  into  the  nucleus  and  binds  directly
to  the  mammalian  consensus  sequence  of  the  cis-acting  ER stress
response  element  (ERSE) and  to  conserved  GRP promoters  to  acti-
vate  ER chaperones,  such  as GRP78, GRP94, C/EBP homologous
protein  (CHOP), Calnexin,  Calreticulin,  and  X-box  binding  protein
1 (XBP-1)  (Kober  et  al., 2012 ). ER chaperones  and  their  functions  in
protein  folding  are described  in  detail  elsewhere  (Ni  and  Lee, 2007;
Halperin  et  al., 2014 ).

Activated  PERK phosphorylates  the  �  subunit  of  eukaryotic
initiating  factor  2 (eIF2� ) leading  to  inhibition  of  general  mRNA
translation  activity  and  protein  synthesis,  as well  as to  the  subse-
quent  diminution  of  nascent  peptides  entering  the  ER lumen  (Lane
et  al., 2014 ). On the  other  hand,  transcription  of  some  genes, such
as activating  transcription  factor  4 (ATF4), is  triggered  by  phospho-
rylated  eIF2� . ATF4 then  activates  transcription  of  the  proapoptotic
transcription  factor  CHOP (DDIT3,  GADD153)  which  transitions  the
balance  between  anti-  and  pro-apoptotic  members  of  the  BCL2
family  towards  programmed  cell  death.  CHOP can also  induce  apo-
ptosis  through  death  receptor  5 (DP5).  In  addition,  CHOP activates
transcription  of  ER oxidase  1�  (ERO1� ) and  downregulates  intra-
cellular  glutathione,  thereby  elevating  levels  of  reactive  oxygen
species (Nishitoh,  2012;  Kim  et  al., 2008 ). Activated  ERO1�  also
ensures  oxidative  protein  folding  and  enables  the  release  of  Ca2+

ions  from  the  ER through  the  IP3 receptor,  which  can also  ini-
tiate  apoptosis.  Another  function  of  CHOP is to  activate  growth
arrest  DNA  damage-inducible  gene 34  (GADD34),  which  is respon-
sible  for  dephosphorylating  eIF2�  and  restoring  protein  translation
(Marciniak  et  al., 2004 ).

When  the  PERK pathway  is knocked-out,  cells  are exposed
to  more  intracellular  stress  and  are more  sensitive  to  its  lethal
effects  (Harding  et  al., 2000 ). In  Wolcott…Rallinson  syndrome,  PERK
is mutated  and  the  eIF2� -ATF6-ATF4  axis  is  deregulated  lead-
ing  to  uncompensated  ER stress  predominantly  in  the  endocrine
compartment  of  the  pancreas  and  other  tissues  engaged  in  high-
rate  synthesis  of  proteins.  Clinically,  the  absence of  functional
PERK causes neonatal  or  early-onset  diabetes,  bone  dysplasia,  and
hepatic  failure  (Zhang  et  al., 2002;  Julier  and  Nicolino,  2010 ). More-
over,  PERK de“cient  cells  show  a rapid  increase  of  IRE1-mediated
UPR pathway  (Harding  et  al., 2000 ).

The ER transmembrane  protein  IRE1 has endoribonuclease  and
protein  kinase  activity  and  its  pathway  is conserved  among  all
eukaryotic  models  studied  (Calfon  et  al., 2002;  Yoshida  et  al., 2006 ).
IRE1 activity  is  regulated  by  oligomerization,  and  the  oligomeri-
zation  state  of  IRE1 determines  the  molecular  outcomes  of  IRE1
binding  to  cytoplasmic  targets.  Dimerization  of  IRE1 catalyzes  alter-
native  splicing  of  XBP-1 mRNA  by  the  IRE1 endonuclease  domain
(Yoshida  et  al., 2001;  Chen and  Brandizzi,  2013 ). IRE1 removes
a 26-nucleotide  sequence  from  XBP-1 mRNA,  which  induces  a
shift  in  the  reading  frame  leading  to  translation  of  the  highly
active  basic  leucine  zipper  transcription  factor  form  of  XBP-1. This
spliced  form  of  XBP-1 interacts  with  other  bZIP transcription  fac-
tors,  such  as c-Fos (Ono  et  al., 1991 ) and  ATF6. The target  genes
induced  by  XBP-1 include  ER enzymes,  such  as ER mannosidase
alpha-like  1 (EDEM1),  ER chaperones,  as well  as a variety  of  other
genes, which  are regulated  in  a tissue-dependent  context  (He
et  al., 2010 ). Upregulation  of  major  transcription  factors,  such  as
AP-1, that  enhances  proliferation  or  immune  responses,  can then
modulate  directly  the  tissue  microenvironment.  Unspliced  XBP-
1 negatively  regulates  the  spliced  form  of  XBP-1 and  the  PERK
pathway  (Yoshida  et  al., 2006 ). IRE1 multimers  catalyze  the  degra-
dation  of  various  RNAs, including  microRNAs,  mRNAs, and  rRNAs,
in  cell-  or  tissue-speci“c  manners  by  regulated  IRE1-dependent
decay  (RIDD)  mechanisms  (Maurel  et  al., 2014 ). The kinase  activity
of  IRE1 was  identi“ed  under  chronic  ER stress  conditions,  trigger-
ing  the  proapoptotic  pathway  by  assembling  a signaling  complex
consisting  of  autophosphorylated  IRE1, TRA2, and  apoptosis  signal-
regulated  kinase  (ASK1). This  signaling  complex  activates  c-Jun
NH2-terminal  kinase  (JNK) and  its  downstream  targets  (Urano  et  al.,
2000 ).

UPR mediates  an adaptive  process  that  directly  reduces  the
amount  of  misfolded  proteins  in  the  ER lumen.  Substantial  propor-
tions  of  the  proteins  that  enter  the  lumen  of  the  ER are excluded  by
rigorous  quality  control  mechanisms  and  are eliminated  as defec-
tive  ribosomal  products  (DRiPs) (Schubert  et  al., 2000 ). ERAD is
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Fig.  1. Transmission  electron  microscope  (TEM)  images  of  ER structures  in  the  human  embryonic  stem  cell  line  CCTL14 (scale  bars:  5 � m)  exposed  to  ER stress  induced  by
tunicamycin.  Red areas point  to  ER structures.  Upon  the  tunicamycin  treatment,  the  ER dilates,  expands  and  loses its  regular  architecture  in  dose-dependent  manner.

a multistep  enzymatic  process  that  is  conserved  among  eukary-
otes,  and  it  begins  by  recognizing  DRiPs and  selecting  misfolded
and  unfolded  proteins  (Ni  and  Lee, 2007 ). These proteins  are “rst
processed  by  ER � 1,2-mannosidase  I  (ERman  I),  which  sequen-
tially  trims  three  to  four  mannose  residues  from  the  N-glycans
attached  to  these  polypeptides  (Benyair  et  al., 2015 ). Then,  three
mannosidase-like  proteins  termed  EDEM1, EDEM2, and  EDEM3
recognize  the  mannose-trimmed  moieties  and  target  them  for
degradation.  Additionally,  GRP78 and  its  co-chaperones  may  select
ERAD substrates  by  binding  to  the  exposed  hydrophobic  regions
commonly  found  in  misfolded  proteins.  Next,  selected  proteins  are
retro-translocated  to  the  cytosol  where  they  are “nally  ubiquitin-
ated  and  degraded  by  the  proteasome  (Lemus  and  Goder,  2014 ).

The ER stress  response  can be arti“cially  induced  by  chem-
ically  inhibiting  critical  metabolic  processes in  the  ER by
exposure  to  pathogens,  environmental  pollutants,  and  cytostatic
chemotherapy.  The most  common  inhibitors,  thapsigargin,  tuni-
camycin,  and  dithiothreitol,  target  Ca2+ ATPase enzymes  in  the
sarco/endoplasmic  reticulum  leading  to  depletion  of  luminal
calcium  stores,  inhibit  protein  glycosylation  or  prevent  disul-
“de  bond  formation  during  protein  folding  (Urano  et  al., 2000 ).
Time-dependent  proteomic  analyses  of  endosomal  fractions  of

tunicamycin  and  thapsigargin  treated  “broblasts  revealed  a gradual
accumulation  of  ER chaperones  and  ER-residing  enzymes,  whereas
production  of  secreted  proteins,  such  as collagen  alpha  chains,
was  attenuated  (Mintz  et  al., 2008 ). Recently,  engineered  silica
nanoparticles  (SiO2-NPs)  and  silica  nanoparticles  doped  with  silver
(SiO2…Ag-NPs) were  found  to  cause perturbations  in  ER morphol-
ogy,  to  increase  ER stress, and  to  interact  with  metabolic  enzymes
and  ef”ux  transporters.  In  addition,  nanoparticle  agglomerates
were  found  free  in  the  cytosol,  as well  as in  vesicular  structures,
such  as endosomes  (Christen  and  Fent,  2012 ). Thus, the  rapid  and
prominent  ER stress  response  may  be used  as an early  and  sensitive
biomarker  of  nanotoxins  (Chen et  al., 2014b ). Recently,  a direct  link
between  ER stress  and  ATF-6 mediated  formation  of  the  in”ammo-
some  and  induction  of  pyroptosis  was  demonstrated  in  the  human
monocyte  cell  line  THP-1  upon  exposure  to  15  nm  silver  nanopar-
ticles  (Simard  et  al., 2015 ). The link  between  the  ER stress  response
and  proapoptotic  and  proin”ammatory  paracrine  signaling  extends
the  ER stress  response  from  a single  cell  to  the  tissue  microenviron-
ment,  thus  the  ER stress  response  may  affect  tissue  regeneration
and  carcinogenesis.  In  addition  to  chemical  compounds,  biological
inducers  may  initiate  ER stress. In  vitro  experiments  demon-
strated  that  cyanobacterial  hepatotoxins,  microcystins,  affect  ER
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homeostasis  and  induce  UPR by  inhibition  of  type-1  and  type-
2A protein  phosphatase  catalytic  subunits  (PP-1c and  PP-2Ac)
(Christen  et  al., 2013 ). Additionally,  viruses,  such  as West  Nile  virus,
can induce  ER stress  by  overriding  control  of  cell  proteosynthesis
and  causing  an abnormal  workload  for  the  ER (Medigeshi  et  al.,
2007 ). Recently,  Li  et  al., reported  ER stress-dependent  changes
in  mechanically  compressed  mandibular  cartilage,  which  led  to
pathological  tissue  remodeling  and  cartilage  thinning.  In  isolated
chondrocytes,  mechanotransduction  was  found  to  expand  the  ER
and  induce  expression  of  ER stress  markers.  Upon  prolonged  expo-
sure  to  stress, chondrocytes  were  arrested  in  the  cell  cycle,  ceased to
proliferate,  and  induced  apoptosis.  Alleviation  of  ER stress  restored
the  altered  architecture  of  the  ER, increased  cell  numbers,  and
reduced  cartilage  thinning  (Li  et  al., 2013 ). In  a mouse  model  of
myocardial  infarction,  in  vivo  inhibition  of  ER stress  improved  heart
tissue  regeneration  by  downregulating  apoptosis  and  preventing
“brosis  (Luo et  al., 2015 ).

To pharmacologically  modulate  ER stress  response,  chemical
chaperones  4-phenylbutyric  acid  (4-PBA)  and  tauroursodeoxy-
cholic  acid  (TUDCA) which  are both  capable  to  alleviate  ER stress
in  vivo  and  in  vitro  were  introduced  (Michalak  and  Gye, 2015;
Ozcan et  al., 2006 ). TUDCA is a natural  endogenous  bile  acid  com-
posed  of  taurine  and  UDCA. 4-PBA is a low-molecular-  weight
synthetic-fatty  acid  derivative  known  to  stabilize  protein  con-
formation,  improve  ER folding  capacity  and  additionally  inhibit
histone  deacetylase  (HDAC)  (Luo et  al., 2015;  Ozcan et  al., 2006 ).
Both  TUDCA and  4-PBA have  been  shown  to  alleviate  expres-
sion  of  molecules  from  all  three  branches  of  UPR and  also  to
inhibit  ER-stress-induced  apoptosis.  Another  ER stress  inhibitor  is
a small  heterocyclic  molecule  salubrinal,  originally  identi“ed  by
Boyce et  al. (2005) , which  selectively  inhibits  dephosphorylation
of  eIF2�  and  reduces  globally  the  proteosynthesis  rate.  Salubrinal
has been  shown  to  protect  cells  from  ER-stress-induced  apoptosis
and  damage  caused by  a wide  range  of  xenotoxicants  (Matsuoka
and  Komoike,  2015 ). In  addition  to  chemical  inhibition,  the  selec-
tive  disruption  of  UPR signaling  can be achieved  by  deletion  of  some
important  regulators  of  UPR such  as XBP-1, IRE1�  (Kim  et  al., 2015 )
or  ATF4 (Armstrong  et  al., 2010 ).

3. The  ER stress  response  in  embryonic  development

Mammalian  zygotes  and  early  embryos  are exposed  to  various
intrinsic  or  extrinsic  stressors  in  their  surrounding  microenviron-
ments,  e.g., mechanical,  oxidative,  osmotic,  and  pH  stress, as well  as
immunological  and  direct  embryo-endometrium  interactions.  All
these  signals,  together  with  a high  rate  of  embryonic  proteosynthe-
sis, integrate  at  the  ER and  induce  UPR in  exposed  cells  (Michalak
and  Gye, 2015 ). Recently,  the  role  of  ER stress  in  mammalian  embry-
onic  development  has been  investigated  and  it  has been  found  that
alleviation  of  ER stress  by  UPR inhibitors,  such  as TUDCA, enhanced
and  improved  the  maturation  and  development  of  in  vitro  produced
bovine  and  mice  embryos  (Yoon  et  al., 2014;  Zhang  et  al., 2012 ).
Similarly,  direct  induction  of  ER stress  by  tunicamycin  in  pregnant
mice  resulted  in  preterm  birth  and  consequent  low  fetal  weight  and
elevated  fetal  death  rate  (Kawakami  et  al., 2014 ).

To compensate  for  ER stress  embryonic  cells  recruit  a wide  range
of  ER chaperones  and  elements  of  the  UPR network.  In  fact,  homozy-
gous  deletions  of  ER stress  and  UPR effectors,  such  as GRP78,
GRP94, GRP58/ERp57, Ire1 � , XBP-1, Calreticulin,  and  double  dele-
tion  of  both  ATF6�  and  ATF6� , result  in  embryonic  lethality  in
mice  (Fig. 2) (Ni  and  Lee, 2007;  Reimold  et  al., 2001;  Yamamoto
et  al., 2007;  Wanderling  et  al., 2008;  Garbi  et  al., 2006;  Lee et  al.,
2005 ).

It  has been  demonstrated  that  GRP78 gene is transcriptionally
activated  in  the  trophectoderm  and  inner  cell  mass of  E3,5 mice

embryos  and  this  induction  largely  depends  on  the  genomic  ERSEs
that  are available  for  ATF-6 and  TFII-I  transcription  factors  (Parker
et  al., 2001 ). Loss of  one  copy  of  GRP78 is compensated  for  by
overexpression  of  chaperones  GRP94 and  PDI suggesting  complex
regulatory  circuits  stabilizing  the  ER; however,  the  complete  loss
of  GRP78 cannot  be substituted  and  results  in  embryonic  lethality
at  the  peri-implantation  stage because the  embryos  cannot  hatch
from  the  zona pellucida  in  vitro , fail  to  grow  in  culture,  exhibit  pro-
liferation  defects  and  a massive  increase  in  apoptosis  of  the  inner
cell  mass of  the  preimplantation  blastocyst.  Similarly,  a complete
depletion  of  the  ER chaperone  GRP94 also  results  in  embryonic
lethality  around  E7 and  knockout  embryos  fail  to  develop  meso-
derm,  primitive  streak,  or  proamniotic  cavity  (Wanderling  et  al.,
2008 ). Interestingly,  heterozygous  GRP94 deletions  showed  no
compensating  overexpression  of  other  UPR elements  and  no  obvi-
ous abnormal  phenotypes  under  physiological  conditions  (Mao
et  al., 2010 ). The robustness  of  ER signaling  is well  documented
on  ATF6-mediated  UPR pathway.  ATF6 has two  related  isoforms,
ATF6�  and  ATF6�  that  can compensate  for  each other  in  single
ATF6�  or  �  knock-outs.  The double  ATF6�  and  ATF6�  knock-out
then  results  in  embryonic  death  by  the  E8.5 documenting  the  over-
lapping  function  for  ATF6 isoforms  (Yamamoto  et  al., 2007 ). It  was
also  demonstrated  that  single  knock-out  of  ATF6�  decreases cel-
lular  tolerance  to  ER stress  by  affecting  the  proteins  involved  in
quality  control  of  protein  folding  and  degradation  pathways,  such
as EDEM 1 (Wu  et  al., 2007 ).

Expansion  of  pool  of  tissue  stem  cells  and  proper  organ  devel-
opment  are dependent  on  availability  of  downstream  UPR targets.
Mice  embryos  lacking  XBP-1 develop  hypoplasia  of  the  fetal  liver
and  die  of  anemia  in  utero  (Reimold  et  al., 2001 ). Although  the
embryonic  development  of  XBP1-null  mice  can be rescued  by
inducing  the  XBP1 transgene  to  the  liver,  these  mice  neverthe-
less die  soon  after  the  birth  due  to  the  pancreatic  dysfunction
(Lee et  al., 2005 ). The upstream  inducer  of  Xbp-1,  IRE1�  is  nec-
essary for  liver  development  and  its  de“ciency  in  mice  results  in
embryonic  death  between  9.5 and  13  days  of  gestation  (Zhang
et  al., 2005 ). The affected  embryos  are pale,  small  in  size and  with
hypoplastic  liver.  Heterozygous  mutants  of  IRE1�  are viable  and
show  no  visible  abnormalities  in  phenotype.  While  the  precise
molecular  cause of  IRE1�  embryonic  lethality  is  still  uncertain,
the  loss of  IRE1�  in  extraembryonic  tissues  causes downregulat-
ion  of  vascular  endothelial  growth  factor-  A (VEGF-A) followed
by  severe  dysfunction  of  the  vascular  labyrinth  region  in  the  pla-
centa  (Iwawaki  et  al., 2009 ). In  addition,  IRE1� Š/Š  embryos  can be
born  alive  when  supplied  with  functionally  normal  IRE1� -positive
placentas  and  these  embryos  show  no  placental  abnormalities  or
liver  hypoplasia.  These results  indicate  a vital  function  of  IRE1�
in  extraembryonic  tissues.  Altogether,  it  is  apparent  that  all  of
the  listed  UPR regulators  are essential  for  embryonic  cell  growth
and  pluripotent  cell  survival,  and  their  loss cannot  be compen-
sated  by  other  UPR effectors  or  ER chaperones.  PERK-knockout
mice  are viable,  however,  they  show  a severe  degeneration  of
endocrine  and  exocrine  pancreatic  cells  and  subsequent  develop-
ment  of  diabetes  mellitus  after  birth,  which  strikingly  resembles
the  Wolcott…Rallison  syndrome  in  humans  (Harding  et  al., 2001 ).
The loss of  the  proapoptotic-mediator  CHOP in  mice  has no  effect
on  viability,  but  female  CHOPŠ/Š  mice  had  signi“cantly  greater
body  weight  and  adiposity  than  wild  type  littermates  on  the  equiv-
alent  diet  (Ariyama  et  al., 2007 ). However,  there  was  no  weight
difference  in  male  mice.  Another  study  discovered  that  CHOP dele-
tion  improves  the  capacity  of  pancreatic  � -cell  function  by  reducing
protein  oxidation  and  lipid  peroxidation  (Song et  al., 2008 ). GRP58
(ERp57, PDIA3),  is  a member  of  the  PDI family  of  oxido-reductases,
that  in  complex  with  Calreticulin  or  Calnexin  contributes  to  protein
folding.  Speci“cally,  it  constitutes  the  peptide  loading  complex  of
the  major  histocompatibility  complex  I  (MHC  I),  extending  the  ER
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Fig.  2. (A)  Experimentally  induced  loss of  fundamental  components  of  UPR during  mouse  development  results  in  embryonic  lethality  due  to  failure  of  implantation,  germ
layer  de“nition  or  organogenesis.  (B)  Alterations  of  UPR in  mouse  embryos  or  embryonic  stem  cells  (ESCs) induce  similar  phenotypes  affecting  proliferation,  differentiation
capacity  or  sensitivity  to  apoptosis.

molecular  interactions  indirectly  to  the  immune  system.  Ubiqui-
tous  knockout  of  GRP58 is embryonically  lethal  (Garbi  et  al., 2006 ).
Deletion  of  Calreticulin  leads  to  embryonic  lethality  in  mice  around
day  E18 (Mesaeli  et  al., 1999 ). It  has been  demonstrated  that  the
Calreticulin  gene (CALR) is activated  to  high  levels  in  the  cardio-
vascular  system  during  early  stages of  embryonic  development
and  its  loss causes defects  in  heart  development  and  function.  In
later  stages of  embryogenesis,  activation  of  CALR was  also  seen
in  the  brain,  midgut,  intersomitic  vessels, and  liver.  Calnexin  is
a part  of  the  Calnexin/Calreticulin  chaperone  pair,  yet  surpris-
ingly,  unlike  Calreticulin,  Calnexin  knockout  mice  embryos  are
viable,  although  they  display  a phenotype.  Approximately  50%
of  Calnexin  knockout  mice  die  in  two  days  after  birth,  and  the
surviving  mice  were  about  one-third  smaller  than  their  wild-
type  littermates  and  exhibited  obvious  motor  disorders  (Denzel
et  al., 2002 ). Deletion  of  one  calnexin  allele  showed  no  detectable
phenotype.

4. The  ER stress  response  in  pluripotency  and
differentiation

Pluripotent  stem  cells  (PSCs) are characterized  by  their  ability
to  self-renew  inde“nitely  and  to  differentiate  into  all  of  the  three
germ  layers.  In  mammals,  the  PSC population  typically  includes
embryonic  stem  cells  (ESCs) derived  from  the  inner  cell  mass of  a
preimplantation  blastocyst  (Thomson  et  al. in  1998 ). It  has been
demonstrated  that  human  and  murine  ESCs have  a higher  toler-
ance for  various  cellular  stressors  than  differentiated  cells  (Saretzki
et  al., 2004,  2008 ). During  spontaneous  differentiation  of  hESCs and
mESCs, ROS level  was  increased  while  several  major  genes involved
in  different  types  of  DNA  damage  repair  (e.g., BRCA1, MSH3,  DMC1
TLK1) were  downregulated,  suggesting  presence  of  distinct  stem-
and  somatic-molecular  regimens  responding  to  general  stress.
Liu  et  al. (2012)  studied  hESC cell  line  H9  after  retinoic  acid
(RA) induced  differentiation  and  showed  that  hESCs express  high
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levels  of  UPR markers  such  as XBP1 and  p-eIF2 �  that  are substan-
tially  downregulated  in  differentiated  cells.

Pluripotent-speci“c  inhibitors  or  PluriSIns  were  developed  to
speci“cally  eliminate  PSCs, without  affecting  the  viability  of  more
differentiated  cells,  including  stem  or  progenitor  cells  in  clinically-
oriented  scenarios  (Ben-David  et  al., 2013 ). After  the  exposure  of
PSCs to  PluriSIns,  the  UPR was  induced,  including  upregulation  of
CHOP expression,  XBP1 splicing  and  eIF2�  phosphorylation,  while
no  such  response  was  found  in  differentiated  cells.  PluriSIn  treat-
ment  also  inhibited  the  normal  development  of  mice  blastocyst.
The high  sensitivity  of  PSCs to  PluriSIns  thus  involves  induction  of
pro-apoptotic  branch  of  UPR and  allows  PSCs elimination  due  to
speci“c  ER-stress associated  molecular  context.  On the  other  hand,
PSCs aimed  to  be used  in  regenerative  medicine  are challenged  by
low  rates  of  cell  survival  after  transplantation  due  to  unfavourable
microenvironments  in  situ , such  as hypoxia,  nutrient  depriva-
tion,  growth  factor  gradients  and  reactive  oxygen  species that  can
induce  apoptosis,  alter  differentiated  phenotype  or  promote  car-
cinogenesis.  Recently,  a method  called  hypoxic  preconditioning
(HPC) has been  shown  to  improve  survival  and  engraftment  of
stem  cells  in  the  host  environment.  HPC involves  exposure  of  stem
cells  to  non-damaging  hypoxia  or  ischemia,  which  induces  a more
stress-resistant  phenotype  and  enables  cells  to  avoid  apoptosis.
Although  the  mechanism  of  HPC is not  yet  well  understood,  Mao
and  Crowder  (2010)  have  shown  in  nematodes  that  HPC induces
the  UPR response  through  IRE1 activation  and  that  induction  of
UPR by  misfolded  proteins  is suf“cient  to  stimulate  an ongoing
protective  response.  The involvement  of  UPR in  HPC was  recently
con“rmed  in  human  hippocampal  neurons  (Bickler  et  al., 2015 ).
Furthermore,  it  has been  shown  that  signaling  by  the  upstream
PERK pathway  and  inhibition  of  protein  synthesis  are important
for  HPC-induced  protection.  Additionally,  inhibition  of  ATF6 and
IRE1 abolished  HPC-induced  phenotype.

The method  of  long-term  culturing  PSCs, including  ESC or
induced  PSCs (iPSCs) (Takahashi  and  Yamanaka,  2006 ), aims  to
preserve  pluripotency  and  self-renewal.  Usually,  the  leukemia
inhibitory  factor  (LIF) alone  or  in  combination  with  bone  morpho-
genetic  protein  (BMP4)  are used  to  maintain  mouse  ESCs (mESCs),
and  “broblast  growth  factor  (FGF2) and  TGF� /activin/Nodal  are

used  to  maintain  human  ESCs (hESCs) (Chen et  al., 2014a ). Nev-
ertheless,  even  with  the  LIF treatment,  mESCs in  prolonged  culture
spontaneously  differentiate  into  meso-endodermal  lineages  and
secrete  vascular  endothelial  growth  factors  (VEGFs). Chen et  al.
found  that  hypoxia-inducible  factor  �  (HIF� ) and  ER stress  are
involved  in  the  production  of  VEGFs, and,  interestingly,  inhibition
of  ER stress  reduced  VEGF expression  and  supported  self-renewal
of  mESCs. Additionally,  blocking  VEGF expression  with  a small
molecule  inhibitor  of  receptor  tyrosine  kinases,  sunitinib,  also
resulted  in  enhanced  self-renewal  of  mESCs. Blanco-Gelaz  et  al.
(2010)  provided  a detailed  report  on  culture-dependent  UPR acti-
vation  in  the  human  hESC lines  HS181  and  SHEF-1 cultured  on
a feeder  layer  composed  of  human  embryonic  “broblasts  (HEFs)
and  in  a feeder-free  system  composed  of  a mixture  of  extracellular
matrix  proteins  (Matrigel).  When  HS181  was  grown  on  Matrigel
in  conditioned  media  derived  from  HEFs, GRP78 was  substan-
tially  upregulated  compared  to  the  same cells  growing  on  HEFs.
In  addition,  XBP-1 was  ectopically  expressed  in  HS181  cells  cul-
tured  on  adipose  derived  stem  cells  (ASCs) feeder.  In  SHEF1 cells
grown  on  Matrigel  with  HEF-CM, expression  of  ATF6 and  GRP78
was  not  affected,  but  XBP-1 expression  was  elevated.  In  summary,
the  expression  of  UPR markers,  including  GRP78, XBP-1, and  CHOP,
varied  in  different  culture  conditions  and  was  generally  higher  in
cells  growing  on  Matrigel  than  in  cells  growing  on  feeder  cells.
These results  highlight  the  importance  of  controlling  culture  con-
ditions  and  also  demonstrate  the  importance  of  balancing  ER stress
in  order  to  enhance  survival  and  maintain  pluripotency  of  PSCs in-
vitro  (Fig. 3). In  the  committed  progeny  derived  from  mesenchymal
tissues,  the  UPR may  play  a role  in  de“ning  speci“c  stem  cell  popu-
lations  responding  to  different  forms  of  cell-stress.  Heneidi  et  al.
described  populations  of  stem  cells  isolated  from  lipo-aspirated
adipose  tissue  that  showed  a high  degree  of  resistance  to  ER stress
when  compared  to  general  mesenchymal-  or  adipose-stem  cells.
In  addition,  these  lipo-aspirated  stem  cells  expressed  high  levels  of
the  stem  markers  Oct-4,  Sox-2  Klf4,  and  c-Myc  and  were  capable
of  differentiating  into  endodermal,  mesodermal,  and  ectodermal
lineages  (Heneidi  et  al., 2013 ). MUSE (Multilineage  differentiating
Stress-Enduring)  cells  are graftable,  in  vitro -manipulated,  and  have
potential  for  use in  tissue  engineering  and  regenerative  medicine.

Fig.  3. ER stress  and  UPR are evoked  in  pluripotent  stem  cells  (PSCs) cultures  in  vitro . The global  effects  of  the  culture  microenvironment  and  particular  genetic,  epigenetic,
metabolic  or  signaling  cues integrates  on  ER, modulate  UPR, and  promote  phenotypic  changes.
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Induction  of  the  ER stress  response  and  UPR was  observed  during
differentiation  into  various  proteosynthetically  active  cell  types.

During  chondrocyte  differentiation,  bone  morphogenetic  pro-
tein  2 (BMP2)  induces  mild  ER stress  and  activates  the
UPR-associated  molecules  XBP-1, GRP78, and  IRE1�  (Han  et  al.,
2013 ). Then,  XBP-1s enhances  chondrocyte  hypertrophy  and  pos-
itively  regulates  endochondral  bone  formation  (Guo et  al., 2014 ).
Overexpression  of  ATF6 also  enhances  chondrocyte  differentiation
and  endochondral  bone  growth,  whereas  knockdown  of  ATF6 abol-
ishes  chondrocyte  differentiation  and  endochondral  bone  growth
(Xiong  et  al., 2015 ). Activation  of  the  UPR effectors  GRP78, CHOP,
XBP-1, and  ATF4 was  also  observed  during  neuronal  differentia-
tion,  and  induction  of  ER stress  by  tunicamycin  or  thapsigargin
resulted  in  increased  expression  of  the  neuronal  marker  NF-L (Cho
et  al., 2009 ). This  suggests  that  UPR plays  an active  role  in  neu-
ronal  differentiation.  Recently,  it  has been  shown  that  ER stress
accelerates  neuronal  differentiation  and  suppresses  differentiation
into  glial  cells  (Kawada  et  al., 2014 ). The effect  of  UPR induction
on  endodermal  differentiation  has been  studied  in  mouse  embry-
onic  stem  cells  (ESCs) (Xu  et  al., 2014 ). ESCs were  differentiated  to
the  endodermal  lineage  by  treatment  with  Activin  A, ER stress  was
then  induced  with  tunicamycin  or  thapsigargin  supplementation,
and  genes involved  in  the  formation  of  the  primitive  and  de“ni-
tive  endoderm  (Sox17, FoxA2, Sox7, Gata4, and  Gata6) were  found
upregulated  in  the  ER stress-induced  ESCs. Concordant  with  these
“ndings,  alleviation  of  ER stress  by  TUDCA resulted  in  abrogation  of
endodermal  differentiation  even  when  Activin  A was  added.  These
results  suggest  that  UPR is also  needed  for  de“nitive  endodermal
cell  commitment  during  gastrulation.

In  hematopoietic  differentiation,  GRP78 contributes  to  the  sur-
vival  and  proliferation  of  hematopoietic  stem  cells  (HSCs) in
endosteal  hypoxic  niches  (Miharada  et  al., 2011;  Wey  et  al., 2012 ).
Activation  of  UPR components  was  found  higher  in  HSCs than
in  downstream  progenitor  cells  isolated  from  cord  blood  and
adult  bone  marrow.  Induction  of  ER stress  by  tunicamycin  led  to
increased  upregulation  of  CHOP and  ATF4 in  HSCs than  in  progeni-
tor  cells  and  induced  selective  apoptosis  in  HSCs (Galen  et  al., 2014 ).
Interestingly,  alleviation  of  ER stress  in  HSCs resulted  in  a robust
increase  in  reconstitution  capacity  and  reduced  apoptosis  of  HSCs
after  bone  marrow  transplantation,  suggesting  that  ER homeosta-
sis is  critical  for  proper  HSC function  in  vivo  (Miharada  et  al., 2014 ).
These “ndings  emphasize  the  need  to  consider  UPR signaling  in
HSCs and  the  bene“t  of  alleviating  ER stress  in  vitro  during  devel-
opment  and  long-term  propagation  of  HSCs and  PSCs in  general.

5. Conclusion

The endoplasmic  reticulum  represents  a complex  signaling
hub  where  both  intracellular  and  extracellular  cues integrate  and

Table  1
Hallmarks  of  UPR in  cultured  pluripotent  stem  cells  (PSCs) in  vitro  and  embryonic
development  in  vivo .

Cultured  PSCs in  vitro  Embryonic  development  in  vivo

PSCs are capable  of  UPR execution
upon  induction  of  ER stress

UPR effectors  are critical  in  different
stages of  embryonic  development

ER stress  and  UPR follows  in  vitro
differentiation  of  PSCs to  terminal
stages

ER stress  and  UPR follows  in  vivo
differentiation  and  development

ER stress  induced  by  different  culture
scenarios  affects  differentiation
capacity  of  PSCs

Embryos  affected  by  uncompensated
ER stress  are less viable  or  cease
development

Adaptation  to  ER stress  by
preferential  activation  of
pro-survival  UPR pathways
improves  self-renewal,
differentiation  capacity  or  grafting
capability  of  PSCs

Alleviation  of  ER stress  improves
viability  of  in  vitro  manipulated
embryos

initiate  orchestrated  molecular  mechanisms  that  lead  to  adapta-
tion  to  ER stress  and  restoration  of  homeostasis  or  to  programmed
cell  death  to  protect  tissue  integrity.  Components  of  molecular
response  to  ER stress  are indispensable  during  embryonic  devel-
opment  and  their  roles  can be recapitulated  in  ES cells  in  vitro
(Table  1). Understanding  the  UPR as a de“ned  machinery  of  bal-
anced  molecular  events  induced  in  cultured  stem  cells  or  embryos
has therefore  a great  importance  for  deciphering  the  molecular
complexity  of  embryonic  development  as well  as for  clinical  or
translational  medicine.
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Introduction

Development of cancer is a complex process involving 
stepwise series of molecular events that �nally culminate 
in alterations of normal cellular phenotype towards malig-
nancy. Genes that enhance or inhibit tumor growth—onco-
genes and tumor suppressors—are usually assigned various 
aspects of cellular function, such as mitogenic and di�er-
entiation signaling, DNA damage repair, or apoptosis. The 
classical concept of carcinogenesis is based on impairment 
or activation of major oncogenes and tumor suppressors, 
making the development of malignant phenotype a cell-
intrinsic and unambiguous process. Today we know, how-
ever, that tumor cell independent e�ects within the tumor 
microenvironment as well as immunoediting have signi�cant 
impact on tumor development [1]. Screening of tumors and 
cancer cells by high-throughput omics technologies that 
allow global assessment of expression or mutational pro�les 
revealed a high number of unapparent genes that possess a 
dual character in di�erent cancers and lack a clear link to 
the classical molecular machineries driving cancer develop-
ment. These minor drivers involved in general cell and tissue 
metabolism and homeostasis can switch from oncogene to 
tumor suppressor function depending on the cell and tis-
sue context as well as the composition of the microenviron-
mental niche [2]. In this review, we discuss such dual role 
for TUmor Suppressor Candidate 3 (TUSC3) and envision 
its function in normal or cancerous tissues within speci�c 
contexts.

Tusc3 gene (N33) is localized on the short arm of chro-
mosome 8 in a chromosomal band 8p22. It is encoded by 
224�kbp genomic DNA and encompasses 11 exons, consti-
tuting three prototypical di�erent transcripts [3]. The prod-
uct of transcript 1 contains 11 exons encoding 348 amino 
acids with molecular weight of 39�kDa. Prototypically, it 

Abstract  Two decades ago, following a systematic screen-
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identi�ed as a candidate tumor suppressor gene in ovarian, 
prostate and pancreatic cancers. Since then, a growing body 
of evidence documented its clinical importance in vari-
ous other types of cancers, and �rst initial insights into its 
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contains a thioredoxin domain with peptide-binding site 
and �ve predicted transmembrane domains, one of which is 
deleted in the �nal TUSC3 product. The transcript 2, lacking 
exon 10, and transcript 3, lacking three exons, encode 347 
and 314 amino acids, respectively. Transcripts 1 and 2 are 
abundantly expressed in most non-lymphoid tissues [3, 4], 
while the transcript number 3 is predominantly expressed 
in placenta [4]. Interestingly, according to Ensembl gene 
annotation system (release 89—May 2017), 13 di�erent 
transcripts or splice variants were predicted, but not all being 
translated [5].

Cellular functions of�TUSC3: lessons 
from�glycobiochemistry

Until recently, function of TUSC3 has only been assumed by 
its partial sequence homology with the yeast Ost3p subunit 
of the oligosaccharyltransferase (OST) complex within the 
endoplasmic reticulum (ER). In yeast, OST complex consists 
of eight subunits including Ost3p (Ost1p, Ost2p, Ost3p or 
Ost6p, Ost4p, Ost5p, Wbp1p, Swp1p and Stt3p) [6]. OST 
complex mediates a key step of protein N-glycosylation, 
the en bloc transfer of a preassembled oligosaccharide from 
a lipid-linked donor onto asparagine residues of nascent 
proteins entering the lumen of rough ER. The asparagine 
residues constitute the Asn-X-Ser/Thr (N-X-T/S) consensus 
sequence, where X can be any amino acid residue except 
proline that are read by OST and covalently modi�ed [7]. 
Human OST complex contains seven subunits—catalytical 
core STT3A or STT3B, �ve non-catalytic subunits (ribo-
phorin I, ribophorin II, OST48, DAD1 and OST4) and one 
of the isoform speci�c subunits KCP2 or DC2 for STT3A 
complex and MagT1 or TUSC3 for STT3B as documented 
for HeLa and Cho cells or using recombinant OST complex 
in�vitro [7, 8].

In human cancer cells, TUSC3 indeed localizes to the 
rough ER as an intrinsic part of the OST complex directly 
binding to the STT3A or STT3B catalytic core [9, 10]. The 
STT3A OST complex is associated with the protein trans-
location channel and glycosylates the majority of acceptor 
sites of human glycoproteins as they enter the lumen of the 
ER, while the STT3B complex binds to and glycosylate 
acceptor sites that have been skipped by the STT3A complex 
[11, 12]. Thus, both complexes are essential for achievement 
of full N-glycoproteome [12].

Both the TUSC3 (yeast Ost3p) and MagT1 (yeast Ost6p) 
proteins bind to the STT3B complex in�vitro and share 73% 
sequence identity. Both proteins are linked to the ER mem-
brane by four transmembrane spanning segments and their 
N-terminal luminal domain consists of a thioredoxin fold 
with a peptide-binding site (CXXC motif) [11]. In yeast, 
neither Ost3p nor Ost6p are necessary for functional OST, 

as the single disruption causes only a moderate hypogly-
cosylation. However, the double knockdown of Ost3p and 
Ost6p resulted in a severe defect of N-glycosylation [13]. 
Such functional redundancy was also observed for MagT1 
and TUSC3 in the human OST complex [12]. Similarly, 
the absence of both MagT1 and TUSC3 subunits or loss of 
STT3B causes a dramatic reduction of N-glycosylation [14].

TUSC3 seems to increase glycosylation e�ciency for 
speci�c human glycoproteins by delaying oxidative sub-
strate folding and increasing the probability of recognition 
of N-glycosylation sequon, envisaging the role for TUSC3 
in substrate selection [7]. The direct targets of TUSC3 in 
OST remain unknown, except for integrin �1 [10]. Conse-
quently, deregulation of TUSC3 probably does not impair 
the overall systemic rate of glycosylation, as documented by 
the absence of hypoglycosylation of total serum transferrin 
or alteration of the serum N-glycome analyzed by mass spec-
trometry [12, 15]. In prostate cancer cells, slightly reduced 
N-glycosylation e�ciency was observed in TUSC3-silenced 
cells using the ER-localized luciferase reporter construct 
[16].

Apart from N-glycosylation, TUSC3 and MagT1 were 
proposed to be plasma membrane-associated magnesium 
transporters [17]. Expression of MagT1, but not TUSC3, 
was upregulated in yeast cultured in medium depleted of 
magnesium while overexpression of both MagT1 and 
TUSC3 resulted in modestly higher cellular MgII+  uptake 
[18]. However, unequivocal evidence for direct ion trans-
porting has not been provided. Rather, TUSC3 and MagT1 
in�uence the MgII+  homeostasis indirectly by N-glycosyla-
tion of a speci�c protein required for MgII+  transport.

TUSC3 in�embryonic development

Expression of TUSC3 di�ers in individual tissues and stages 
of embryonic development [3, 15, 18] (Table�1) and what is 
of particular importance, its normal expression levels can be 
related with oncogenic or tumor-suppressive function in par-
ticular cancers. In contrast, the expression of human TUSC3 
paralog, MagT1, is ubiquitous [3].

The roles of TUSC3 and its paralog, MagT1, in gen-
eral vertebrate development were investigated in zebra�sh 
recently [18]. Zebra�sh MagT1 and TUSC3 genes share 80 
and 93% homology with their human counterparts, respec-
tively. TUSC3 and MagT1 double knockdown severely 
reduced hatching of the embryos to only 5%, while a single 
knockdown only impaired the hatching rate if the expression 
was reduced at both maternal and zygotic levels. This con-
�rms the requirement of TUSC3 and MagT1 for embryonic 
development of vertebrates and also their partial functional 
redundancy.
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While the role of TUSC3 in histogenesis of most tissues 
is unknown, a pilot study has already been performed for rat 
testicular development, documenting its elevated expression 
in seminiferous tubules, including interstitial Leydig cells, 
and also in prostate epithelial cells [4]. In human tropho-
blast, TUSC3 is normally highly expressed, but downregu-
lated in response to hypoxia exposure [19] which correlated 
with human placental pathologies including preeclampsia 
[20]. Indeed, TUSC3 promoter hypermethylation in tropho-
blasts was more frequent in patients with preeclampsia than 
without any metabolic pregnancy complications. TUSC3 
hypermethylation was not observed in maternal blood or 
fetal tissues other than placenta [21].

TUSC3 is abundantly expressed in developing fetal brain, 
and truncating mutations as well as homozygous germline 
deletions were associated with autosomal recessive (AR) 
non-syndromic intellectual disability (NSID) [15, 22, 23]. 
Typically, AR-NSID a�ects about 1% of general population 
with substantial heterogeneity [24]. So far, approximately 
40 genes correlating with AR-NSID were identi�ed, includ-
ing TUSC3 [25]. Molinari et�al. performed autozygosity 
mapping in two siblings a�ected by intellectual disability 
born to �rst-cousin parents and identi�ed a culprit region 
on 8p22–p23.1. Subsequent sequencing uncovered a 1�bp 
insertion in TUSC3 gene resulting in a premature stop codon 
and reduced amount of transcript mRNA [15]. Garshasbi 
et�al. [22] identi�ed a homozygous deletion including the 
�rst exon of TUSC3 in a large consanguineous Iranian fam-
ily with AR-NSID. Third novel deletion mutation involving 
almost full TUSC3 gene was reported in a large consan-
guineous Pakistani family [28] and other reports of fami-
lies with NSID additionally supported TUSC3 role in the 
development of cognitive functions [23, 26–31]. All a�ected 
patients exhibited mild to severe intellectual disability, while 

their parents were all heterogeneous for TUSC3 gene and 
exhibited intelligence in the normal range. Additionally, 
despite the fact that the TUSC3-induced intellectual dis-
ability is mostly referred as non-syndromic, some TUSC3-
a�ected patients across the di�erent studies exhibited simi-
lar minor anomalies including short stature, microcephaly, 
hypoplastic philtrum, hypertelorism and other moderate 
dysmorphic facial features. Interestingly, three patients 
studied by Molinari et�al. [15] died due to cancer. A popula-
tion study using common SNPs from 40 genes known to be 
associated with AR-NSID, including TUSC3, found no asso-
ciation between SNP distribution in these genes and normal 
range of intelligence, suggesting that intellectual disability 
is probably genetically divergent from the normal variation 
of intelligence di�erences [25]. Except for the localization 
of TUSC3 expression to the fetal brain and the genetic link 
to NSID there are currently no functional studies concerning 
TUSC3 role in developing neural tissue or cognitive func-
tions either in impairing of intracellular signaling or altering 
N-glycosylation patterns.

Epigenetic regulation of�TUSC3 expression

Sequence of TUSC3 gene contains multiple CpG islands 
spanning its promoter and �rst exon; hence in several can-
cer types its expression is frequently silenced by promoter 
hypermethylation. In particular, hypermethylation of TUSC3 
promoter was observed in colorectal cancer (CRC) [32–34], 
glioblastoma multiforme (GBM) [35], non-small-cell lung 
cancer (NSCLC) [36], lung cancer [37] and ovarian cancer 
[38] (Table�2).

In CRC, methylation of TUSC3 was elevated in tumor tis-
sue compared to surrounding normal colon tissue or colonic 
mucosa of healthy donors [32, 39]. TUSC3 hypermethyla-
tion was also con�rmed in adenomatous colorectal polyps 
and in colorectal mucosa of patients with ulcerative colitis 
which is among the common risk factors for developing 
CRC, suggesting that TUSC3 hypermethylation might be an 
early event in CRC [31, 40]. Nevertheless, in an independ-
ent cohort, TUSC3 methylation did not signi�cantly di�er 
between the normal mucosa of the non-cancerous patients 
and adenomatous polyps or tumor samples [34]. Further-
more, TUSC3 showed partial methylation in normal colorec-
tal mucosa which was progressively increasing with age with 
frequency of around 15% in patients less than 20�years old 
and up to 58% in patients over 60�years of age [31, 33, 39]. 
Age-related TUSC3 hypermethylation was also observed in 
GBM [35], peripheral blood leukocyte DNA [31, 41], and 
in cases of NSCLC [42].

TUSC3 hypermethylation was found in 59% cases of 
GBM, and corresponding with methylation of the estro-
gen receptor (ESR) [35]. Methylation of TUSC3, estrogen 

Table 1   TUSC3 expression in human tissues

High TUSC3 Low or absent TUSC3

Heart Kidney

Cerebellum Spinal cord

Fetal brain Adult brain

Ovary Trachea

Cervix Lung

Placenta Colon

Prostate Small intestine

Testis Spleen

Adipose tissue Bone marrow

Thyroid gland

Liver

Thymus

Peripheral lymphocytes

Uterus



	 K.�Vaší�ková et al.

receptor and MYOD1 were also found in colonic tissue of 
healthy individuals and in patients with ulcerative colitis 
[33, 40]. However, epigenetic patterns seem to be tissue 
speci�c, as the TUSC3 methylation is more frequent in the 
colon than in the liver, while methylation of ESR is higher 
in the liver [32]. Additionally, TUSC3 is methylated in 
both colonic epithelial and subepithelial connective tissues, 
whereas ESR shows higher methylation in the epithelium.

In DNA of peripheral white blood cells in a Chinese popu-
lation with high risk of gastric cancer, TUSC3 methylation 
preceded approximately 5�years the clinical manifestation, 
suggesting that downregulation of TUSC3 can be a part of 
complex alterations as a biomarker for early diagnosis of gas-
tric cancer [31]. Apart from that, TUSC3 methylation seems to 
be an e�ective prognostic marker in lung and ovarian cancers 
[37, 38]. The promoter of TUSC3 was frequently methylated 
in tumors, benign bronchi and alveolar lung tissues from lung 
cancer patients, but not in healthy individuals. No signi�cant 
association was found between TUSC3 promoter methylation 
and age, grading, tumor histology, or lymph node or distant 
metastasis, but TUSC3 methylation correlated with smaller 
tumor size and longer overall survival of lung cancer patients 
[37]. In contrast, TUSC3 methylation and consequent low 
mRNA expression in ovarian cancer were associated with 
shorter progression-free and overall survival [38]. This cor-
relation was independent of other risk factors including age, 

FIGO stage, histologic grade, or response to chemotherapy, 
making TUSC3 an independent candidate biomarker for ovar-
ian cancer. In acute lymphoblastic leukemia (ALL), TUSC3 
is hypermethylated in signi�cantly higher frequency than in 
AML [43]. Microarray-based DNA methylation analysis cov-
ering 249 CpG islands of 57 genes was performed on mono-
nuclear cells from patients with ALL and AML and TUSC3 
methylation showed the highest divergence between AML and 
ALL.

Additionally, there is a potential shift towards increased 
methylation of TUSC3 promoter in men vs. women, and smok-
ers vs. non-smokers [32, 41]. However, other studies found no 
correlation between TUSC3 methylation and gender, smoking 
or alcohol abuse [31, 33, 40, 44], suggesting the presence of 
complex epigenetic patterns of TUSC3 depending on investi-
gated population, ethnical origin or clinical background. Rig-
orous population analyses of TUSC3 expression or epigenetic 
patterns are thus necessary to reveal the role of TUSC3 as a 
cancer-associated predictor.

Table 2   Molecular phenotypes associated with TUSC3 in di�erent types of cancer

N/A not applicable (data unavailable)

Cancer Expression change OF TUSC3 TUSC3-associated 
molecular phenotype

Integrated role References

Ovary Downregulation by promoter hypermethylationUPR
EMT

TSG [10, 38, 61]

PROSTATE Downregulation UPR
N-Glycosylation
Akt

TSG [9]

Glioblastoma multiforme Downregulation by promoter hypermethylationAkt TSG [35, 63]

Breast cancer Downregulation by miRNA (1) SOX2
(2) miR-181a-5p
(2) miR-30e-5p

TSG [72, 73]

Pancreatic cancer Homozygous deletion NF-�B TSG [48, 62]

Oral squamous cell carcinoma Homozygous deletion N/A TSG [74]

Hepatocellular carcinoma Loss of heterozygosity N/A N/A [46]

Small cell lung cancer Downregulation N/A TSG [75]

Larynx and pharynx carcinoma Loss N/A TSG [76]

Esophageal squamous cell carcinomaDownregulation N/A TSG [77]

Non-small-cell lung cancer Downregulation by promoter hypermethylationWnt/�-catenin TSG [78]

Upregulation Hedgehog Oncogene [64]

Colorectal cancer Upregulation MAPK PI3K/Akt
Wnt/�-catenin

Oncogene [60]

Head and neck squamous carcinomaUpregulation by ampli�cation N/A Oncogene [59]

Thyroid cancer Upregulation (gain) N/A Oncogene [57, 59]
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TUSC3 in�cancer

TUSC3 as�tumor suppressor

First evidence for tumor-suppressive functions of TUSC3 
came from systematic screenings of the chromosomal band 
8p22 that is often lost in wide variety of epithelial cancers, 
including prostate [45], ovarian [46], breast [47], pancre-
atic [48], bladder [49], colorectal [46, 50], hepatocellular, 
NSCLC, or choriocarcinoma [51]. Particularly in prostate 
cancer, loss of the short arm of chromosome 8 is the most 
frequent genetic alteration occurring in over 60% of cases 
[52].

Substantial advance in searching for potential tumor 
suppressors in 8p22 was achieved by Bova [45], who con-
structed a deletion map of the 8p22 in prostate cancer and 
con�ned the common deletion interval to a 14�cM area. Next, 
a physical map of a 1–1.5�Mb deletion interval revealed six 
novel transcription units representing candidate tumor sup-
pressor genes [53]. Pils et�al. [54] then reported that �ve 
genes from the total of 22 genes located on the 8p22 band 
showed signi�cantly reduced expression in ovarian tumors 
and two genes—TUSC3 and EFA6R—correlated with 
patient survival and o�ered prognostic information. Addi-
tionally, TUSC3 expression was lower in advanced ovarian 
cancer compared to low-grade tumors. At the same time, 
Bashyam et�al. [48] described a TUSC3 homozygous dele-
tion in pancreatic cancer by comparative genomic hybridi-
zation (CGH). Cooke et�al. [55] used high-resolution array 
CGH in breast cancer cell lines and identi�ed two putative 
tumor suppressors—TUSC3 and ARHGEF10—in the same 
chromosomal region.

Shortly after TUSC3 was identi�ed as a possible tumor 
suppressor candidate at 8p22, the evidence for its involve-
ment in pathogenesis of various cancer entities widened. 
The most common genetic aberration of TUSC3 gene in 
tumors is homozygous deletion, which was revealed in vari-
ous human cancers (Table�2). Loss of TUSC3 was also found 
in cases of canine osteosarcoma [56]. In lung, esophageal, 
pancreatic, larynx and pharynx cancers, association between 
low TUSC3 expression and lymph node or distant metasta-
sis formation was described. DNA ampli�cation or elevated 
expressions of TUSC3 were found in papillary thyroid can-
cer [57, 58], head and neck squamous carcinoma [59], and 
CRC [60].

In vitro studies revealed that downregulation of TUSC3 
in ovarian cancer cells resulted in increased proliferation, 
migration and adhesion to extracellular matrix [10, 38]. 
Similar results were found in prostate cancer [9]. Moreover, 
knockdown of TUSC3 was accompanied with ER rearrange-
ments and alterations in unfolded protein response (UPR). 
Additionally, in PTEN negative PC3 cell line, loss of TUSC3 
promoted Akt activity in serum starved cells. In ovarian 

cancer, cells lacking TUSC3 displayed dilated ER cisternae 
and activation of PERK-mediated UPR pathway [61]. Loss 
of TUSC3 was accompanied by decreased expression of epi-
thelial markers together with upregulation of mesenchymal 
markers and epithelial-to-mesenchymal transition (EMT) 
transcription factors resulting in enhanced cell migration. 
Moreover, these e�ects were enhanced under ER-stress con-
ditions. Interestingly, silencing of TUSC3 augmented for-
mation of 3D cell clusters under low-adhesion conditions, 
mimicking spreading of ovarian cancer through peritoneum.

The in�vivo data based on subcutaneous xenografts were 
provided for ovarian [61], prostate [9] and pancreatic cancers 
[62] where cancer cells lacking TUSC3 generally developed 
larger tumors and in case of ovarian cancer also massively 
disseminated through peritoneum [61]. In GBM, decreased 
expression of TUSC3 due to promoter hypermethylation 
protected GBM cells from apoptosis, while TUSC3 over-
expression induced caspase-3 activity. GBM cells lacking 
TUSC3 had also a high rate of proliferation dependent on 
Akt signaling [63], similar to the Akt-dependent phenotype 
observed in prostate cancer [9]. In pancreatic cancer, TUSC3 
downregulation corresponded with higher tumor stage and 
worse patient survival, while in�vitro, TUSC3 knockdown in 
three di�erent cell lines negatively in�uenced NF-�B activ-
ity [62]. Pancreatic cancer cell lines with decreased TUSC3 
also exhibited enhanced proliferation, migration and inva-
sion capability and resulted in more aggressive phenotype 
with more frequent liver metastases in mouse models [62].

TUSC3 as�oncogene

In colorectal carcinoma, TUSC3 levels were found upregu-
lated in tumor tissue when compared to surrounding non-
malignant stroma [60]. Interestingly, when the CRC cell 
lines LS174T and HCT116 were transduced with lentiviral 
vectors coding for TUSC3, the non-invasive epithelial phe-
notype was converted to invasive mesenchymal phenotype, 
followed by downregulation of E-cadherin and upregula-
tion of vimentin. Downregulation of TUSC3 in HT29 and 
SW480 CRC cell lines repressed the proliferation and migra-
tion in�vitro and led to a decreased growth of xenografts 
in�vivo. On the molecular level, WNT/�-catenin and MAPK 
signaling were activated in TUSC3-overexpressing CRC 
lines, while Akt and ERK1 phosphorylation was attenu-
ated. Interestingly, physical interaction between TUSC3 and 
�-catenin was revealed by co-immunoprecipitation by Gu 
et�al. [60]. Similarly, in NSCLC, overexpression of TUSC3 
increased proliferation and suppressed apoptosis of NSCLC 
H322 model cell line. In tumor tissues, staining for TUSC3 
positively correlated with the TNM stage and presence of 
distant metastases, while in normal lung tissue the TUSC3 
expression was maintained low or below detection limits 
[64]. Further screening for molecular pathways a�ected by 
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TUSC3 in lung cancer identi�ed Hedgehog (HH) signal-
ing axis to be involved in TUSC3-dependent manner. Using 
A549 cells, levels of proteins downstream to HH signaling, 
such as GLI1, SMO, PTCH1, and PTCH2 were increased 
in TUSC3 expressing cells. Physical interaction between 
TUSC3 and GLI1 was also detected, suggesting so far 
unknown roles of TUSC3 beyond ER. Missense mutations in 
TUSC3 have been reported in cases of relapsing ALL [65], 
further suggesting its role in ER-stress or N glycosylation 
besides solid cancers. Interestingly, activation of UPR upon 
induction of ER-stress led to enhanced activity of major 
leukemic drivers, such as PML-RAR� [66] or inactivation 
of di�erentiation factors, such as C/EBP� [67] in AML or 
BCR-Abl [68] in B cell ALL.

TUSC3 as�a�cancer-related gene

Experiments performed indicate a convergence on several 
signaling pathways altered in distinct manner in TUSC3-
deregulated cancer cells, such as Akt, suggesting that 
TUSC3 is involved in selection of particular substrates that 
directly or indirectly a�ect the molecular signaling path-
ways (Table�2). Addressing potential physical interactions 
of TUSC3 with major components of oncogenic signaling 

pathways, such as MTOR/Akt, Wnt/�-catenin or Hedgehog 
will raise a question of non-canonical roles of TUSC3 next 
to ER-localized N-glycosylation. However, TUSC3-driven 
substrate speci�city of OST can alter expression of surface 
receptors or molecules mediating cell–cell or cell–matrix 
interactions, as documented for E-cadherin or Integrin �1 
[10, 61]. Portfolio of potential targets is probably extremely 
broad considering that approximately up to one-�fth of the 
proteome can be glycosylated in the ER [69]. Due to TUSC3 
association with high-grade cancer, it is likely to be involved 
in the immunoediting of cancer cells by immune system 
(Fig.�1) [70], providing the hypothetic platform for explain-
ing the molecular or cellular context where TUSC3 acts 
either as a tumor suppressor or an oncogene. Thus, in addi-
tion to cell-intrinsic phenotypic conversions, such as EMT, 
or reduced sensitivity to apoptosis, subtle alterations of 
N-glycosylation patterns in TUSC3-deregulated cancer cells 
enable survival during the elimination phase and immune 
escape and drive the expansion of non-immunogenic can-
cer clones [71]. Indeed, we documented that immunosup-
pressive cytokines TGF�1 and GDF-15 are upregulated in 
TUSC3-silenced cells [61], raising the possibility of back-
wards autocrine signaling or paracrine modulation of tumor 
cells, tumor-associated cells or immune cells.

Fig. 1   Immunoediting mechanisms associated with TUSC3. TUSC3 
residing in the ER enzymatic machinery determines substrates for 
N-glycosylation by oligosaccharyl transferase (OST) complex. 
Depending on the availability of proteins entering the ER and given 
the gatekeeper function of the OST complex, cancer cells can exhibit 

various patterns of glycosylated surface or secreted proteins with 
altered functional domains. Regulation of the OST complex through 
TUSC3 can potentially impact all major classes of signaling mol-
ecules involved in immunoediting
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Conclusions

Since its initial discovery, many reports emerged document-
ing TUSC3 as a genuine tumor suppressor in various can-
cers. However, the variety of molecular machineries a�ected 
by TUSC3 deregulation, due to its principal localization 
within �nal steps of N-glycosylation machinery in ER, is 
remarkably diverse. Global signaling alterations due to dif-
ferential TUSC3 activity integrate on common phenotypic 
changes and determine whether TUSC3 acts as an onco-
gene or a tumor suppressor gene. In summary, there is more 
than one dedicated role for TUSC3 in the life of a cell, but 
its pathogenic e�ects are rather mediated through indirect 
modulation of N-glycosylation of available downstream pro-
teins than through a direct override of cellular homeostasis.

Author contributions  KV drafted the manuscript, PH and PV con-
ceptualized, wrote and revised the manuscript.

Compliance with ethical standards 

Funding  Grant Agency of Masaryk University (MUNI/A/1369/2016), 
European Regional Development Fund (Center for Analysis and Mod-
eling of Tissues and Organs, CZ.1.07/2.3.00/20.0185), the National 
Program of Sustainability II (Project no. LQ1605, MEYS CR).

Con�ict of interest  Authors declare no con�ict of interest.

References

	 1.	 Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next 
generation. Cell 144(5):646–674

	 2.	 He Q, He Q, Liu X et�al (2014) Genome-wide prediction of cancer 
driver genes based on SNP and cancer SNV data. Am J Cancer 
Res. 4(4):394–410

	 3.	 MacGrogan D, Levy A, Bova GS, Isaacs WB, Bookstein R (1996) 
Structure and methylation-associated silencing of a gene within a 
homozygously deleted region of human chromosome band 8p22. 
Genomics 35:55–65

	 4.	 Khalid AM, Asano A, Hosaka YZ, Takeuchi T, Yamano Y (2013) 
Tumor suppressor candidate TUSC3 expression during rat testis 
maturation. Biosci Biotechnol Biochem 77:2019–2024

	 5.	 Aken BL, Ayling S, Barrell D et�al (2016) The Ensembl gene 
annotation system. Database (Oxford) 2016:baw093. doi:10.1093/
database/baw093

	 6.	 Kelleher DJ, Gilmore R (2006) An evolving view of the eukaryotic 
oligosaccharyltransferase. Glycobiology 16:47–62

	 7.	 Mohorko E, Owen RL, Maloj�i� G, Brozzo MS, Aebi M, Glock-
shuber R (2014) Structural basis of substrate speci�city of human 
oligosaccharyl transferase subunit N33/Tusc3 and its role in regu-
lating protein N-glycosylation. Structure�22:590–601

	 8.	 Shrimal S, Cherepanova NA, Gilmore R (2015) Cotranslational 
and posttranslocational N-glycosylation of proteins in the endo-
plasmic reticulum. Semin Cell Dev Biol 41:71–78

	 9.	 Horak P, Tomasich E, Va�hara P et�al (2014) TUSC3 loss alters 
the ER stress response and accelerates prostate cancer growth 
in�vivo. Sci Rep 4:3739

	10.	 Va�hara P, Horak P, Pils D et�al (2013) Loss of the oligosaccharyl 
transferase subunit TUSC3 promotes proliferation and migration 
of ovarian cancer cells. Int J Oncol 42:1383–1389

	11.	 Cherepanova N, Shrimal S, Gilmore R (2016) N-Linked glyco-
sylation and homeostasis of the endoplasmic reticulum. Curr Opin 
Cell Biol 41:57–65

	12.	 Cherepanova NA, Shrimal S, Gilmore R (2014) Oxidoreductase 
activity is necessary for N-glycosylation of cysteine-proximal 
acceptor sites in glycoproteins. J Cell Biol 206:525–539

	13.	 Schwarz M, Knauer R, Lehle L (2005) Yeast oligosaccharyl-
transferase consists of two functionally distinct sub-complexes, 
specified by either the Ost3p or Ost6p subunit. FEBS Lett 
579:6564–6568

	14.	 Cherepanova NA, Gilmore R (2016) Mammalian cells lacking 
either the cotranslational or posttranslocational oligosaccharyl-
transferase complex display substrate-dependent defects in aspara-
gine linked glycosylation. Sci Rep 6:20946

	15.	 Molinari F, Foulquier F, Tarpey PS, et�al (2015) Oligosaccharyl-
transferase-subunit mutations in nonsyndromic mental retardation. 
Am J Hum Gen. 82:1150–1157

	16.	 Contessa JN, Bhojani MS, Freeze HH, Ross BD, Rehemtulla A, 
Lawrence TS (2010) Molecular imaging of N-linked glycosylation 
suggests glycan biosynthesis is a novel target for cancer therapy. 
Clin Cancer Res 16(12):3205–3214

	17.	 Goytain A, Quamme GA (2005) Identi�cation and characteriza-
tion of a novel mammalian Mg2+ transporter with channel-like 
properties. BMC Genomics 1:48

	18.	 Zhou H, Clapham DE (2009) Mammalian MagT1 and TUSC3 are 
required for cellular magnesium uptake and vertebrate embryonic 
development. Proc Natl Acad Sci USA 106:15750–15755

	19.	 Pak BJ, Park H, Chang ER, Pang SC, Graham CH (1998) Dif-
ferential expression display in �rst analysis trimester of oxygen-
mediated human trophoblast changes cells in gene. Placenta 
19:483–488

	20.	 Soleymanlou N, Jurisica I, Nevo O et�al (2005) Molecular evi-
dence of placental hypoxia in preeclampsia. J Clin Endocrinol 
Metab 90(7):4299–4308

	21.	 Yuen RKC, Avila L, Peñaherrera MS et�al (2009) Human pla-
cental-speci�c epipolymorphism and its association with adverse 
pregnancy outcomes. PLoS ONE 4:1–11

	22.	 Garshasbi M, Hadavi V, Habibi H et�al (2008) Report a defect in 
the TUSC3 gene is associated with autosomal recessive mental 
retardation. Am J Hum Genet 2008:1158–1164

	23.	 Garshasbi M, Kahrizi K, Hosseini M et�al (2011) Clinical report a 
novel nonsense mutation in TUSC3 is responsible for non-syndro-
mic autosomal recessive mental retardation in a consanguineous 
Iranian family. Am J Med Genet 2011:1976–1980

	24.	 Maulik PK, Mascarenhas MN, Mathers CD, Dua T, Saxena S 
(2011) Prevalence of intellectual disability: a meta-analysis of 
population-based studies: Research in developmental disabilities. 
Res Dev Dis 32(2):419–436

	25.	 Hill WD, Davies G, Liewald DC et�al (2016) Examining non-
syndromic autosomal recessive intellectual disability (NS-ARID) 
genes for an enriched association with intelligence di�erences. 
Intelligence 54:80–89

	26.	 Khan MA, Ra�q MA, Noor A et�al (2011) A novel deletion muta-
tion in the TUSC3 gene in a consanguineous Pakistani family with 
autosomal recessive nonsyndromic intellectual disability. BMC 
Med Genet 12:56

	27.	 Al-Amri A, Saegh AA, Al-Mamari W et�al (2016) Homozygous 
single base deletion in TUSC3 causes intellectual disability 
with developmental delay in an Omani family. Am J Med Genet 
170:1826–1831

	28.	 Loddo S, Parisi V, Doccini V et�al (2013) Homozygous deletion in 
TUSC3 causing syndromic intellectual disability: a new patient. 
Am J Med Genet 161:2084–2087

http://dx.doi.org/10.1093/database/baw093
http://dx.doi.org/10.1093/database/baw093


	 K.�Vaší�ková et al.

	29.	 Mosrati MA, Schrauwen I, Kamoun H et�al (2012) Genome 
wide analysis in a family with sensorineural hearing loss, autism 
and mental retardation. Gene 510(2):102–106

	30.	 Piovani G, Savio G, Traversa M et�al (2014) De novo 1�Mb 
interstitial deletion of 8p22 in a patient with slight mental retar-
dation and speech delay. Mol Cytogenet 7:25

	31.	 Zhang Y, Su HJ, Pan KF et�al (2014) Methylation status of blood 
leukocyte DNA and risk of gastric cancer in a high-risk Chinese 
population. Cancer Epidemiol Biomark Prev 23:2019–2026

	32.	 Ahuja N, Li Q, Mohan AL, Baylin SB (1998) Issa J-PJ. Aging 
and DNA methylation in colorectal mucose and cancer. Cancer 
Res 58:5489–5494

	33.	 Hanks J, Ayed I, Kukreja N et�al (2013) The association between 
mthfr 677C>T genotype and folate status and genomic and 
gene-speci�c dna methylation in the colon of individuals with-
out colorectal neoplasia. Am J Clin Nutr 98:1564–1574

	34.	 Xu XL, Yu J, Zhang HY et�al (2004) Methylation pro�le of 
the promoter CpG islands of 31 genes that may contribute to 
colorectal carcinogenesis. World J Gastroenterol 10:3441–3454

	35.	 Li Q, Jedlicka A, Ahuja N et�al (1998) Concordant methylation 
of the ER and N33 genes in glioblastoma multiforme. Oncogene 
16:3197–3202

	36.	 Zemlyakova VV, Zhevlova AI, Zborovskaya IB et�al (2003) 
Methylation pro�le of several tumor suppressor genes in non-
small-cell lung cancer. Mol Biol 37:836–840

	37.	 Duppel U, Woenckhaus M, Schulz C, Merk J, Dietmaier W 
(2016) Quantitative detection of TUSC3 promoter methyla-
tion—a potential biomarker for prognosis in lung cancer. Oncol 
Lett 2016:3004–3012

	38.	 Pils D, Horak P, Vanhara P et�al (2013) Methylation status 
of TUSC3 is a prognostic factor in ovarian cancer. Cancer 
119(5):946–954

	39.	 Belshaw NJ, Elliott GO, Foxall RJ et�al (2008) Pro�ling CpG 
island �eld methylation in both morphologically normal and 
neoplastic human colonic mucosa. Br J Cancer 99:136–142

	40.	 Arasaradnam RP, Khoo K, Bradburn M, Mathers J, Kelly S 
(2010) DNA methylation of ESR-1 and N-33 in colorectal 
mucosa of patients with ulcerative colitis (UC). Epigenetics 
5:422–426

	41.	 Yuasa Y, Nagasaki H, Oze I et�al (2012) Insulin-like growth factor 
2 hypomethylation of blood leukocyte DNA is associated with 
gastric cancer risk. Int J Cancer 131:2596–2603

	42.	 Zhang Y, He RQ, Dang YW et�al (2016) Comprehensive analysis 
of the long noncoding RNA HOXA11-AS gene interaction regula-
tory network in NSCLC cells. Cancer Cell Int 16:89

	43.	 Scholz C, Nimmrich I, Burger M et�al (2005) Distinction of acute 
lymphoblastic leukemia from acute myeloid leukemia through 
microarray-based DNA methylation analysis. Ann Hematol 
84:236–244

	44.	 Conway K, Edmiston SN, Tse C-K et�al (2015) Racial variation in 
breast tumor promoter methylation in the Carolina Breast Cancer 
Study. Cancer Epidemiol Biomark Prev 24:921–930

	45.	 Bova GS, Carter BS, Bussemakers MJG et�al (1993) Homozygous 
deletion and frequent allelic loss of chromosome 8p22 loci in 
human prostate cancer. Cancer Res 1993:3869–3873

	46.	 Emi M, Fujiwara Y, Nakajima T, Cancer C, Cancer L (1992) Fre-
quent loss of heterozygosity for loci on chromosome 8p in hepa-
tocellular carcinoma, colorectal cancer, and lung cancer. Cancer 
Res 2:5368–5372

	47.	 Tirkkonen M, Tanner M, Karhu R, Kallioniemi A, Isola J, Kallio-
niemi OP (1998) Molecular cytogenetics of primary breast cancer 
by CGH. Genes Chromosome Cancer 21(3):177–184

	48.	 Bashyam MD, Bair R, Kim YH et�al (2005) Array-based compara-
tive genomic hybridization identi�es localized DNA ampli�ca-
tions and homozygous deletions in pancreatic cancer. Neoplasia 
7:556–562

	49.	 Takle LA, Knowles MA (1996) Deletion mapping implicates two 
tumor suppressor genes on chromosome 8p in the development 
of bladder cancer. Oncogene 12(5):1083–1087

	50.	 Fujiwara Y, Emi M, Ohata H et�al (1993) Evidence for the pres-
ence of two tumor suppressor genes on chromosome 8p for colo-
rectal carcinoma. Cancer Res 53(5):1172–1174

	51.	 Ahmed MN, Kim K, Haddad B, Berchuck A, Qumsiyeh MB 
(2000) Comparative genomic hybridization studies in hydatidi-
form moles and choriocarcinoma: ampli�cation of 7q21–q31 and 
loss of 8p12–p21 in choriocarcinoma. Cancer Genet Cytogenet 
116:10–15

	52.	 Cunningham JM, Shan A, Wick MJ et�al (1996) Allelic imbalance 
and microsatellite instability in prostatic adenocarcinoma. Cancer 
Res 56(19):4475–4482

	53.	 Arbieva ZH, Banerjee K, Kim SY et�al (2000) High-resolution 
physical map and transcript identi�cation of a prostate cancer 
deletion interval on 8p22. Genome Res 10:244–257

	54.	 Pils D, Horak P, Gleiss A et�al (2005) Five genes from chro-
mosomal band 8p22 are signi�cantly down-regulated in ovarian 
carcinoma: N33 and EFA6R have a potential impact on overall 
survival. Cancer 104(11):2417–2429

	55.	 Cooke SL, Pole JCM, Chin S-F, Ellis IO, Caldas C, Edwards PAW 
(2008) High-resolution array CGH clari�es events occurring on 
8p in carcinogenesis. BMC Cancer 8:288

	56.	 Angstadt AY, Motsinger-Reif A, Thomas R et�al (2011) Charac-
terization of canine osteosarcoma by array comparative genomic 
hybridization and RT-qPCR: signatures of genomic imbalance 
in canine osteosarcoma parallel the human counterpart. Genes 
Chromosome Cancer 50:859–874

	57.	 Gri�th OL, Melck A, Jones SJ, Wiseman SM (2006) Meta-anal-
ysis and meta-review of thyroid cancer gene expression pro�ling 
studies identi�es important diagnostic biomarkers. J Clin Oncol 
24(31):5043–5051

	58.	 Chung K-W, Kim SW, Kim SW (2012) Gene expression pro�ling 
of papillary thyroid carcinomas in Korean patients by oligonu-
cleotide microarrays. J Korean Surg Soc 82:271–280

	59.	 Gutierrez VF, Marcos CA, Llorente JL et�al (2012) Genetic pro-
�le of second primary tumors and recurrences in head and neck 
squamous cell carcinomas. Head Neck 34(6):830–839

	60.	 Gu Y, Wang Q, Guo K et�al (2016) TUSC3 promotes colorec-
tal cancer progression and epithelial-mesenchymal transition 
(EMT) through WNT/beta-catenin and MAPK signalling. J Pathol 
239:60–71

	61.	 Kratochvílová K, Horak P, Ešner M et�al (2015) Tumor suppres-
sor candidate 3 (TUSC3) prevents the epithelial-to-mesenchymal 
transition and inhibits tumor growth by modulating the endoplas-
mic reticulum stress response in ovarian cancer cells. Int J Cancer 
137(6):1330–1340

	62.	 Fan X, Zhang X, Shen J et�al (2016) Decreased TUSC3 promotes 
pancreatic cancer proliferation, invasion and metastasis. PLoS 
ONE 11(2):e0149028

	63.	 Jiang Z, Guo M, Zhang X et�al (2016) TUSC3 suppresses glio-
blastoma development by inhibiting Akt signaling. Tumor Biol 
37:12039–12047

	64.	 Gu Y, Pei X, Ren Y et�al (2017) Oncogenic function of TUSC3 in 
non-small cell lung cancer is associated with Hedgehog signalling 
pathway. Biochim Biophys Acta 1863(7):1749–1760

	65.	 Mullighan CG, Zhang J, Kasper LH et� al (2011) CREBBP 
mutations in relapsed acute lymphoblastic leukaemia. Nature 
471(7337):235–239

	66.	 Khan MM, Nomura T, Chiba T et�al (2004) The fusion onco-
protein PML-RARalpha induces endoplasmic reticulum (ER)-
associated degradation of N-CoR and ER stress. J Biol Chem 
279(12):11814–11824

	67.	 Schardt JA, Eyholzer M, Timchenko NA, Mueller BU, Pabst T 
(2010) Unfolded protein response suppresses CEBPA by induction 



TUSC3: functional duality of�a�cancer gene﻿	

of calreticulin in acute myeloid leukaemia. J Cell Mol Med 
14(6B):1509–1519

	68.	 Kharabi Masouleh B, Geng H, Hurtz C et�al (2014) Mecha-
nistic rationale for targeting the unfolded protein response in 
pre-B acute lymphoblastic leukemia. Proc Nat Acad Sci USA 
111(21):E2219–E2228

	69.	 Khoury GA, Baliban RC, Floudas CA (2011) Proteome-wide 
post-translational modi�cation statistics: frequency analysis and 
curation of the swiss-prot database. Sci Rep 1:90

	70.	 Li CW, Lim SO, Xia W et�al (2016) Glycosylation and stabiliza-
tion of programmed death ligand-1 suppresses T-cell activity. Nat 
Commun 7:12632

	71.	 Lauc G, Hu�man JE, Pucic M et�al (2013) Loci associated with 
N-glycosylation of human immunoglobulin G show pleiotropy 
with autoimmune diseases and haematological cancers. PLoS 
Genet 9(1):e1003225

	72.	 Liu K, Xie F, Gao A et�al (2017) SOX2 regulates multiple malig-
nant processes of breast cancer development through the SOX2/
miR-181a-5p, miR-30e-5p/TUSC3 axis. Mol Cancer 16(1):62

	73.	 Pole JCM, Courtay-Cahen C, Garcia MJ et�al (2006) High-reso-
lution analysis of chromosome rearrangements on 8p in breast, 

colon and pancreatic cancer reveals a complex pattern of loss, 
gain and translocation. Oncogene 25:5693–5706

	74.	 Ribeiro IP, Marques F, Caramelo F et�al (2014) Genetic gains 
and losses in oral squamous cell carcinoma: impact on clinical 
management. Cell Oncol 37:29–39

	75.	 Yu X, Zhang K, Liu F et�al (2016) Tumor suppressor candidate 
3 as a novel predictor for lymph node metastasis in lung cancer 
patients. Oncol Lett 2016:5099–5105

	76.	 Guervos MA, Marcos CA, Hermsen M, Nuno AS, Suarez C, Llor-
ente JL (2007) Deletions of N33, STK11 and TP53 are involved in 
the development of lymph node metastasis in larynx and pharynx 
carcinomas. Cell Oncol 29(4):327–334

	77.	 Yu X, Zhang J, Zhong H et�al (2016) Decreased tumor suppressor 
candidate 3 predicts poor prognosis of patients with esophageal 
squamous cell carcinoma. Int J Med Sci 13:963–969

	78.	 Peng Y, Cao J, Yao XY, Wang JX, Zhong MZ, Gan PP, Li JH 
(2017) TUSC3 induces autophagy in human non-small cell 
lung cancer cells through Wnt/�-catenin signaling. Oncotarget 
8:52960–52974



118 
 

7. �W���Œ�v�]���}�À�����•�U���s���x�Z���Œ�����W�U���^�}�µ�����l���<�X��Formation of secretory senescent cells in prostate 

tumors: the role of androgen receptor activity and cell cycle regulation. In: Hayat MA 

(ed). Tumor Dormancy, Quiescence, and Senescence, Volume 1: Aging, Cancer, and 

Noncancer Pathologies. Springer Netherlands, 2013; pp 303-316. 

 

Commentary: 

In this monograph chapter, induction of senescence and senescence-

associated phenotypes in prostate cancer are discussed. As the senescent cells remain 

metabolically active and secrete a variety of molecular factors, they modulate the 

tissue microenvironment. Moreover, they can potentially promote tumorigenicity and 

therapy resistance in neighboring malignant cells. We brought examples of such 

effects and envisage molecular mechanisms associated with androgen depletion in 

prostate tissue microenvironment.  

 

DOI:      10.1007/978-94-007-5958-9_26 

Chapter in monograph 

  

Number of citations (WOS, 2018):  Not indexed in WOS 

 

 

Contribution of the author:  Co-authorship. Design and writing of manuscript.  

 

 

 

 

 



              Tumor Dormancy, Quiescence, 
and Senescence
 Volume 1 

              

Tumor Dormancy,
Quiescence, and
Senescence
Aging, Cancer, and Noncancer
Pathologies

Edited by

M.A. Hayat
Distinguished Professor
Department of Biological Sciences
Kean University, Union, NJ, USA



 Editor 
   M.A.   Hayat  
   Department of Biological Sciences 
Kean University 
 Room 213, Library building 
  Morris Avenue 1000
Union, NJ 07083,     USA   

 ISBN 978-94-007-5957-2      ISBN 978-94-007-5958-9 (eBook) 
 DOI 10.1007/978-94-007-5958-9 
 Springer Dordrecht Heidelberg New York London 

 Library of Congress Control Number: 2013931982 

 • Springer Science+Business Media Dordrecht   2013 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or 
part of the material is concerned, speci ® cally the rights of translation, reprinting, reuse of 
illustrations, recitation, broadcasting, reproduction on micro ® lms or in any other physical way, 
and transmission or information storage and retrieval, electronic adaptation, computer software, 
or by similar or dissimilar methodology now known or hereafter developed. Exempted from this 
legal reservation are brief excerpts in connection with reviews or scholarly analysis or material 
supplied speci ® cally for the purpose of being entered and executed on a computer system, for 
exclusive use by the purchaser of the work. Duplication of this publication or parts thereof is 
permitted only under the provisions of the Copyright Law of the Publisher's location, in its 
current version, and permission for use must always be obtained from Springer. Permissions for 
use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable 
to prosecution under the respective Copyright Law. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this 
publication does not imply, even in the absence of a speci ® c statement, that such names are 
exempt from the relevant protective laws and regulations and therefore free for general use. 
 While the advice and information in this book are believed to be true and accurate at the date of 
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility 
for any errors or omissions that may be made. The publisher makes no warranty, express or 
implied, with respect to the material contained herein. 

 Printed on acid-free paper 

 Springer is part of Springer Science+Business Media (www.springer.com)  



303M.A. Hayat (ed.), Tumor Dormancy, Quiescence, and Senescence, Volume 1: Aging, Cancer, 
and Noncancer Pathologies, Tumor Dormancy and Cellular Quiescence and Senescence, 
DOI 10.1007/978-94-007-5958-9_26, ! Springer Science+Business Media Dordrecht 2013

  Abstract 
 The induction of senescence in cancer cells is 
believed to be a potent mechanism of tumor 
suppression; however, senescent cells remain 
metabolically active and secrete a broad 
spectrum of factors, modulate the tissue 
microenvironment, and potentially promote 
tumorigenicity in neighboring malignant cells. 
Another important subpopulation of secretory 
cells modulating the prostate tissue microen-
vironment is represented by neuroendocrine 
cells. Interestingly, androgen deprivation ther-
apy, a widely used treatment for advanced 
prostate cancer, induces both the emergence 
of neuroendocrine-like prostate cancer cells 
and the senescence-associated secretory phe-
notype in prostate cancer epithelial cells. 
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The induction of the senescence-associated 
secretory phenotype by androgen depletion is 
tightly connected with the regulation of the 
cell cycle machinery through the downregula-
tion of S-phase kinase-associated protein 2, 
whereas the emergence of neuroendocrine-
like cancer cells (through the process of neu-
roendocrine differentiation) is under separate 
control. In this chapter, we summarize possible 
mechanisms and consequences of the forma-
tion of the aforementioned secretory pheno-
types in prostate tumors and the role of the 
androgen receptor and cell cycle regulation in 
these processes.  

  Keywords 
 Prostate cancer · Senescence · Neuroendocrine 
differentiation · Senescence-associated secre-
tory phenotype · Androgen receptor · Skp2         

   Introduction 

 The prostate gland changes substantively in aging 
men, resulting in the disruption of tissue homeo-
stasis and various clinical symptoms, such as lower 
urinary tract syndrome, urethral constriction, or 
the potential development of malignant pheno-
types. The anatomical and histological descrip-
tions of the aging prostate were reported decades 
ago, and they re ̄ ected morphological changes at 
the organ and tissue level rather than deciphered 
biological processes linked to senescence. Cellular 
senescence is considered a protective trait that is 
effective against immortal phenotypes, and many 
cancers override the induction of senescence by 
deregulating principal cell regulators such as p53, 
retinoblastoma (Rb), or cell cycle inhibitors. 
Despite their permanent growth arrest, senescent 
cells retain biological activity and can substan-
tially modify the local tissue microenvironment. 
Various cells that undergo senescence also 
acquire similar a senescence-associated secretory 
phenotype (SASP) and secrete a complex set of 
cytokines and other biomolecules. Soluble growth 
factors and signaling molecules produced by 
senescent prostate  ® broblasts and epithelial cells 
contribute to the enhanced proliferation of neigh-

boring preneoplastic cells and induction of the 
epithelial-to-mesenchymal transition (EMT) and 
tumor spreading. In addition, SASP is involved in 
proin ̄ ammatory signaling and immune response 
modulation. A better understanding of normal 
prostate development and aging will therefore 
open new possibilities to therapeutically target 
various pathologies including prostate cancer.  

   Prostate Histology and Development 

 The prostate is an exocrine tubuloalveolar gland 
surrounding the urethra that develops from the 
pelvic portion of the urogenital sinus (UGS). 
Development of the prostate is driven by embry-
onic androgens that stimulate the mesenchyme 
of the UGS surrounding the presumptive prostatic 
urethra. Then, the androgen receptors (AR) 
located in the UGS mesenchyme induce by so far 
unde ® ned factors the epithelial outgrowth, acinar 
development and prostate duct canalization 
(Chung and Cunha  1983  ) . Before the appearance 
of prostatic buds, the UGS cells of the developing 
embryonic prostate contain cytokeratin markers of 
both basal and luminal cell lineages. Differen-
tiation to distinct epithelial cell types occurs con-
currently with the development and branching of 
canalized ducts during prostate morphogenesis, 
and the pattern of molecular markers of individ-
ual cell types de ® ning the secretory phenotype 
becomes prominent during de ® nitive androgen-
dependent maturation of the prostate in puberty. 

 Histologically, the prostate is composed of 
two distinct compartments Ð the  ® bromuscular 
stroma and the glandular epithelium Ð organized 
into secretory acini and ducts. The stroma con-
sists of  ® broblasts/myo ® broblasts and smooth 
muscle cells, with the participation of endothe-
lial cells, nerve cells, and in ® ltrating in ̄  ammatory 
cells constituting the supportive and regulative 
architecture for the glandular epithelium. The 
prostatic epithelium is heterogeneous, largely 
pseudostrati ® ed, tall, and columnar with patches 
of cuboidal or squamous cells. It consists of two 
histologically different layers, the morphology 
of which is essential for clinicopathologic assess-
ment in routine diagnostics. The basal epithelial 
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layer separates the luminal layer of glandular 
cells from the stroma and serves as a source of 
newly differentiating functional cells. The mor-
phology of the basal cells ranges from  ̄  attened 
to cuboidal according to the level of chromatin 
condensation and amount of cytoplasm. Basal 
cells express speci ® c high-molecular cytokera-
tins such as cytokeratins 5/14, p63, and gener-
ally low levels of AR (see Table  26.1 ). The basal 
layer contains a subpopulation of stem cell-like 
cells contributing to epithelium renewal. The 
basal layer exhibits low sensitivity to apoptosis 
due to Bcl-2 expression and high proliferative 
capacity and is generally considered androgen-
independent (for review see Schalken and van 
Leenders  2003  ) . The luminal glandular layer is 
rather heterogeneous and contains several cell 
types, including secretory cells, intermediate 
progenitors differentiating from basal cells, and 
neuroendocrine (NE) cells. The secretory colum-
nar cells arise from cells of the basal layer. These 
cells are oriented into the lumen of the secretory 
acinus and are characterized by the prevailing 
expression of low-molecular-weight cytokera-
tins (such as 8 and 18) and transcription regula-
tors (such as Nkx3.1). Secretory acinar cells 
also abundantly produce AR and prostate-
speci ® c antigen (PSA). The cells of the luminal 
epithelium are functionally differentiated and 
androgen-dependent, having a low proliferative 
capacity and high apoptotic index. The NE cells 
are rarely interspersed between secretory cells. 
They are androgen-independent and produce a 

variety of biologically active substances including 
synaptophysin, chromogranin A (CgA), neuron-
speci ® c enolase (NSE), and tubulin  b -III, as well 
as neuropeptides including calcitonin, soma-
tostatin, bombesin, and serotonin (for review 
see Kasper  2008  ) . The cells constituting the pro-
static epithelium possess a different proliferation 
capacity and sensitivity to androgens or proapop-
totic stimuli. Pioneering experiments performed 
in the 1980s indicated the presence of cells 
capable of repopulating the glandular epithelium 
even after androgen removal or castration and 
re-administration (English et al.  1987  ) . These 
experiments suggested the localization of these 
repopulating cells in the basal layer, as this cell 
population remained intact after castration, 
whereas the luminal cells underwent programmed 
cell death. However,  ̄  uorescent-based sorting 
for surface stem cells markers such as CD133, 
integrin  a 2 b 1, and CD44 distinguished several 
populations with different stem cells charac-
teristics, including the capability of asymmetric 
division, proliferation, and tumorigenicity in 
immunode ® cient mice (for review see Kasper 
 2008  ) .  

 Intermediate, transiently amplifying cells are 
located within the multilayered epithelium and 
are possible common precursors for differenti-
ated cell types constituting the functional epithe-
lium (for review see Goldstein et al.  2010  ) . The 
cell types of the de ® nitive prostate epithelium are 
de ® ned by particular sets of molecular markers 
(Table.  26.1 ).  

   Table 26.1    Molecular phenotype of prostate epithelial cells   

 Cell type in the adult prostate epithelium  Molecular pattern 
 Prostate-regenerating (stem) cells  Sca-1, Bcl-2, integrin  a 6,  a 2 b 1, CD133 (prominin-1), CD44, CK5, CK14, 

low AR, GST p , pp32 
 Basal cells  CK5/6, CK14, p63, calcyclin, Bcl-2, GST p , pp32 

 Low AR 
 Amplifying (intermediate) cells  Basal and luminal cytokeratins, absent p27,  a 2 b 1, GST p , pp32, CD44 
 Luminal secretory cells  CK8, CK18, CK19, Nkx3.1, p27, Bcl-2 absent, low epidermal growth 

factor receptor 
 High AR, prostate-speci ® c antigen (PSA), prostate-speci ® c acid 
phosphatase (PSAP) 

 NE cells  Survivin, synaptophysin, CgA, NSE, tubulin  b -III, neuropeptides, CK18 
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   Secretory Phenotypes in the Prostate 

   Senescence-Associated Secretory 
Phenotype (SASP) 

 The concept of SASP was  ® rstly reported in the 
work of Krtolica and colleagues in 2001 (Krtolica 
et al.  2001  ) , in which they described that senescent 
 ® broblasts can support the proliferation and 
tumorigenesis of preneoplastic and neoplastic 
cells, but not normal cells. Soluble factors 
secreted by senescent  ® broblast were proposed to 
be responsible for this protumorigenic effect. 
This was con ® rmed also in xenograft models, in 
which the secretion of matrix metalloproteinases 
(MMPs) was identi ® ed as a factor involved in the 
promotion of tumor growth and microenvironment 
changes (Liu and Hornsby  2007  ) . Importantly, 
the protumorigenic effect of senescent  ® broblasts 
was con ® rmed by experiments in which senes-
cent  ® broblasts supported the invasion and EMT 
of relatively low-aggressive cancer cells. All of 
these effects were associated with the secretory 
function of senescent cells; this secretory func-
tion of senescent cells is denoted SASP. SASP 
development is characteristic of both senescent 
 ® broblasts and senescent epithelial cells (Coppe 
et al.  2010  ) . A striking similarity in the SASP 
patterns between senescent cells from different 
donors, tissues, and different cell types was 
described. Over 40 factors have been identi ® ed to 
participate in SASP. Factors secreted by senes-
cent cells include in ̄ ammatory cytokines and 
chemokines (interleukin [IL]-6, IL-8, interferon- g , 
granulocyte-macrophage colony-stimulating fac-
tor, C-X-C chemokine receptor type 2 [CXCR2]), 
growth factors and regulators (transforming 
growth factor [TGF]- b , epidermal growth factor 
[EGF], vascular endothelial growth factor 
[VEGF], and insulin-like growth factor binding 
proteins [IGFBPs]), proteases and regulators 
(tissue inhibitor of metalloproteinases, MMPs, 
and plasminogen activator inhibitor-I), shed cell 
surface molecules (tumor necrosis factor-related 
apoptosis-inducing ligand receptor 3 and Fas), 
and other factors including collagen,  ® bronectin 
and nitric oxide (for review see Coppe et al.  2010  ) . 

Because senescence cells secrete a broad spectrum 
of factors with different functions, SASP in ̄ uences 
many biological processes in surrounding cells. 

 The SASP factors can affect tumor cells and 
stimulate tumor progression. Senescent  ® broblasts 
were demonstrated to promote the proliferation and 
tumor formation of premalignant and malignant 
breast cancer cells, and this growth stimulation was 
independent of the inducer of senescence (Krtolica 
et al.  2001  ) . The proliferation-stimulating effect of 
senescent  ® broblasts was con ® rmed also in prostate 
and ovarian cancers (Coppe et al.  2010  ) . 

 The most important proin ̄ ammatory cytokine 
connected with SASP is IL-6, the secretion of 
which was detected upon oncogene- or DNA 
damage-induced senescence (Coppe et al.  2010  ) . 
In addition to senescent  ® broblasts, tumor cells 
also undergo senescence in response to drug 
treatment and DNA damage due to the secretion 
of a broad spectrum of in ̄ ammatory cytokines 
(IL-6, IL-8, IL-24, and TGF- a ) (Novakova et al. 
 2010  ) . Further, SASP factors can in ̄ uence the 
motility and invasiveness of cancer cells. Namely, 
it was found that senescent  ® broblasts stimulate 
the EMT of cancer cells. Further, senescent 
 ® broblasts can affect epithelial differentiation via 
secreted SASP factors (Coppe et al.  2010  ) . 

 Taken together, the aforementioned pro- and 
antitumorigenic effects of senescence induction 
lead to the hypothesis of so-called antagonistic 
pleiotropy. Brie ̄ y, although senescence can have 
cancer-preventive effects early in life, it may pro-
mote aging later in life because the regenerative 
capacity of cells and tissues is reduced when 
increased numbers of senescent cells are present 
in the body (for review see Giaimo and d' Adda 
di Fagagna  2012  ) . Conversely, the authors of that 
review note that using senescence as an example 
of antagonistic pleiotropy is not unequivocal. 
Factors secreted by senescent cells support tumor 
cell proliferation, but on the contrary, these 
factors can trigger innate immune responses, 
support wound healing, and prevent organ degra-
dation, thus acting in a positive manner. Secondly, 
there is no evidence that the bene ® cial effects of 
senescence prevail in young age and the detri-
mental effects prevail in older age, which is one 
of the characteristics of antagonistic pleiotropy. 
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Therefore, more studies of this phenomenon are 
needed, especially in humans.  

   Senescence, SASP, and Prostate Cancer 

 Senescence (aging) plays an important role in the 
development of both benign prostate hyperplasia 
(BPH) and prostate cancer. Both prostate epithe-
lial cells and prostate stroma can undergo senes-
cence. The histological changes in the senescent 
prostate include focal atrophy of a small number 
of secretory acini, the development of epithelial 
atypia, increased stromal disorganization, disor-
dered orientation of smooth muscle cells, and 
increased numbers of foci of in ̄ ammatory 
in ® ltrate (Bianchi-Frias et al.  2010  ) . Array-based 
transcriptional pro ® ling of  ® bromuscular stroma 
adjacent to the glandular epithelium revealed the 
enhanced expression of genes associated with 
in ̄ ammation or genotoxic and oxidative stress 
(Bianchi-Frias et al.  2010  ) . 

   Aging and Senescence in Prostate Stroma    

 It was con ® rmed that senescent  ® broblasts can 
change the structure and function of normal epithe-
lium and support the proliferation of premalignant 
and malignant, but not normal, epithelial cells 
(Krtolica et al.  2001  ) . Three main groups of genes 
deregulated in senescent  ® broblasts were identi ® ed: 
(a) secreted autocrine- and paracrine-acting growth 
factors (VEGF, GDF-15, BMP-1, IGFBPs, and 
others), (b) chemokines and cytokines (CXCL12, 
CCL11, IL-6, IL-8, and others), and (c) extracellular 
matrix proteins, proteases, and protease inhibitors 
(several types of collagen, integrin  a V,  b 1,  b 4, 
 ® bronectin, lamimin  b 2, and others) (for review 
see Dean and Nelson  2008  ) . 

 The molecular pro ® le of the prostate microen-
vironment signi ® cantly changes with aging, and 
several genes with altered expression during aging 
were also upregulated in the SASP of  ® broblasts 
induced to senesce by different approaches 
(Bianchi-Frias et al.  2010  ) . Further, components 
of the extracellular matrix were downregulated 
and in ̄ ammation-associated genes were upregulated 

in aged stroma. In another study, the transcription 
pro ® le of senescent prostate  ® broblasts was eval-
uated. Among others, genes encoding the senescent 
factors  ® broblasts growth factor 7 (FGF-7), MMP2, 
and IGFBP-2, -3, and -5, all associated with 
SASP, were upregulated in senescent  ® broblasts 
(Bavik et al.  2006  ) . Another factor, CCL5, was 
identi ® ed as the factor that stimulated the prolif-
eration of BPH-1 immortalized primary human 
prostate cells grown in conditioned medium from 
 ® broblasts derived from elderly donors (Eyman 
et al.  2009  ) . Furthermore, CCL5 was found to 
enhance the expression of genes involved in 
angiogenesis. 

 Therefore, based on these facts, senescent 
 ® broblasts must be considered potential targets 
for cancer prevention and therapy.  

   Senescence in Nonmalignant Prostate 
Epithelium 

 There is an evident connection between senes-
cence and BPH development because senescent 
cells accumulate in tissues with aging and the 
incidence of BPH also increases with increasing 
age. Generally, the presence of senescent cells 
in premalignant state is considered a cancer-
preventive mechanism that blocks neoplastic 
transformation. When this senescent state is 
broken or bypassed, premalignant lesions can 
become malignant. Using SA- b -gal staining, it 
was revealed that there were signi ® cantly more 
senescent prostate epithelial cells in tissue from 
patients with enlarged prostates than from patients 
without this enlargement. Importantly, senes-
cence was evident only in epithelial cells, not in 
prostate stroma (Choi et al.  2000  ) . Moreover, it 
was con ® rmed that the presence of senescent 
cells drives BPH in older men. These senescent 
prostate epithelial cells express IL-1 a , which 
activates FGF-7 secretion, leading to the prolif-
eration of nonsenescent epithelial cells (Castro 
et al.  2003  ) . Taken together, BPH is associated 
with increased numbers of senescent cells, and 
bene ® cial effects of senescence induction are 
desired in this case because senescence halts 
the progression of BPH to prostate cancer. 
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 A similar effect of senescence was observed in 
connection with prostatic intraepithelial neopla-
sia (PIN), a precursor of invasive prostate cancer. 
Using transgenic mice, in which Akt expression 
led to PIN development, the relationship between 
PIN and senescence was investigated. In this 
model, high levels of the cyclin-dependent kinase 
(CDK) inhibitor p27 Kip1  were reported (Majumder 
et al.  2008  ) . This overexpression was associated 
with the induction of a senescence checkpoint, 
whereas p27 Kip1  inhibition rescued the senescent 
phenotype, concomitantly increasing the prolif-
eration of epithelial cells and promoting the 
development of invasive prostate cancer.  

   Senescence in Prostate Cancer 
Progression 

 As mentioned previously, senescence is primarily 
considered a tumor-suppressing mechanism that 
is present in pretumorigenic states and halts 
malignant transformation. Therefore, the induc-
tion of senescence in malignant cells is one 
possible mechanism of treating different cancers. 
Although senescent cells do not undergo apopto-
sis, they do not proliferate, which halts tumor 
growth. Therefore, treatment with senescence 
inducers together with other therapeutics may 
be bene ® cial for patients. However, because we 
know that senescent cells acquire SASP and we 
know the factors involved in SASP, we must 
account for the negative effects of senescence 
induction, which can support tumor promotion. 

 The detailed role of senescence in prostate 
cancer progression in relationship to AR status 
and the role of selected signaling pathways will 
be discussed later in this chapter.    

   Neuroendocrine Phenotype (NEP) 

   NE Cells 

 NE cells, the minor cell type scattered throughout 
the prostate epithelium, were identi ® ed originally 
by Prettl in 1944 as cells with the dual properties 

of endocrine cells and neurons, acting in both 
secretory and autocrine/paracrine manner (for 
review see Komiya et al.  2009  ) . There are two 
types of NE cells: open and closed. The open NE 
cells have an apical cytoplasmic process through 
which they extend to the glandular lumen, and 
the closed NE cells do not express this process; 
both types have thin branching dendritic-like 
processes, which they extend between adjacent 
epithelial cells. NE cells are postmitotic and 
terminally differentiated and lack evidence of 
the presence of AR in the nucleus. Moreover, NE 
cells are characterized by the presence of many 
dense core granules, which correlates with their 
important secretory function (Komiya et al. 
 2009  ) . NE cells secrete a broad spectrum of sub-
stances and biological active factors, such as 
calcitonin gene products, CgA, gastrin-releasing 
peptide (GRP), histamine, NSE, serotonin, and 
VEGF. Via these factors, NE cells regulate pros-
tatic growth, differentiation, and secretion.  

   Neuroendocrine Differentiation (NED) 
of Prostate Cancer Cells 

 As mentioned previously, NE cells are postmi-
totic. However, it is known that the number of 
cells with NE properties increases in prostate 
cancer. We can  ® nd pure NE prostate tumors only 
rarely, but we can  ® nd foci of cells with NE char-
acteristics in almost every prostate tumor. 

 The increasing number of cells with NE char-
acteristics is thought to arise via the NED (trans-
differentiation) of prostate cancer cells (Yuan et al. 
 2007  ) . NED in tumors is often described as 
scattered clusters of cells with NE properties 
among a predominant population of non-NE 
malignant cells (for review see Komiya et al. 
 2009  ) . Cancer cells undergoing NED acquire 
properties similar to NE cells, and thus they have 
been termed NE-like prostate cancer cells. They 
are characterized by the expression of markers 
distinct from those of basal or luminal cells (Huang 
et al.  2006  ) . Importantly, NE-like cancer cells 
are negative for AR staining and therefore are 
androgen-independent and resistant to hormonal 
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(androgen ablation) therapy. Moreover, they 
overexpress the antiapoptotic protein survivin, mak-
ing them resistant to apoptosis (Gong et al.  2007  ) . 

 Many mechanisms of NED induction in pros-
tate cancer cells have been identi ® ed, in particu-
lar via in vitro models of NED. NED was induced 
in prostate cancer cells by androgen depletion, 
increased levels of IL-6, ionizing radiation, and 
activation of several signaling pathways, such as 
the Wnt and cyclic adenosine 3 ¢ , 5 ¢ -monophos-
phate (cAMP) signaling pathways (for review see 
Komiya et al.  2009  ) . 

 Recently, Germann et al. investigated the role 
of NE cells in tumor recurrence in an androgen-
dependent BM18 xenograft model after castra-
tion (Germann et al.  2012  ) . They revealed that 
only two populations of cells, stem cell-like cells 
and NE cells survive the castration process. 
However, they simultaneously demonstrated that 
NE cells are nonproliferative both before and 
after castration and therefore are not responsible 
for initiating the recurrence of tumor growth after 
castration. Whether this holds true for other 
models remains for further investigation.  

   Secretory Phenotype Connected with 
the NED of Prostate Cancer Cells 

 One of the important characteristics connected 
with NED in prostate cancer cells is their secre-
tory function. The transdifferentiation of cancer 
cells into NE-like prostate cancer cells is associ-
ated with the acquisition of the ability to express 
and secrete a broad spectrum of NED markers 
and biologically active factors, similar to normal 
NE cells. It is hypothesized that through these 
factors, NE-like cancer cells can in ̄ uence sur-
rounding non-NE-like cancer cells, support 
their survival during androgen deprivation 
therapy (ADT), and thus contribute to disease 
progression. 

 Some of these NED markers have been used 
to detect NED, and their levels are correlated 
with the disease stage and cancer progression. 
Immunohistochemical detection of CgA is cor-
related with the clinical stage of the disease, 
whereas NSE and synaptophysin are correlated 

with the grade (Ather et al.  2008  ) . Circulating 
CgA appears to be a useful marker for obtaining 
detailed information about the disease stage and 
progression (Berruti et al.  2001  ) . In addition to 
potentially being a useful marker, the biological 
properties of CgA were also elucidated. CgA can 
induce the phosphorylation of Akt, and this acti-
vation of Akt leads to the increased expression of 
survivin and protection from apoptosis (Gong 
et al.  2007  ) . 

 Another factor secreted by NE cells is serotonin, 
which activates mitogen-activated protein kinase 
and the phosphoinositide 3-kinase (PI3K)/Akt 
pathway in prostate cancer cells and supports their 
migration (Dizeyi et al.  2011  ) . Together with 
bombesin and GRP, serotonin in ̄ uences angio-
genesis in patients with prostate cancer (Heinrich 
et al.  2011  ) . Additionally, bombesin was found to 
stimulate the expression of the proangiogenic fac-
tors VEGF and IL-8 through nuclear factor- k B 
activation (Levine et al.  2003  ) . This correlates 
with the fact that the increased presence of NED 
correlates with higher neovascularization in pros-
tate cancer (Grobholz et al.  2000  ) . 

 Chemokines also play an important role in 
prostate cancer progression. Both benign NE 
cells and NE-like cancer cells produce IL-8 
(Huang et al.  2005  ) . There are two receptors for 
IL-8: CXCR1 and CXCR2. CXCR1 is overex-
pressed by malignant prostate cells, whereas 
CXCR2 is overexpressed by NE-like cancer cells. 
This suggests that NED induced in response to 
androgen withdrawal leads to the induction 
of IL-8, and IL-8 can in ̄ uence the androgen-
independent growth of prostate cancer cells 
through a paracrine mechanism; simultaneously, 
IL-8 can regulate NED and the function of 
NE-like cancer cells in an autocrine manner. 

 In summary, the induction of NED by different 
stimuli leads to the transdifferentiation of cancer 
cells into NE-like cancer cells. These cells acquire 
the ability to secrete many factors, several of 
which are useful markers of NED, whereas other 
factors have important biological functions. 
NE-like cancer cells can in ̄ uence surrounding 
non-NE cells in a paracrine manner, whereas 
simultaneously they are regulated by other factors 
in an autocrine manner.   



310 Z. Pernicov! et al.

   Changes of Secretory Phenotypes 
During Cancer Progression 
and Cancer Therapy 

   Role of Androgen Receptor in the NEP 
and SASP of Prostate Cancer Cells 

 Androgens (male steroid sex hormones) are impor-
tant for the terminal differentiation of luminal 
epithelial cells in the prostate gland. Androgens 
act through their binding to AR. AR is a ligand-
dependent transcription factor and a member of 
the nuclear receptor superfamily. After ligand 
binding, AR sheds inhibitory chaperons, under-
goes homodimerization, and translocates to the 
nucleus, where it binds to DNA at speci ® c 
sequences (androgen-responsive elements). By 
regulating the transcription of many different 
genes, AR signaling affects secretory function, 
cell survival, and cell cycle initiation in prostate 
cells (for review see Knudsen and Scher  2009  ) . 

 Generally, AR and AR signaling are critical 
regulators of the G1 to S phase transition in pros-
tate cancer; AR regulates the translation of the 
family of cyclin D proteins through the mTOR 
pathway and therefore enables cyclin D/CDK4 
complex assembly; further, AR downregulates 
the CDK inhibitor p27 Kip1 , which enables the acti-
vation of CDK2 (for review see Balk and Knudsen 
 2008  ) . This activation of cyclin/CDK complexes 
leads to the phosphorylation and inactivation of 
Rb, which enables the G1 to S transition. 

 ADT is a standard treatment for advanced 
stages of prostate cancer and is usually achieved 
by medical or surgical castration. This leads to 
the depletion of gonadal testosterone, which is the 
main source of circulating androgens. Despite the 
primary response of prostate tumors to ADT, meta-
static disease almost always progresses to cur-
rently incurable castration-resistant prostate cancer 
(CRPC) connected with re-activated AR. This 
re-activation may occur via direct AR modulation 
(deregulation, mutation, or alternative splicing; 
posttranslational modi ® cations of AR), alterations 
in AR cofactors (coactivator enhancement, loss of 
function of corepressors), and intratumoral androgen 

synthesis mediated by autocrine or paracrine 
mechanisms (for review see Knudsen and Scher 
 2009  ) . Therefore, in the following section, we will 
focus on the role of androgen withdrawal and AR 
signaling in the induction of both secretory pheno-
types of prostate cancer cells (NEP and SASP).  

   Role of Androgen Receptor in NEP 

 NED is hypothesized as one of the mechanisms 
responsible for the progression of CRPC. The 
presence of NED is signi ® cantly more common in 
patients with hormone-refractory prostate cancer 
following long-term treatment with different 
hormone-deprivation therapies and chemotherapy 
(Hirano et al.  2004  ) . In accordance with these 
results, AR silencing using RNA interference 
in vitro led to induction of NED in both androgen-
dependent and androgen-independent prostate 
cancer cell lines, which implies that AR may 
actively repress NED in prostate cancer cells 
(Wright et al.  2003  ) . Importantly, NE-like cancer 
cells in both primary and recurrent disease lack 
AR expression (Bonkhoff  2001  ) . Thus, NE-like 
cancer cells are insensitive to ADT, and possibly 
through factors that they secrete, they can in ̄ uence 
surrounding non-NE-like cancer cells in a para-
crine manner and stimulate the proliferation of 
these non-NE-like cancer cells during ADT. 

 With regard to the activation of AR by ligands 
other than androgens, IL-6 can stimulate both AR 
expression and activity in the absence of andro-
gens in LNCaP prostate cancer cells (Lin et al. 
 2001  ) . Further, treatment of prostate cancer cells 
with IL-8 resulted in increased proliferation of 
these cells in androgen-depleted conditions accom-
panied by increased AR expression and activation 
(Seaton et al.  2008  ) . Both IL-6 and IL-8 are asso-
ciated with prostate cancer progression; IL-8 is 
secreted by NE cells and NE-like cancer cells 
(Huang et al.  2005  ) , and importantly, both IL-6 
and IL-8 are associated with the SASP. The ability 
to stimulate the growth of cancer cells in the 
absence of androgens was also con ® rmed for other 
neuropeptides secreted by NE-like cells, namely 
GRP and parathyroid hormone-related protein. 
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 The important role of NE cells in supporting 
the growth of cancer cells through AR activation 
was con ® rmed in the work of Jin and colleagues, 
in which they implanted LNCaP cells into one 
 ̄  ank and NE-prostate tumors into the opposite 
 ̄  ank of castrated immunode ® cient mice (Jin 
et al.  2004  ) . Interestingly, NE tumors supported 
the proliferation of LNCaP prostate cancer cells; 
this was mediated by the increased sensitivity of 
LNCaP cells to androgens, increased AR expres-
sion, and NE tumor-secreted factors. Overall, NE 
tumor cells increased the activity of functional 
AR in LNCaP prostate cancer cells. Therefore, 
targeting the signaling of factors secreted by 
NE cells may be bene ® cial for prostate cancer 
treatment.  

   Role of Androgen Receptor in SASP 

 One of the hallmarks of senescence is cell cycle 
arrest. It is known that in the prostate epithe-
lium, AR drives cell cycle progression, and 
therefore, primarily the protumorigenic role of 
AR is well documented. Contradictory to this, a 
recent publication by Mirochnik and colleagues 
indicated that persistent AR activity drives 
senescence in both normal and cancer prostate 
epithelial cells; this AR-driven senescence was 
associated with decreased tumorigenicity 
(Mirochnik et al.  2012  ) . They demonstrated that 
via increased ROS production, AR decreases 
Rb phosphorylation, which leads to cell cycle 
arrest. Subsequently, AR causes the accumulation 
of p21 Cip1/Waf , leading to the attenuation of p63 
expression. 

 As previously mentioned, the senescent phe-
notype is accompanied by the secretion of a broad 
spectrum of biological factors. Some of these 
factors can interact with AR and affect its activity. 
Both IL-6 and IL-8, factors associated with both 
the NEP and SASP of prostate cancer cells, can 
activate AR signaling. Moreover, keratinocyte 
growth factor and EGF treatment of prostate 
cancer cells induced AR transactivation (Culig 
et al.  1994  ) . Thus, SASP factors can transactivate 
AR in androgen-depleted conditions in the same 
manner as NED factors.  

   Role of the PTEN ÐSkp2 Pathway 
in the Induction of SASP by Inhibition 
of AR Activity 

 Skp2 is an important component of the SCF mul-
tisubunit complex (Skp1, Cullins, F-box pro-
teins), which acts as an important E3-ubiquitin 
ligase. Skp2 recognizes and subsequently 
degrades many substrates, such as p21 Cip1/Waf , 
p27 Kip1 , p57, cyclin E, cyclin D1, cyclin A, E2F-
1, Orc-1, TOB1, FOXO1, c-Myc, B-MYB, Cdt1, 
CDK9, and Smad-4 (for review see Frescas and 
Pagano  2008  ) . Many of these substrates are 
known tumor suppressors, and thus, Skp2 is 
classi ® ed as an oncogene that is crucial for the 
regulation of cell cycle progression, proliferation, 
differentiation, apoptosis, and cell survival. Skp2 
overexpression was documented in several types 
of cancer, including colorectal, prostate, breast, 
gastric, and lung cancers (for review see Hershko 
 2008  ) . This overexpression usually correlates 
with poor overall survival. 

 One of the important targets of Skp2 is the 
CDK inhibitor p27 Kip1 . Skp2 physically interacts 
with phosphorylated p27 Kip1 , and this interaction 
targets p27 Kip1  for ubiquitin-mediated degrada-
tion (Carrano et al.  1999  ) . In prostate cancer 
samples, Skp2 expression was increased in PIN 
lesions and prostate cancer, compared to its 
very low expression in normal epithelium (Yang 
et al.  2002  ) . Moreover, Skp2 overexpression is 
inversely correlated with the expression of its 
downstream target p27 Kip1  and its regulator PTEN 
(Phosphatase and tensin homolog). It was 
con ® rmed that PTEN regulates p27 Kip1  levels 
through Skp2 (Mamillapalli et al.  2001  ) . 

 PTEN is an important tumor suppressor gene 
that is commonly mutated in cancer, and its 
expression is decreased to various degrees in 
several cancers including prostate cancer. In the 
prostate, PTEN drives cancer progression; dele-
tion of one PTEN allele causes hyperplasia, 
dysplasia, and low-grade PIN, and further down-
regulation of PTEN using a hypomorphic allele 
leads to the development of high-grade PIN 
that developed into carcinoma in 25% of mice 
(Trotman et al.  2003  ) . Moreover, homozygous loss 
of PTEN induces cellular senescence mediated 



312 Z. Pernicov! et al.

by the p53 signaling pathway and suppresses 
tumorigenesis, whereas the loss of both PTEN 
and p53 accelerates prostate cancer (Chen et al. 
 2005  ) . A novel type of cellular senescence, PTEN-
loss-induced cellular senescence, was recently 
described (Alimonti et al.  2010  ) . In that study, 
PTEN-loss-induced cellular senescence occurred 
in the absence of massive proliferation and the 
DNA damage response. 

 Interestingly, the reciprocal feedback regula-
tion between AR and the PTEN-PI3K/Akt pathway 
was elucidated. The loss of PTEN causes activation 
of the PI3K pathway, which is connected with 
decreased AR expression. Inhibition of the PI3K 
pathway led to the partial rescue of AR protein 
expression and activity (Carver et al.  2011  ) . 
Further, this crosstalk was con ® rmed in the work 
of Mulholland and colleagues, in which PTEN-
null prostate cancer cells were less dependent on 
AR signaling; prostate cancer cells with AR loss 
were more dependent on the PI3K/Akt/mTOR 
pathway (Mulholland et al.  2011  ) . Therefore, the 
combined inhibition of AR/androgen signaling 
and the PI3K/Akt/mTOR pathway may be more 
effective for treating CRPC with PTEN loss. 

 The role of Skp2 in cellular senescence was 
elucidated in experiments in which the loss of 
Skp2 alone did not induce senescence, but con-
comitant Skp2 loss together with PTEN inactiva-
tion or Arf de ® ciency led to the acquisition of a 
senescence phenotype in mouse embryonic 
 ® broblasts (Lin et al.  2010  ) . This Skp2 loss-
mediated induction of senescence impaired tum-
origenesis independent of the p19 Arf -p53 pathway. 
Currently, it is therefore desirable to target 
Skp2 or some other components of the SCF E3 
ubiquitin ligase complex because targeting these 
components by different approaches leads to 
senescence, apoptosis, and autophagy, processes 
that impair cancer cell growth (for review see Jia 
and Sun  2011  ) . As mentioned previously, Skp2 is 
a part of the SCF complex involved in ubiquitin-
proteasome-mediated degradation. One of the 
components of this complex is cullin-1, which 
must be posttranslationally modi ® ed by neddyla-
tion to support Skp2-SCF complex formation 
(for review see Chan et al.  2010  ) . Although there 
are no direct inhibitors of Skp2, one potential 

mechanism of Skp2 inhibition is to inhibit the 
entire complex by inhibiting neddylation. NEDD-8 
is carried to cullin-1 by a speci ® c E1 ligase called 
the NEDD-8 activating enzyme. Recently, 
MLN4924, a small molecule inhibitor of NEDD-8 
activating enzyme, was identi ® ed (Soucy et al. 
 2009  ) . This inhibitor inhibited neddylation in 
cancer cells, resulting in defects in S phase of 
the cell cycle, induction of apoptosis, and impor-
tantly inhibition of tumor xenograft growth. 
Interestingly, MNL4924 treatment induced both 
partial apoptosis and irreversible senescence that 
was mediated by the p21 Cip1/Kip  pathway, leading 
to tumor growth suppression (Jia et al.  2011  ) . 

 In our recent publication, we revealed that 
long-term androgen depletion leads to cell cycle 
arrest associated with the irreversible induction 
of senescence (Pernicova et al.  2011  ) . This was 
mediated by the downregulation of Skp2 and 
upregulation of its downstream target p27 Kip1 . In 
our model, this effect was independent of PTEN 
because we observed similar effects in cell 
lines expressing (LAPC-4) and lacking PTEN 
(LNCaP). Moreover, the induction of senescence 
by androgen depletion was paralleled by the 
acquisition of both aforementioned secretory 
phenotypes: SASP and NED. However, only the 
induction of senescence was dependent on the 
PTEN/Skp2/p27 Kip1  pathway, whereas modulating 
the levels of Skp2 did not lead to the modulation 
of NEP. Additionally, we determined that both 
androgen depletion and a high cellular density 
in the presence of androgens can induce NED, 
but not senescence, in prostate cancer cells 
(Pernicova et al., manuscript in preparation). 
A high cellular density increased AR activity 
and induced NED only transiently; this NED 
induction was not paralleled with the induction of 
senescence. Both a high cellular density and 
androgen depletion caused cell cycle arrest, but 
the induction of cell cycle arrest was not crucial 
for the induction of NED. Additional investiga-
tion revealed the involvement of cAMP signaling 
in high density-induced NED. 

 We suggest that androgen depletion leads to 
the formation of highly secretory senescent 
NE-like cancer cells possessing the characteris-
tics of both NE-like cancer cells and senescent 
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cells. As mentioned previously, some of the 
secreted factors may transactivate AR in the 
absence of androgens, and consequently, acqui-
sition of this highly secretory phenotype may 
contribute to the acquisition of androgen inde-
pendence and development of CRPC. These 
results are in accordance with published obser-
vations, which revealed that androgens regulate 
Skp2 expression; in particular, AR was found to 
stabilize Skp2 (Wang et al.  2008  ) . Moreover, the 
depletion of AR or Skp2 alone lead to cell cycle 
arrest, but only AR depletion to the induction of 
NED. Using an AR-positive castration resistant 
subline of LNCaP cells, the connection between 
AR and Skp2 was con ® rmed; treatment of this 
subline with androgens led to the suppression of 
proliferation through AR, Skp2, and c-Myc 

(Chuu et al.  2011  ) . Skp2 is regulated by androgens 
in a biphasic manner, primarily at the mRNA 
level. Subphysiological concentrations of andro-
gens slightly increase Skp2 levels, and physio-
logical levels decrease Skp2 levels in LNCaP 
cells. Moreover, the pocket protein p107 was 
identi ® ed as an important molecule that medi-
ates the androgenic repression of Skp2 in LNCaP 
cells, but not the only such molecule (Jiang et al. 
 2012  ) .   

   Summary 

 In summary, based on the literature and our own 
work, we assume that there is a clear connection 
among androgen depletion, senescence, and NED 
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in prostate cancer cells. Androgen depletion 
induces complete changes in the phenotype of 
cancer cells; these cells display the characteris-
tics of both NE and senescent cells. Importantly, 
both of these phenotypes are accompanied by 
massive secretory function; many of these 
secreted factors associated with NEP, SASP, or 
both were con ® rmed to support proliferation, dif-
ferentiation, and other biological processes in 
neighboring cancer cells (Fig.  26.1 ). These fac-
tors may contribute at least in part to the survival 
of cancer cells during ADT because several of 
these secreted factors can transactivate AR. 
Interestingly, it was demonstrated that antago-
nists of bombesin/GRP inhibited the growth of 
androgen-independent tumors in mouse xeno-
graft models (Stangelberger et al.  2005  ) . 
Moreover, the neuropeptides endothelin-1 and 
bombesin stimulated the proliferation of prostate 
cancer cells and expression of IL-8 and VEGF, 
and this effect was abrogated by neuropeptide 
inhibition using bortezomib (Tsapakidis et al. 
 2012  ) . Therefore, these promising results indi-
cate that targeting these secretory factors could 
improve the ef ® ciency of anticancer therapy.       
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REVIEW

Growth/differentiation factor-15: prostate cancer suppressor
or promoter?
P Vanÿhara1, A Hampl1,2, A Kozubõ«k3,4 and K Soucÿek2,3

Deregulation of expression and function of cytokines belonging to the transforming growth factor-b (TGF-b) family is often
associated with various pathologies. For example, this cytokine family has been considered a promising target for cancer
therapy. However, the detailed functions of several cytokines from the TGF-b family that could have a role in cancer
progression and therapy remain unclear. One of these molecules is growth/differentiation factor-15 (GDF-15), a divergent
member of the TGF-b family. This stress-induced cytokine has been proposed to possess immunomodulatory functions and its
high expression is often associated with cancer progression, including prostate cancer (PCa). However, studies clearly
demonstrating the mechanisms for signal transduction and functions in cell interaction, cancer progression and therapy are still
lacking. New GDF-15 roles have recently been identi“ed for modulating osteoclast differentiation and for therapy for PCa bone
metastases. Moreover, GDF-15 is as an abundant cytokine in seminal plasma with immunosuppressive properties. We discuss
studies that focus on the regulation of GDF-15 expression and its role in tissue homeostasis, repair and the immune response
with an emphasis on the role in PCa development.

Prostate Cancer and Prostatic Diseasesadvance online publication, 28 February 2012; doi:10.1038/pcan.2012.6

Keywords: growth/differentiation factor-15; macrophage inhibitory cytokine 1; transforming growth factor-b

INTRODUCTION
Cancer does not merely affect a single cell or an enclosed
population of homogenous tumor cells. Thus, studying processes
that modulate the tumor microenvironment, particularly the
relationship between cancer or stromal cells and the immune
system, has immense clinical potential. New “ndings that describe
potential methods to modulate particular cell populations can
offer novel strategies for cancer prevention and therapy. Cytokines
represent important signaling molecules that regulate the fate
of both cancer cells and other cell types within the tumor
microenvironment. Several examples exist in clinical practice,
where revelation regarding the role of a particular cytokine in
cancer progression led to a novel anti-cancer therapy design and
signi“cantly improved its ef“ciency.1

Deregulation of expression and function of cytokines belonging
to transforming growth factor-b (TGF-b) family is often associated
with cancer.2 Thus, cytokines in this family represent potential
candidates for drug targeting. However, the detailed cancer-
related functions of several TGF-b family members are still not
clear. One of these, growth/differentiation factor-15 (GDF-15), is a
divergent member of TGF-b family.3 This cytokine has been
proposed to possess immunomodulatory functions and its high
expression is often associated with cancer progression (for review
see4). However, studies clearly demonstrating its function in tissue
development and hematopoiesis and cancer progression have not
been conducted. More detailed elucidation of the physiological
function of GDF-15 may lead to innovative new cancer treatment
strategies to bene“t future patients.

GDF-15 SEQUENCE AND STRUCTURE
GDF-15 (synonyms: macrophage inhibitory cytokine 1, non-
steroidal anti-in”ammatory drug (NSAID) activated gene-1, pros-
tate differentiation factor, placental bone morphogenetic protein;
placental TGF-b) was discovered simultaneously by several
groups3,5 -- 8 at the end of 1990s and is localized to chromosome
19 in the region p13.11. Its DNA sequence is 2746 bp long and
consists of two exons separated by a single intron.9 There are at
least two GDF-15 alleles, which were identi“ed and characterized
in detail by Breit•s group.10 The polymorphism, labeled H6D,
consists of a single C-G transversion in exon II at 2423 bp, resulting
in a switch from histidine to aspartic acid at codon 202 of the
mature protein. This substitution changes the biochemical
properties of the mature protein and may alter GDF-15 inter-
actions. The H6D form of GDF-15 has potential clinical relevance,
as several studies indicated better prognosis in prostate cancer
(PCa) patients carrying the G allele (H6D protein) than those with
wild-type GDF-15.11,12 According to the Hardy--Weinberg equili-
brium, the genotype frequencies in the healthy population were
estimated to be 54% for homozygotes containing only histidine
(alleles CC), 7% for aspartic acid homozygotes (GG) and 39% for
heterozygotes (CG).10

The unprocessed translated form of GDF-15 (pre-pro-GDF-15) is
308 amino-acids (aa) long, including the signal sequence (29 aa),
the propeptide (167 aa) and a mature protein (112 aa), which
contains a cysteine knot typical for the TGF-b family. The
N-terminal region (28 aa) of the proprotein was shown to be
involved in the endoplasmic reticulum quality control and
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subsequent proteasomal degradation of the incorrectly folded
GDF-15 precursor.13 The generation of the biologically active form
requires removal of the hydrophobic signal sequence followed by
disul“de-linked dimerization of GDF-15 monomers and a “nal
cleavage by furin-like protease at the canonic RXXR site (RRAR,
position 196). This process generates the C-terminal form of GDF-
15 with a molecular weight ofB 20 kDa that subsequently enters
secretion pathway.3 Further posttranslational modi“cations utilize
a potential N-glycosylation consensus site at 70 aa (NQS);
however, the phosphorylation of mannose residues targeting
TGF-b proteins to lysosomes has not been found,13 suggesting the
N-glycosylation of GDF-15 is probably not critical to enter the
secretory pathway as in case of TGF-b.14 The secreted mature
protein is a 25-kDa dimer cleaved from the 62-kDa intracellular
precursor.6

The production of biologically active GDF-15 is remarkably
complex, and variability in the pool of available GDF-15 forms was
suggested to be involved in modulating the tumor microenviron-
ment when differences in GDF-15 expression between malignant
and normal tissues were described. The premature proprotein is
produced preferentially by cancer cells over normal tissues, and
the preprocessed or mature GDF-15 forms have been suggested
to be differentially deposited in extracellular matrix (ECM).15

Current data supports the assertion, that it is the propeptide that
mediates interactions of pro-GDF-15 with ECM.15 Therefore, the
tissue availability of GDF-15 depends on ECM degradation,
histological composition and architecture or presence of enzymes
capable of conversion of pro-GDF-15 to GDF-15, implying a
regulation similar to TGF-b.15,16However, direct binding of GDF-15
to latent TGF-b-binding protein-1, which normally sequesters
TGF-b and induces binding to the ECM, has not yet been
described. Interestingly, GDF-15 stimulates the expression and
surface stabilization of matrix metalloproteinases (MT1-MMP) in
different cell types, including breast cancer (MCF-7) or human
embryonic kidney cells (HEK293) that are sensitive to GDF-15-
induced growth arrest. Because GDF-15 is simultaneously a
substrate for MT1-MMP, the inhibitory effects on cancer cells are
abrogated after MT1-MMP stimulation by GDF-15. This feedback
circuit may have particular signi“cance for ECM remodeling in the
tumor environment, tissue permeability in metastatic spreading
and for tumor growth.16 The availability of mature GDF-15 or
activation of the proprotein by ECM-deposited and microenviron-
ment-regulated proteinases increases the complexity of the
GDF-15 regulatory network in a manner tightly linked to the cell
and tissue microenvironment, especially under pathological
conditions.

GDF-15 IN TISSUE HOMEOSTASIS AND REPAIR
Expression of GDF-15 is tightly associated with conditions of stress
or damage in tissues, indicating its role in tissue regeneration or
healing, as documented in numerous cases, such as for
myocardium.17 -- 23 Because GDF-15 is not normally expressed in
the healthy heart, it is rapidly upregulated upon stress or with
markers of heart damage, such as pressure overload, in”amma-
tion, oxidative stress or ischemia, suggesting an anti-apoptotic or
protective function during heart failure, arterial hypertension or
other cardiovascular insuf“ciencies. GDF-15 can also offer clinical
prognostic information. For example, high-GDF-15 levels in
plasma indicate worsened outcomes for particular cardiac
malfunctions.19,20,22 -- 25Biological functions of GDF-15 for tissue
regeneration in myocardium have not been satisfactorily clari“ed
so far; however, the polymorphonuclear leukocytes26 or macro-
phages27 in“ltrating the effected site have been proposed as
target populations for GDF-15. The pathological accumulation of
polymorphonuclear leukocytes in infarcted myocardium may be
prevented by GDF-15 secretion, as it reduces polymorphonuclear
leukocyte adhesion by the inhibition of integrin b2 and

small GTPase signalingin vitro.26 Along with outside-in signaling,
GDF-15-mediated signal transduction in cardiomyocytes involves
the canonical SMAD pathway (SMAD2/3). Both actions not only
prevent pathological changes in tissue architecture, such as
cardiac hypertrophy and ventricular dilation, but can also inhibit
an inappropriate immune response. Under hypoxic conditions in
human umbilical vein endothelial cellsin vitro, treatment with
GDF-15 signi“cantly enhances HIF1a-mediated expression of VEGF
and also stabilizes the p53-MDM2 complex leading to ubiquitina-
tion and subsequent degradation of p53.28 Besides cardiovascular
tissue, elevated GDF-15 expression has been found in patients
with rheumatoid arthritis,29 congenital anemia30,31and metabolic
disorders, such as obesity, diabetes mellitus or preeclampsia.32,33

In cases of ineffective hematopoiesis, GDF-15 is likely involved in
iron metabolism and erythrocyte differentiation.34 GDF-15 over-
expression was measured after mechanical liver or kidney injury35

and was capable of inducing the renewal of speci“c cell
populations, including renal acid-secreting collecting duct cells.36

In mice, GDF-15 may function as a neurotrophic and neuropro-
tective cytokine, as GDF-15 knock-out mice show postnatal loss of
motoneurons in spinal cord and brainstem motor nuclei and
dorsal root ganglionic sensory neurons in superior cervical
ganglion.37 In this study, Strelauet al.37 also demonstrated that
GDF-15 produced by Schwann cells promotes the survival of
axotomized dopaminergic neurons bothin vivo and in vitro.
Further investigation in ischemia-induced brain lesions showed
strong and rapid induction of GDF--15 mRNA in neurons and
partially in microglial cells; however, a comparison of identically
lesioned GDF-15-knock-out and wild-type mice did not reveal a
signi“cant difference in infarct area, suggesting a role for GDF-15
in post-lesion adaptation and regeneration rather than general
protection or neuronal tissue nutrition.38

In addition to tissue regeneration and repair, GDF-15 is involved
in human embryonic development, as it is highly expressed in the
placenta during pregnancy, and low levels of GDF-15 in the “rst
weeks of gestation correlate with a higher risk of miscarriage.39 -- 41

However, GDF-15 de“cient mice do not show abnormalities in the
embryonic development and are fully viable and fertile.37 Soucek
et al.42 measured high levels of GDF-15 in seminal plasma from
male donors irrespective of fertility status. Seminal GDF-15 does
not appear to in”uence sperm cell viability or interact with vaginal
or cervical cells, but it is capable of inhibiting the proliferation of
peripheral blood mononuclear cells in a manner similar to TGF-b-
1, but at higher effective concentrations. Moreover, GDF-15-
induced the expression of FOXP3 in the CD4þ CD25þ peripheral
blood mononuclear cells population from healthy donors.42 Thus,
the role of GDF-15 in human reproduction might comprise the
meticulous regulation of the immune response during conception,
implantation and early embryonic development.

Research showing that GDF-15 is linked to low body weight,
nutritional disorders, cancer-associated cachexia and the meta-
bolic response in cancer patients may be critical for clinical
practice.32,43 -- 45Similar effects were also observed in experimental
animals.46 Therefore, if GDF-15 contributes to complex stimulatory
or inhibitory circuits for the regulation of adipose tissue home-
ostasis, novel therapeutic approaches for the management of
unfavorable disease outcomes or therapeutic side effects may be
offered. Johnenet al.47 showed that GDF-15 can modulate both
orexigenic and anorexigenic hypothalamic mediators and there-
fore indirectly suppress food intake. However, recent results show
a direct role for GDF-15, as it was found to be expressed in
different adipose tissue depots, and being regulated by, for
example, leptin and IL1-b.48 Expression of GDF-15 is elevated in
patients with obesity comorbidities, suggesting a response to
cellular stress or tissue damage.45 Interestingly, Kim et al.49

demonstrated that breast cancer cell line MDA-MB-231 responses
to adipocyte-conditioned medium by dramatic increase of GDF-15
expression, resulting in enhanced invasivity of cancer cells.
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The physiological role for GDF-15 in adipose tissue remains largely
unknown, and further research in this “eld in needed.

In summary, these “ndings suggest a role for GDF-15 in the
regulation of immune activity, particularly for regulating the
in”ammatory response and mediating tissue protection or
regeneration.

REGULATION OF GDF-15 EXPRESSION
Transcriptional regulation of GDF-15 expression is complex and
consists of several independent pathways that depend on tissue,
cellular and signaling contexts. GDF-15 is differentially expressed
in a variety of adult tissues, especially in reproductive or neural
tissue. Moreover, GDF-15 is expressed in extraembryonal tissues,
indicating some involvement in embryonic development.39 -- 41,50

This complexity in tissue distribution is re”ected on the molecular
level, implying the utilization of particular transcription machinery
or tissue-speci“c upstream signaling. The GDF-15 promoter
sequence is conserved in murine, rat and human tissues and
consists of a TATA-like sequence as well as SP1 and AP1/2
consensus sites.9 The promoter of GDF-15 contains two distinct
p53-binding sites with different binding af“nity to p53 in vitro.
Interestingly, Wonget al.51 identi“ed a novel p53 transcriptional
repressor element in close proximity of the p53-binding sites,
suggesting a complex regulation of activation of GDF-15 in a
manner dependent on cell or signaling context. GDF-15 repre-
sents a typical gene of the adaptive response to cellular stress, as
its expression is generally low in quiescent cells, but is rapidly
enhanced by different stress stimuli that employ different
signaling pathways. Upon stimulation, GDF-15 is strongly ex-
pressed in response to NSAIDs and generally results in an
antiproliferative phenotype. NSAIDs, used commonly to treat pain
and in”ammation, inhibit cyclooxygenase-1 and -2 and subse-
quently activate Egr-1 and p53 transcription factors to induce cell-
cycle arrest.52 GDF-15 was shown to be activated by NSAIDs
through the p53 pathway53 and is presumed to be one of the core
mediators of NSAID-mediated cell-cycle arrest. However, the
effects of NSAIDs on GDF-15 expression are not necessarily
mediated by cyclooxygenase inhibition,54 and other mechanisms
have been proposed. GDF-15 expression-mediated cell growth
arrest or apoptosis has been induced by various chemicals,
particularly NSAIDs, and has often required p53/p21Cip1/Waf1

activation.53 More recent studies also demonstrated p53-indepen-
dent activation of GDF-15, including GSK3b, C/EBP, ATF355 or Sp-1/
Egr-1.56 Lincova et al.57 separated the mechanisms for GDF-15
induction by NSAIDs and cell growth arrest induced by
cyclooxygenase-2 inhibition, suggesting GDF-15 transcriptional
regulation independent of cell cycle or lipid signaling. The
engagement of GDF-15 in antitumorigenic activities appears to
be highly complex, depending on the structure and pharmaco-
kinetic properties of particular NSAID or its metabolites. In APC/
Min mice fed the NSAID sulindac either as a prodrug
(DM-sulindac) or a pharmacologically active chemical with anti-
tumor effects (sulindac sul“de), GDF-15 was induced in the liver
parenchyma only with sulindac sul“de and not the prodrug.58

Similarly, GDF-15 expression follows NSAID-induced apoptosis in
oral cavity SCC1483 cancer cells, and conditioned medium
containing GDF-15 potently inhibits proliferation of these cells.59

The direct effects of GDF-15-mediated inhibition of cancer cell
growth were also described in ovarian cancer cell lines SKOV3 and
OVCAR3 that were treated with different NSAIDs.60

A number of plant-derived organic compounds promising novel
anti-tumor effects were shown to induce GDF-15 expression that
was preceded by p53 activation (e.g., organosulfuryl structures).61

Heavy metals, DNA damaging agents, hypoxia or high cell density
also stimulate GDF-15 expression in a p53-dependent manner.62

In addition, particular saponins induce GDF-15 in a PI3K-
dependent manner.63 Further evidence that GDF-15 has a role

in cellular stress responses was presented in the work of
Schlittenhardt et al., which showed enhanced expression of
GDF-15 induced by oxidized low-density lipoproteins, TNFa,
certain ceramides or hydrogen peroxide. This group also
demonstrated the immunohistochemical colocalization of GDF-
15 with PARP, caspase-3, manganese, super-oxide dismutase, c-
Jun and p53 in native atherosclerotic tissue.64 Taken together,
these “ndings suggest that GDF-15 can be induced by a broad
spectrum of cellular or tissue events leading to activation of
different intracellular pathways that result in complex phenotypes.

GDF-15 IN CANCER PROGRESSION, SYSTEMIC AND IMMUNE
RESPONSE
GDF-15 is generally considered to be part of the cell•s
antitumorigenic actions, largely because its expression is crucial
for the chemopreventive effects of various compounds.57,58

However, elevated GDF-15 expression has often been reported
during cancer progression, including gastric, ovarian, prostate or
breast cancers (see Table 1) with various impact on tumors.4,65,66

Despite that the GDF-15 expression pro“le has been well
described in various cancers, its speci“c role in tumor develop-
ment remains unclear (Figure 1). For example, in breast or gastric
cancer, GDF-15 has been shown to be upregulated upon the
activation of the MAPK-ERK1/2 or PKB/Akt pathways recruiting the
SP-1 family of transcription factors.67 GDF-15 also induces the
phosphorylation and activation of ErbB receptors, mTOR/Akt and
ERK1/2 pathways. A potential result of these signal integrations is
HIF-1 and VEGF activation. Moreover, inhibition or speci“c
downregulation of ErbB2 also inhibited GDF-15-mediated down-
stream signaling.68 These “ndings indicate the importance of GDF-
15 clinically, especially in ErbB2 (HER2)-positive cancers that are
sensitive to small molecular inhibitors, such as lapatinib.69 GDF-15
is strongly upregulated in hepatocellular carcinoma and other liver
diseases, such as “brosis or cirrhosis induced by hepatitis C virus.70

GDF-15 autocrine signaling of transformed or infected hepato-
cytes then induces Akt, GSK-3/b catenin, Raf phosphorylation
and other downstream targets, such as cell-cycle regulators
(cyclins A2, E1 and D2) or adhesion molecules (E-cadherin).
Interestingly, impairing GDF-15 can inhibit viral replication.70 In
malignant melanomas, GDF-15 is highly overexpressed,71 and it is
able to mimic VEGF in the neovascularization in the tumor site.72

Similarly, in malignant glioblastomas, GDF-15 is upregulated as a
reaction to anoxia, suggesting more general involvement in
vascularization development.73 Moreover, experimental decrease
in GDF-15 expression clearly enhanced natural killer T-cell-
mediated cytotoxicity, which increased the immunogenicity of
glioma cells74 similar to the effects of TGF-b downregulation.75

Furthermore, GDF-15 depletion delays the growth of gliomas in
mice in vivo. It is likely that GDF-15 acts as a potent suppressor of
immune cells while simultaneously enhancing cancer cell growth
through autocrine signaling. These observations emphasize the
importance of assessing the role of the interactions within the
tumor microenvironment for a context-dependent role of GDF-15.
Interestingly, two antagonisticin vivo studies were published
recently. Senapatiet al.76 demonstrated that ectopic overexpres-
sion of GDF-15 led to increased dissemination capacity of PCa
cells. However, Zimmerset al.58 showed that loss of GDF-15
expression abolished the chemopreventive effects of NSAIDs in
animal models of hereditary colon cancer.

Thus, the primary effect of GDF-15 on cancer progression can
be linked to the regulation of immune responses in the process of
tissue regeneration. GDF-15 has been described as a negative
regulator of macrophage activation by suppressing the release of
TNF-a, IL-1, IL-2 and MCS-F, thus inhibiting the positive feedback
of local in”ammatory signaling similar to the effects of TGF-b.3

However, the molecular mechanisms behind these immunosup-
pressive effects remain unclear despite several hypotheses that
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Figure 1. Schematic illustration of growth/differentiation factor-15 (GDF-15) action in tissue microenvironment and cancer progression.
(a) GDF-15 is secreted by a primary tumor or released from extracellular matrix, affecting both the tumor and adjacent stromal or immune
cells responsive to GDF-15. (b) GDF-15 is released to blood stream and contributing to tumor spreading, vascularization and immu-
nosuppression. (c) GDF-15 is involved in remodeling of bone architecture by action on both osteoblasts and osteoclasts, affecting the
bone-marrow microenvironment and stem-cell niche formation. (d) GDF-15 expression is induced upon various stimuli, for example, by p53
and/or Sp1-Egr-1 dependent transcription. GDF-15 induces signaling pathway comprising of so far identiÞed SMAD, MAPK and Akt and
activating transcription from SMAD, AP-1 and Sp-1 driven promoters.

Table 1. Clinical and biological aspects of GDF-15 expression in different cancer types

Cancer type Clinical prognostic
information

Expression change and
upstream regulation

Downstream signaling
induced by GDF-15

Molecular and/or cellular
phenotype induced by
GDF-15

References

Bladder Candidate epigenetic
biomarker

? ? ? 101

Breast ? m via AKT
ERK1/2--mTOR

ErbB2--AKT--ERK1/2--
c-Src--p38--JNK

Enhanced invasion via
c-Src

67,68,81,102

Colorectal Association with tumor
progression

m via p53 ? p53 dependent apoptosis 103,104

Gastric Candidate biomarker m EGFR(ErbB2) --MAPK1/2--
ERK 1/2 --Akt/mTOR

HIF-1a--VEGFA
expression

65,68

Glioblastoma Candidate biomarker m ? Enhanced proliferation
immune escapein vivo

74,105

Hepatocellular
(HCV associated)

Candidate biomarker m AKT--GSK-3b--c-Raf Enhanced proliferation
and invasion

70

Head and neck Associated with
radioresistant phenotype

m ? ? 106

Melanoma Association with tumor
progression, metastases
formation and vascular
development

m via B-Raf ? B-Raf --GDF-15
dependent
vascularization

66,71,72

Oesophagus/
gastric

Elevated; association with
inßammation

m ? ? 107

Ovarian Prognostic biomarker m ? ? 50,108

Pancreas Candidate biomarker m ? ? 109,110

Prostate Prognostic biomarker m PKB/Akt --FAK/RhoA Reorganization of actin
architecture enhanced
motility metastatic
development in vivo

57,76,79,

86,89,111

Abbreviations: FAK, focal adhesion kinases; GDF-15, growth/differentiation factor-15; JNK, c-Jun N-terminal kinase; mTOR, mammalian target of rapamycin.
m Indicates elevated expression, ? indicates unknown or so far insufÞcient data.
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focus on interactions with regulatory T lymphocytes in a context
already de“ned for TGF-b in various cancers.42,77 Taken together,
the cancer-associated elevated expression of GDF-15 may have
strong predictive potential that could justify the introduction of
GDF-15 clinically as a biomarker for particular cancers. Moreover,
focusing on its immunosuppressive characteristics, GDF-15 may
be speci“cally targeted to restore the immune-mediated anti-
tumor response.

GDF-15 IN PCA
GDF-15 as a biomarker
For PCa, there is a long-term need for both speci“c and robust
markers that would allow precise prediction and estimation of
disease outcome. At, present, only PSA was introduced to clinical
practice. However, total levels of PSA in serum are not cancer
speci“c, as they are found even in benign diseases, leading to
potential false-positive diagnosis of PCa. Improvement was
achieved by analyzing alternative molecular forms of PSA, which
decreased the number of cancer-negative biopsies in indicated
cases.78 Of particular importance, the measurement of GDF-15 in
serum was shown to increase the precision of the information
potential of PSA and its forms. The presence of GDF-15 in serum is
slightly decreased in BPH or localized PCa compared with normal
prostate tissue,79 but it is elevated in metastatic disease.80,81

Interestingly, the in”ammatory events in prostate tissue are
considered to trigger the transition from normal to benign
hyperplasic state and probably re”ect an individual•s sensitivity to
autoimmune lesions.82,83 In”ammatory changes of glandular
architecture followed by increase of stromal tissue in BPH
negatively correlate with GDF-15 expression.84,85

Despite the presence of several molecular forms of GDF-15, the
analysis of total GDF-15 serum levels showed its clear discrimina-
tive capacity for PCa mortality and disease outcome, which
justi“es further prospective studies to potentially introduce
GDF-15 as a clinically important biomarker for PCa.86 As such, the
analysis of overall GDF-15 may offer a robust screening method.

Role of GDF-15 in PCa development
Tumor development can be considered either as uncontrolled
regeneration or as cellular reprogramming or reversion to the
early developmental stages. Thus, lessons from embryonic
development can shed light on the complex signaling in
organogenesis and tissue formation. In the early development of
the normal mouse prostate, GDF-15 is dynamically expressed in
dividing epithelium originating from the urogenital sinus and
buds, and its expression falls when the stage of developed
prostate lobes has been reached.87 GDF-15 is then reactivated
during prostate maturation, and its expression correlates with
differentiation markers (e.g., K19). Thus, data from embryonic, fetal
and early postnatal murine development suggest a clear dual
function for GDF-15 in the regulation of epithelial proliferation in
the urogenital sinus as well as its differentiation in the later stages
of prostate lobular structure formation.87 A PCa model based on
modi“ed SV-40 region driven by the prostate-speci“c rat probasin
promoter developed by Kasper et al.88 (CD-1-Tg(Pbsn-Tag)
12T10Rjm,according to the Cancer Model Database) allowed
for the detailed study of GDF-15 in the development of prostate
intraepithelial neoplasias, which is considered comparable to
human prostate intraepithelial neoplasias. Using this model,
Noorali et al.87 showed clear differences in GDF-15 expression
among normally developing prostate, prostate hyperplasia and
prostate intraepithelial neoplasias. Although the GDF-15 pattern of
expression in normal tissue shows two clear peaks (epithelial
proliferation in buds and lobes, differentiation of mature prostate),
its expression is attenuated in the maturing prostate and is
accompanied with a loss of differentiation markers in transgenic

tissue showing progression from hyperplasia to prostate intrae-
pithelial neoplasias. Furthermore, GDF-15 expression is strongly
upregulated in the tumorigenic state that follows. Moreover, GDF-
15 expression is enhanced in developed PCa similar to other
cancer types.

Despite that there is low genetic variation in the GDF-15 coding
sequence, and existing single nucleotide polymorphisms were not
associated with PCa susceptibility,89 the function of wild-type
GDF-15 and its H6D variant can be discriminated in developed
PCa. In athymic nude mice inoculated with DU145 PCa cells
transfected with appropriate coding sequences, the H6D variant
clearly interfered with tumor development by lowering levels of
cyclin D1 and IGF-1 in the serum resulting in smaller tumors than
in controls with wild-type GDF-15.90 However, the systemic role
for body-weight regulation and the induction of tumor associated
cachexia is likely not compromised in the H6D variant compared
with wild-type GDF-15, as both proteins signi“cantly reduce the
amount of abdominal fat in experimental mice and reduce
adipose tissue signaling.90

A common problem associated with long-term PCa therapy is
the development of hormone refractory PCa and resistance
to chemotherapy. It is estimated that about 50% of patients
treated by “rst-line castration do not respond to second-line of
chemotherapy with Docetaxel.91 The expression of GDF-15 in PC3
cells with acquired resistance to Docetaxel is increased after
chemotherapy exposure compared with parental PC3s. Moreover,
a similar trend has been observed in the serum/plasma of patients
with Docetaxel-resistant PCa with a clear impact on patients•
survival.92 This correlates well with previously published data;93

however, in vitro data showed a direct link between GDF-15 and
Docetaxel resistance. Androgen independent PCa PC3 cells
treated with GDF-15 became partially resistant to Docetaxel and
Docetaxel-resistant PC3 cells treated with GDF-15 shRNA showed
restored susceptibility to Docetaxel.92

In androgen-sensitive LNCaP cells, GDF-15 is expressed and
supports proliferation and clonogenic cell growth. GDF-15
silencing in the LN3 subline of LNCaP cells, which are
characterized by a high-metastatic potential, decreased prolifera-
tion rate and reduced anchor-independent cell growth on soft
agar.94 In PC3 and DU145 cells, GDF-15 is virtually unexpressed;95

however, these cells retain sensitivity to GDF-15 under particular
conditions. The p53-negative PC3 cells responded to GDF-15
treatment by reducing mobility through matrigel columns.96

Similarly, for DU145, a slight tumor suppressive effect was
reported in vivo.90

To identify a systemic role of GDF-15 in PCa bone metastasis,
Wakchoureet al.46 inoculated athymic nude mice with DU-145
PCa cells overexpressing GDF-15. The histomorphological and
X-ray analyses showed enhanced osteoblast differentiation and
bone-remodeling activity in sites of bone metastases. This study
also showed enhanced osteoclast numbers in metastasis sites;
however, using anin vitro macrophage model, another study
demonstrated clear inhibitory effects of GDF-15 on osteoclast
formation. Under experimental in vitro conditions, GDF-15
inhibited MCSF-RANKL-induced osteoclast differentiation that
were derived either from the macrophage cell line RAW264.7 or
mononuclear precursors isolated from murine bone marrow.
Impaired differentiation resulted in reduced osteoclast numbers
in culture and decreased bone resorption. On the molecular
level, GDF-15 induced the retention of IkB, an inhibitor of the
NFkB transcription factor, in the cytoplasm, thus preventing
NFkB-mediated expression of the key transcription factor c-fos
and the osteoclast hallmark enzymes cathepsin K and carbonic
anhydrase II.97 Interestingly, GDF-15 is upregulated by vitamin D3
(1,25(OH)2D3) in the androgen-dependent PCa cells LNCaP.98 The
GDF-15 protein produced by 1,25(OH)2D3-stimulated LNCaP cells
was the biologically active form that interferes with MCSF-RANKL
signaling independently of osteoprotegerin, a physiological
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regulator of osteoclast differentiation and activity.97 Further
evidences for a role for GDF-15 in cancer spreading and distant
metastasis formation were reported by Senapatiet al.76 This
in vitro study described enhanced motility and invasion capabili-
ties and changes in the actin cytoskeletal architecture of PC3 and
LNCaP cells overexpressing GDF-15. The induction of intracellular
signaling by GDF-15 led to the activation of focal adhesion kinases
and the small GTPase RhoA, suggesting that GDF-15 moderates
direct control over architectural rearrangements and subsequent
cell motility. However, using ovarian and prostate SKOV-3 and PC3
cells, respectively, Chenget al.96 showed that GDF-15 inhibited
cellular migration through matrigel columns through a p53-
dependent mechanism. Similarly, GDF-15 has been described as a
mediator of NSAIDs-induced inhibition of migration of PCa cells.99

According to these experimental data, GDF-15 effects may vary
depending on signaling status, the genetic background of target
cell populations, particularly on the presence of the androgen
receptor and/or p53 activity and interaction with immune system
(Figure 2). Contextual pleiotropy and dual role in cancer, which is
general characteristic of TGF-b family cytokines100 is most likely
characteristic also of GDF-15. However, detail mechanisms of its
both tumor suppressor and/or promoter action needs to be
revealed.

CONCLUSIONS
GDF-15 is a distant member of the TGF-b family and is strongly
expressed in a great variety of human cancers including PCa;
however, its role in cancer pathophysiology remains ambiguous.
Nevertheless, the link between GDF-15 expression and the tumor
stage or disease outcome is informative, suggesting that GDF-15
may be a clinically relevant biomarker for particular cancers. The
physiological role of GDF-15 may involve mediating interactions
between different cellular populations and the immune system or
enabling mutual regulation in certain microenvironments. Thus,
the suppression of certain immune cell populations may be the
core systemic mechanism for the role of GDF-15 in cancer
development and progression. GDF-15 was “rst recognized as a
factor interfering with macrophage activation. Later studies
showed its inhibitory role on the effects of NSAIDs and the
suppression of macrophage-derived osteoclasts or regulatory T
lymphocytes. The role of GDF-15 in embryonic development

remains unresolved. In mice, GDF-15 is not necessary for proper
development and knockouts are fully viable and fertile; however,
in humans, it likely has a role in feto-maternal interactions and
may prevent immune rejection in utero. There is increasing
evidence for the involvement of GDF-15 in tissue regeneration or
the reaction to different stress conditions. GDF-15-mediated
suppressive effects often mimic those observed by generic TGF-
bs, but there are differences in target population responses. Of
particular importance is to clarify the intracellular signals ranging
from the receptor formation to the interacting partners that
mediate the effects of GDF-15. Increased knowledge of GDF-15-
induced signaling pathways in either producing or receptive cells
will contribute to the understanding of events that form the
complex communication network within the tumor microenviron-
ment. The nature of GDF-15 proteins has two sides, with both
tumor-suppressor and oncogenic characteristics. As the cellular,
tissue and systemic effects of GDF-15 signaling in well-de“ned
experimental conditions has shown, it is likely that GDF15 is an
active and important player in the development of PCa rather
than a stress-induced bystander. Therefore, introducing GDF-15
into clinical discussions may offer new possibilities to better
understand cancer development and potentially enhance diag-
nostic or therapeutic strategies.
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Introduction

Cancer  is  nowadays  one  of  the  leading  causes  of  death  in  the
developed  world.  Biologically,  cancer  represents  a vastly
heterogenic  group  of  diseases  sharing  several  common  traits.
One  of  these  hallmarks  is  sustained  proliferation,  resulting  in
uncontrolled  tumour  growth  (Hanahan  and  Weinberg,  2011).
An  extensive  research  has  been  done  to  characterize

antiproliferative  effect  of  various  classes  of  compounds,
ranging  from  naturally  occurring  molecules  and  their  deriva-
tives,  to  organometallic  and  inorganic  compounds  and  their
application  in  cancer  therapy.  The  fortuitous  discovery  of  the
cytotoxic  properties  of  cisplatin  (diamminedichloroplatinum
(II)) in  1965, opened  new  avenue  for  the  application  of  metal
complexes  in  cancer  therapy  (Arnesano  et  al.,  2011) (Fig. 1).
The  antiproliferative  effect  of  cisplatin  and  other  compounds,
however,  induces  adverse  effects  on  normal  tissues,
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a b s t  r  a  c t

Metal-based  coordination  compounds  have  been  used  throughout  the  history  of  human

medicine  to  treat  various  diseases,  including  cancer.  Since  the  discovery  of  cisplatin  in  1965,

a great  number  of  metal  coordination  complexes,  such  as platinum,  ruthenium,  gold  or

copper  have  been  designed,  synthesized  and  tested  in  order  to  develop  clinically  effective

and  safe  drugs.  Currently,  many  reviews  cover  applications  of  cytostatic  metal  complexes

pointing  out  the  most  promising  examples  of  platinum-  and  non-platinum-based  com-

pounds  in  preclinical  and  clinical  trials.  However,  recent  comprehensive  reviews  covering

chemical  and  biological  aspects  of  metal-based  coordination  compounds  in  cancer  therapy

are  still  rare.  In  this  review  we  wish  to  provide  an  overview  of  the  coordination  chemistry  of

current  and  novel  cytostatic  compounds,  including  an  outline  of  their  design  and  rationale

of  synthesis,  and  summarize  bio-chemical  reactivity  and  physicochemical  properties  of

candidate  metal  complexes.
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decreasing  therapeutic  effectivity.  Moreover,  in  many  cancers,
tumour  cells  may  acquire  resistance  to  the  metal-based
cytotoxic  therapy  resulting  in  virtually  incurable  relapsing
disease  (Desoize,  2004).

In  the  last  15 years,  a great  effort  has  been  dedicated  to  the
development  of  more  effective  and  less  toxic  drugs.  Various  new
trans-platinum(II)  and  platinum(IV)  complexes  have  been
synthesized,  and  some  of  them  have  been  selected  for  clinical
trials  (Kelland  et  al.,  1999), but  with  varying  effectivity  and
safety.  Therefore,  less  toxic  metals,  such  as ruthenium,  gold  or
copper  were  introduced  as promising  candidates  for  effective
and  safe  therapy  (Tiekink,  2002; Clarke,  2002; Marzano  et  al.,
2009; Nobili  et  al.,  2010). Various  reviews  have  been  published  on
the  use  of  metal  complexes  as anticancer  agents,  with  the  intent
to  give  an  overview  of  the  proposed  approaches  concerning  the
application  of  these  systems  in  clinical  practice  (Tiekink,  2002;
Boulikas  et  al.,  2007; Milacic  et  al.,  2008; Bruijnincx  and  Sadler,
2008; Todd  and  Lippard,  2009; Vilmar  and  Sørensen,  2009;
Esteban-Fernández  et  al.,  2010; Tisato  et  al.,  2010; Wang  and  von
Recum,  2011; Beija  et  al.,  2012; Babu  et  al.,  2013; Maldonado  et  al.,
2013; Sukumar  et  al.,  2013; Cao-Milán  and  Liz-Marzán,  2014;
Mjos  and  Orvig,  2014; Muhammad  and  Guo, 2014; Petrelli  et  al.,
2014). However,  the  majority  of  the  available  reviews  point  out
the  most  relevant  examples  of  platinum-  or  non-platinum-
based  compounds,  eventually  focusing  on  one  particular  metal
ion  or  making  a compendium  on  two  or  more  metal  ions.  The
aim  of  this  review  is  to  bridge  a gap  by  summarizing  on  historical
background,  novel  trends  in  synthesis  of  new  metal  complexes
with  antiproliferative  effects  and  to  describe  their  chemical
reactivity,  pharmacokinetic  properties  and  interactions  in  the
biological  and  biomedical  context.

Platinum-based  complexes

Platinum(II)  complexes

Cisplatin  and transplatin
Diamminedichloroplatinum(II)  is  a complex  with  square
planar  geometry  and  two  possible  cis and  trans  geometrical
isomers,  cisplatin  and  transplatin  (Fig. 2).

Cisplatin  has  been  a � rst-line  therapy  in  many  cancers  and
nowadays  is  used  either  alone  or  in  combination  with  other
compounds  in  many  cancers,  e.g. testicular,  ovarian  or  bladder
cancers  or  leukaemias.  Due  to  low  chemical  stability  of
cisplatin,  the  direct  intravenous  administration  is  preferred
over  the  other  forms.  In  the  blood  stream,  cisplatin  rapidly
interacts  with  plasma  proteins  such  as human  serum  albumin
(HSA), haemoglobin  (Hb) or  transferrin  (Tf)  (Rudnev  et  al.,  2005)
and  24 h  after  administration,  95% of  cisplatin  is  bound  to
plasma  proteins  (Sooriyaarachchi  et  al.,  2011). Cisplatin  is
widely  distributed  into  body  � uids  and  tissues,  reaching
the  highest  concentrations  in  kidneys  (0.4–2.9 mg/g), liver
(0.5–3.7 mg/g  wet  weight),  and  prostate  (1.6–3.6 mg/g). Minor
concentration  levels  can  be found  in  muscles,  bladder,  testes,
pancreas,  and  spleen  (Stewart  et  al.,  1982). Penetrance  of
cisplatin  into  tumour  tissue  differs  in  different  cancers.
However,  the  concentration  of  cisplatin  and  its  analogues
positively  correlates  with  reduction  of  tumour  mass  and
clinical  parameters,  such  as recurrence  free  and  overall
survival,  e.g. in  non-small-cell  lung  cancer  (Kim  et  al.,  2012).

Cisplatin  enters  the  cells  either  passively  by  a simple
diffusion  or  by  active  protein-mediated  transport  systems,  e.g.
human  organic  cation  transporter  (hOCT2) and  the  copper
transport  protein  (Ctr1)  (Ishida  et  al.,  2002; Song et  al.,  2004;
Burger  et  al.,  2010). In  cytoplasm,  cisplatin  is  hydrolysed  and
one  of  the  two  chloride  ligands  is  displaced  by  a water
molecule  to  form  the  [PtCl(H2O)(NH3)2]+ species,  allowing  for
the  binding  of  the  platinum  ion  to  DNA  bases, especially  in  the
N7 position  of  guanine  and  adenine  and  the  N3 of  cytosine,
forming  the  monofunctional  adduct  [PtCl(DNA)(NH 3)2]+. The
second  chloride  ligand  can  be displaced  by  a water  molecule  to

Fig.  1 – Historical  overview  of  the  cytotoxic  metal  and  metalloid  complexes  that  have  been  approved  or  entered  the  clinical
practice.

Fig.  2 – Structures  of  the  cis (a) and  trans  (b) isomers  of
diamminedichloroplatinum(II),  the  cisplatin  and
transplatin,  respectively.
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form  the  adduct  [Pt(H2O)(DNA)(NH 3)2]2+. These  species  may
re-interact  with  DNA  by  crosslinking  forming  a bifunctional
adduct  (Alderden  et  al.,  2006) (Fig. 3) and  trigger  programmed
cell  death.

Several  modes  of  cisplatin  crosslinking  with  DNA  have
been  proposed  (Trzaska,  2005). The  main  adducts  with  DNA
form  1,2-intrastrand  cross-links  with  two  adjacent  guanines
(1,2-d(GpG)) and  1,2-intrastrand  cross-links  with  an  adenine
and  an  adjacent  guanine  (1,2-d(ApG))  (Jamieson  and  Lippard,
1999). The  adducts  1,2-d(GpG) are  supposed  to  be responsible
for  the  cytotoxic  activity  of  the  drug  (Todd  and  Lippard,  2009).
Minor  adducts  are  1,3-intrastrand  cross-links  formed  with
nonadjacent  guanines  and  interstrand  adducts.

In  contrast  to  cisplatin,  the  trans  isomer  of  the  diammine-
dichloroplatinum(II),  transplatin,  shows  only  mild  cytotoxic
activity.  This  could  be explained  by  different  way  of  formation
of  DNA  adducts.  The  interstrand  cross-links  between  guanine
and  cytosine  are  formed  by  both  isomers,  while  the  1,2-
intrastrand  cross-links  are  prevented  by  the  geometry  in  the
case of  transplatin  (Bernal-Méndez  et  al.,  1997). In  addition,  the
conversion  of  the  monofunctional  adducts  into  the  bifunc-
tional  ones  occurs  particularly  slowly  for  transplatin.  In  fact,

after  24 h,  the  majority  of  DNA  adducts  formed  by  transplatin
are  still  monofunctional  (Bernal-Méndez  et  al.,  1997). The
difference  between  cytotoxic  effects  of  cisplatin  and  transpla-
tin  is  therefore  in  the  formation  of  the  1,2-intrastrand
bifunctional  adduct  and  in  the  fast  conversion  rate  of  the
monofunctional  adduct  into  the  bifunctional  one.

Other cis-Pt complexes
Because of  the  cisplatin  success  in  clinical  therapy,  various
new  cis-Pt(II)  complexes  have  been  synthesized  by  substitu-
tion  of  either  chlorine  or  ammonia  ligands  with  different
structures.  Up  to  now,  only  carboplatin  and  oxaliplatin,  have
shown  better  performance  than  cisplatin  in  some  types  of
cancers,  and  their  use  has  been  approved  worldwide.

The  promising  compound  named  picoplatin  (cis-amine-
dichloro-(2-methylpyridine)-Pt(II))  (Fig. 4) has  been  introduced
for  the  treatment  of  patients  with  solid  tumours,  and  its
clinical  trials  started  in  1997 (Kelland,  2007a; Wheate  et  al.,
2010). Picoplatin  has  a marked  steric  bulk  around  the  platinum
ion  that  reduces  its  inactivation  by  thiol-containing  species.  Its
cytotoxic  activity  is  due  to  the  interaction  with  DNA  that  leads
mainly  to  the  formation  of  intrastrand  adducts.  Picoplatin  was
found  to  be active  against  cisplatin-  and  oxaliplatin-resistant
cell  lines  (Kelland,  2007b). When  used  as single  agent  its  main
dose-limiting  side  effect  is  myelosuppression.  However,  phase
III  trials  did  not  con � rm  the  previous  promising  results  in  the
treatment  of  small-cell  lung  cancer  and  new  trials  are  not
currently  planned  (Lopez-Chavez  and  Sandler,  2012; Hamilton
and  Olszewski,  2013).

Recently,  cis-Pt(II)  complexes  has  been  reconsidered  and
used  as a scaffold  for  biologically  active  ligands.  One  example
is  the  complex  cis-[Pt(NH 3)2(L)Cl] (L = 3-aza-5H-phenanthridin-
6-one)  which  contains  a poly(ADP-ribose)  polymerase  (PARP-1)
inhibitor  as (B. Wang  et  al.,  2014a). PARP-1 is  a poly  (ADP-
ribose)  polymerase  involved  in  DNA  replication,  damage
repair,  and  transcriptional  regulation.  After  DNA  damage,
the  activity  of  PARP-1 increases,  stimulating  the  response  of
DNA-damage  repairing  proteins.  This  platinum  complex
exhibits  increased  activity  and  enhanced  solubility  with
respect  to  those  of  the  free  inhibitor.

Other  cis-Pt(II)  compounds  conjugated  with  side-directing
molecules  have  been  introduced  with  the  aim  to  increase  their
selectivity.  Analogues  of  cisplatin,  carboplatin  and  oxaliplatin
have  been  prepared  with  estrogens-like  compounds  in  order  to
increase  selectivity  towards  hormone-dependent  breast,
ovarian  and  uterine  tumours  (Descôteaux  et  al.,  2003, 2008;
Saha et  al.,  2012). The  estrogens-derived  cisplatin  and
carboplatin  ligands  possess  a high  af � nity  for  the  oestrogen

Fig.  3 – Scheme  of  the  reaction  pathway  leading  to  the
formation  of  adducts  between  cisplatin  (a) and  DNA.  One
chloride  ligand  is  displaced  by  water  to  form  the  aqua-
complex  [PtCl(H2O)(NH3)2]+ (b) which  interacts  with  DNA
forming  the  monofunctional  adduct  [PtCl(DNA)(NH 3)2]+ (c).
This  last  might  exchange  the  chloride  ligand  with  one
molecule  of  water  forming  the  hydrated  monofunctional
adduct  [Pt(H2O)(DNA)(NH3)2]2+ (d). Both  the  monofunctional
adduct  (c) and  its  hydrated  form  (d) lead  to  the  formation  of
the  bifunctional  adduct  [Pt(H2O)(DNA)(NH3)2]2+ (e).

Fig.  4 – Structure  of  picoplatin  (cis-amine-dichloro-(2-
methylpyridine)-Pt(II)).
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receptor  a (ERa) and  improved  cytotoxic  activity.  Interestingly,
the  cisplatin  analogues  show  a better  tumour  regression  than
cisplatin  alone  in  human  breast  cancer  estrogens-receptor
positive  mouse  xenograft  model  (Themsche  et  al.,  2009).
However,  the  substitution  of  cisplatin  ligands  has  not
extended  signi � cantly  the  range  of  applicability  of  plati-
num-based  drugs  in  cisplatin-resistant  cancers  probably
because  of  the  use  of  only  one  structural  motif  (Quiroga,
2012). Therefore,  the  research  focused  on  platinum  complexes
with  different  geometry  (e.g., trans-Pt(II)  complexes)  and
oxidation  state  (e.g., Pt(IV)  complexes).

Other trans-Pt  complexes
Beside  the  low  cytotoxic  ef � cacy  of  transplatin,  other  trans-Pt
(II)  compounds  with  substituents  different  from  ammonia
have  shown  cytotoxic  activity  equal  or  higher  than  that  of
cisplatin.  The  cytotoxic  effect  induced  by  such  complexes
might  be due  to  the  formation  of  monofunctional  adducts  and
interstrand  crosslinking  with  DNA  as well  as to  the  interac-
tions  with  proteins.  The  biological  activity  of  these  complexes
appears  related  to  the  steric  hindrance  of  the  substituents
that  slow  down  the  displacement  of  the  chlorides  (Marzano
et  al.,  2010). Planar  amines  such  as pyridine,  quinoline,
isoquinoline  and  thiazole  were  � rstly  used  as substituents
(Aris  and  Farrell,  2009). The  � rst  trans-platinum  complex  with
marked  antitumor  ef � cacy  in  vivo  was  the  trans-ammine-
(cyclohexylamine)-dichloro-dihydroxo-Pt(IV)  (known  as
JM335) (Fig. 5a) which  combines  the  trans  geometry  with
the  higher  oxidation  state  of  the  metal  ion  (Kelland  et  al.,
1994). In  trans  platinum  complexes,  the  substituents  are
chosen  in  order  to  modulate  the  solubility  and  stability  in
aqueous  media.  For example,  the  use  of  ligands  containing
carboxylic  groups  leads  to  trans-platinum  complexes  stable
towards  hydrolysis  but  water  soluble  and  able  to  accumulate
in  cisplatin-resistant  cell  lines  (Quiroga  et  al.,  2005). Com-
plexes  containing  iminoethers  or  aliphatic  amines  in  place  of
planar  ones  were  found  active  in  cisplatin-resistant  cell  lines
(Aris  and  Farrell,  2009). Various  trans-[Pt(amine) 2(amidine) 2]
Cl2 compounds  with  four  N-ligands  bound  to  the  platinum
core  have  been  synthesized  (Fig. 5b) and  tested  with  relevant
results  against  a large  panel  of  human  cancer  cell  lines
(Marzano  et  al.,  2010). In  addition,  it  has  been  observed  that
the  size  of  the  substituents  and  the  cytotoxicity  of  the
resulting  molecule  are  directly  correlated.  The  cyclohexyl
derivative  appears,  in  fact,  as the  most  active.  In vivo  tests

against  Lewis  lung  carcinoma  show  a reduction  in  tumour
size  similar  to  that  achieved  using  cisplatin  (68 and  72%,
respectively)  but  without  the  side  effects  typical  of  this  last
one  (Marzano  et  al.,  2010). Recently,  the  class  of  trans-Pt(II)
compounds  has  been  extended  to  complexes  containing
iminothioether  ligands  with  general  formula  trans-[Pt{N(H)
= C(SEt)R}2Cl2] (R = Me,  Et, Ph, CH2Ph) (Fig. 5c). The  most  active
compound  of  such  series  is  the  trans-[Pt{N(H)  = C(SEt)
CH2Ph}2Cl2] that  shows  higher  cytotoxic  activity  than  cisplat-
in  against  a broad  panel  of  human  solid  tumour  cell  lines
(Sgarbossa  et  al.,  2013). The  aforementioned  complexes  are
active  against  cisplatin-resistant  and  Multi  Drug  Resistance
(MDR) cell  lines.  The  MDR phenomenon  occurs  when  the
acquired  resistance  to  a speci � c drug  causes  resistance  to
other  drugs,  even  not  chemically  related.

Another  interesting  example  is  the  family  of  trans-Pt(II)
complexes  with  sulphonamide  ligands.  This  class  of  com-
pounds  shows  antitumor  activity  against  cisplatin-resistant
cell  lines  of  cervix  adenocarcinoma,  ovarian  carcinoma  and
ductal  breast  epithelial  tumour  (Pérez et  al.,  2014).

Platinum(IV)  complexes

Complexes  of  Pt(IV)  are  thermodynamically  stable,  kinetically
inert  and  diamagnetic.  The  metal  ion  is  hexa-coordinated  and
its  complexes  have  octahedral  geometry.  The  biological
properties  of  such  complexes  can  be � nely  tuned  thanks  to
the  six  coordination  sites  available.

Despite  some  contradictory  results  (Khokhar  et  al.,  1993;
Talman  et  al.,  1998), it  is  now  widely  accepted  that  the
antitumor  activity  of  Pt(IV)  complexes  is  due  to  their  reduction
to  Pt(II)  analogues.  It  was  experimentally  observed  that  DNA-
binding  activity  of  Pt(IV)  complexes  is  increased  in  presence  of
some  intracellular  reductants  (Choi  et  al.,  1998), and  Pt(IV)
complexes  are  reduced  by  various  biomolecules  present  in
blood  and  cells.  Pt(IV)  complexes  also  show  lower  chemical
reactivity  in  comparison  to  their  Pt(II)  counterparts.  These
� ndings  suggest  that  Pt(IV)  compounds  undergo  reduction
prior  getting  a cytotoxic  activity.  Physiologically,  these  Pt(IV)
complexes  are  reduced  by  biomolecules  such  as glutathione
(GSH), methionine,  cysteine,  metallothioneins,  serum  albu-
min,  ascorbate,  DNA  nucleobases,  nucleotides  and  their
analogues.  Depending  on  the  reduction  potential  of  the  Pt
(IV) complex,  the  reduction  may  occur  into  the  bloodstream
instead  of  within  the  cells,  giving  rise  to  side-reactions  that
lead  to  systemic  toxicity  (Hall  and  Hambley,  2002). The
reduction  rate  of  the  Pt(IV)  complexes  increases  by  using
bulky  equatorial  and  axial  electron-withdrawing  ligands  (Choi
et  al.,  1998). Besides,  the  reduction  rate  may  be also  in � uenced
from  the  low  kinetics  of  axial  ligand  dissociation  in  Pt(IV)
complexes  (Wong  and  Giandomenico,  1999).

The  cellular  uptake  of  Pt(IV)  complexes  is  higher  than  that
of  Pt(II)  ones.  This  has  been  correlated  with  their  higher
lipophilicity  which  facilitates  their  passive  diffusion  into  the
cells.  This  could  be also  an  explanation  for  their  ef� cacy
against  some  cisplatin  resistant  cancer  cell  lines  (Hall  and
Hambley,  2002). However,  the  in  vivo  reduction  of  the  Pt(IV)
complex  is  accompanied  by  the  loss  of  the  axial  ligands,  and
the  resulting  compound  may  show  a lower  activity  due  to
decreased  lipophilicity  (Hall  and  Hambley,  2002).

Fig.  5 – Structures  of  trans -ammine-(cyclohexylamine)-
dichloro-dihydroxo-Pt(IV)  (JM335) (a), trans -[Pt
(amine) 2(amidine) 2]Cl2 complex  (b) and  trans -[Pt{N(H)  = C
(SEt)R}2Cl2] (R = Me,  Et, Ph,  CH2Ph) complexes  (c).
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Satraplatin
Satraplatin  (bis-acetate-amine-dichloro-cyclohexylamine-Pt
(IV)) (Fig. 6a), also  known  as JM216, is  a drug  for  oral
administration  containing  two  acetate  ligands  that  increase
the  lipophilicity  of  the  compound.  In  the  bloodstream  it  is
reduced  with  consequent  loss  of  the  two  acetate  ligands,
forming  its  main  metabolite  labelled  JM118. This  compound
unwinds  DNA  and  induces  apoptosis.  Unlike  cisplatin  and
carboplatin,  the  DNA  adducts  formed  by  satraplatin  are  not
detected  by  DNA  mismatch  repair  proteins  (Fink  et  al.,  1996).
Satraplatin  is  active  against  some  cancers  that  show  acquired
resistance  to  cisplatin,  thanks  to  its  higher  in � ux  and  reduced
DNA-repair  (Fokkema  et  al.,  2002; Kelland,  2007b). Clinical
trials  using  satraplatin  for  the  treatment  of  advanced  prostate
cancer  documented,  however,  only  mild  recurrence-free
survival,  but  without  overall  survival  bene � ts  (Bhargava  and
Vaishampayan,  2009). In  addition,  it  has  been  proposed  for  the
treatment  of  non-small  cell  lung,  and  squamous  head  and
neck  cancers  (Wong  and  Ang,  2012).

Besides  satraplatin,  other  two  Pt(IV)  complexes  have  been
tested  in  clinical  trials:  iproplatin  and  tetraplatin.  The
iproplatin,  [Pt(isopropylamine) 2(OH)2(Cl)2] (Fig. 6b), has  been
extensively  studied  in  phases  I,  II,  and  III  trials  for  the
treatment  of  a wide  range  of  cancers,  with  lower  ef� cacy  than
cisplatin  and  some  cases of  toxic  death  were  reported  (Clavel
et  al.,  1988). The  tetraplatin,  [Pt(trans-1,2-diaminocyclohexane)
Cl4], also  known  as ormaplatin  (Fig. 6c), shows  a good  cytotoxic
activity  both  in  vitro  and  in  vivo, but  severe  neurotoxicity
observed  in  phase  I  trials  prevents  further  clinical  applications
(Boulikas  et  al.,  2007).

A different  approach  is  to  combine  a cytotoxic  metal
compound  with  biologically  active  molecules.  It  is  possible  to
prepare  Pt(IV)  platinum  complex  with  small  molecular
inhibitors  of  enzymes  that  inactivate  platinum  complexes  in
resistant  cells.  Ethacrynic  acid  is  an  inhibitor  of  glutathione-S-
transferase  (GST) which  catalyses  the  reaction  of  cisplatin  with
glutathione  (Ang  et  al.,  2011). Overexpression  of  GST enzyme

has  been  reported  in  cisplatin-resistant  cell  lines  and  the  GST
inhibitors  have  already  been  used  in  combination  with  other
drugs  in  anticancer  therapy.  The  GST inhibition  induced  by  the
Pt(IV)  complex  containing  ethacrynic  acid  (Fig. 6d) is  more
effective  than  that  induced  by  the  ethacrynic  acid  alone.  In
addition,  it  shows  cytotoxic  activity  higher  than  that  of
cisplatin  in  the  � rst  24 h  and  equal  to  that  of  cisplatin  after
72 h.  The  high  GST inhibition  shown  by  the  complex  has  been
attributed  to  its  covalent  binding  to  the  enzyme  and  subse-
quent  binding  of  ethacrynate  ligands  at  the  active  sites  (Parker
et  al.,  2011).

Polynuclear platinum  complexes

Polynuclear  platinum  complexes  containing  aliphatic  amines
as bridging  linkers  have  been  designed  with  the  intent  to
overcome  drug  resistance.  They  react  rapidly  with  DNA
forming  long-range  interstrand  and  intrastrand  cross-links
(Wong  and  Giandomenico,  1999; Wang  and  Guo, 2008). Some  of
them  have  been  found  to  be active  even  against  cisplatin-
resistant  cells.

The  triplatin  tetranitrate  or  dichloro-hexamine-bis( m-1,6-
hexane-1,6-diamine)-tri-Pt(II),  known  as BBR3464 (Fig. 7a), is  a
multiply  charged  (+4) trinuclear  complex  that  interacts  with
DNA  by  forming  1,4-intrastrand  and  1,4-interstrand  cross-
links  that  cannot  be repaired  by  the  excision  repair  mecha-
nism.  The  cytotoxic  activity  of  the  drug  is  due  to  the  long  life  of
the  intra-  and  interstrand  cross-links  (Kasparkova  et  al.,  2002).
The  BBR3464 shows  no  cross-resistance  in  cisplatin-resistant
cell  lines  (Perego et  al.,  1999), but  phase  II  trials  were  not
convincing  (Wheate  et  al.,  2010). Its  lack  of  activity  is  probably
due  to  the  binding  with  plasma  proteins  that  results  in  drug
deactivation.  Among  trinuclear  Pt(II)  complexes,  the  [{trans-Pt
(NH3)2(NH2(CH2)6(NH3

+))}2-m-{trans-Pt(NH 3)2(NH2(CH2)6NH2)2}]8
+ (Fig. 7b) shows  a peculiar  interaction  with  DNA.  In  fact,  it
binds  via  hydrogen  bond  to  the  oxygen  atoms  of  the  phosphate
groups  on  the  DNA  backbone.  This  complex  has  been
presented  as the  � rst  example  of  a non-covalent  platinum
compound  with  cytotoxicity  equivalent  to  that  of  cisplatin
(Komeda  et  al.,  2006). Polynuclear  complexes  with  rigid
bridging  ligands  such  as aromatic  compounds  and  with  more
� exible  linkers  like  4,4-methylenedianiline  have  been  devel-
oped  (Mlcouskova  et  al.,  2012; Zerzankova  et  al.,  2010; Olivova
et  al.,  2012). The  substitution  of  chloride  ligands  with
alkylcarboxylates  leads  to  a class  of  polynuclear  complexes
with  increased  stability  and  reduced  ability  to  bind  plasma
proteins  with  respect  to  BBR3464. Among  these  compounds,
dinuclear  platinum  complex  CT-47463 (Fig. 7c) possesses  a
cytotoxic  activity  against  cisplatin-resistant  ovarian  and
squamous  cell  carcinoma,  and  osteosarcoma  human  cell
lines  with  IC50 (i.e., drug  concentration  required  for  50%
inhibition  of  cell  growth)  of  0.003, 0.77 and  0.041 mM  (Gatti
et  al.,  2009). The  CT-47463 inhibits  tumour  growth  in
platinum-resistant  human  ovarian  carcinoma  xenograft  by
80% (Barry  and  Sadler,  2013).

Platinum  drugs  approved  for  clinical  practice

Despite  the  huge  number  of  platinum  complexes  synthe-
sized  up  to  now,  less  than  30 have  reached  the  human

Fig.  6 – Structures  of  satraplatin  (a), tetraplatin  (or
ormaplatin)  (b), iproplatin  (c) and  Pt(IV)  complex  containing
ethacrynic  acid  as ligand  (d).
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experimentation.  Among  them,  only  cisplatin,  carboplatin,
and  oxaliplatin  have  been  approved  worldwide  for  clinical
use.  Nedaplatin,  heptaplatin,  and  lobaplatin  have  been
approved  only  in  Japan, China,  and  South  Korea,  respective-
ly.  Other  drugs  previously  tested  have  evidenced  severe
side-effects  or  lack  of  activity  in  phase  I  or  II  trials,  and  their
development  has  been  abandoned  (Wheate  et  al.,  2010).
Recently,  satraplatin  and  picoplatin  development  has  been
stopped  as well  (Hamilton  and  Olszewski,  2013).

Carboplatin
Carboplatin  (cis-diamine(1,1-cyclobutanedicarboxylato)-Pt(II))
(Fig. 8a) is  the  � rst  cisplatin  derivative  used  in  clinical  therapy.
In  this  complex,  the  metal  ion  is  coordinated  by  a bidentate

dicarboxylic  ligand.  Because the  carboxylate  group  is  more
stable  than  the  chloride,  carboplatin  exhibits  lower  reactivity
and  slower  DNA  binding  kinetics.  Within  the  cellular  envi-
ronment  it  forms  the  same  DNA  adducts  formed  by  cisplatin,
but  with  a product  pro � le  noticeably  different  (Blommaert
et  al.,  1995). The  major  carboplatin  adduct  identi � ed is  the  cis-
[Pt(NH 3)2(dG)2] (40%). Minor  products  are  1,2-d(GpG) (30%), 1,2-
d(ApG)  (16%), and  a small  number  of  interstrand  cross-links  (3–
4%), together  with  monofunctional  adducts.  The  lower
reactivity  of  carboplatin  results  also  in  less  toxicity  for  urinary
and  gastrointestinal  tract,  when  compared  to  cisplatin  (Kel-
land,  2007a). The  dose-limiting  toxicity  (e.g., adverse  side-
effects)  is  myelosuppression  (Calvert  et  al.,  1982). Despite
many  studies  have  shown  that  carboplatin  and  cisplatin
present  the  same  cytotoxic  activity,  carboplatin  has  success-
fully  replaced  cisplatin  in  the  treatment  of  some  kinds  of
cancers,  such  as advanced,  metastasized  or  recurrent  non-
small  cell  lung,  and  advanced  or  recurrent  ovarian  cancer  (see
www.cancer.gov ). Moreover,  the  lower  toxicity  allows  the  use
of  higher  doses  and  the  prolongation  of  treatment  time
(Lebwohl  and  Canetta,  1998). However,  carboplatin  does  not
overcome  the  problem  of  drug  resistance  due  to  the  cross-
resistance  with  cisplatin  (Desoize,  2004).

Oxaliplatin
Oxaliplatin  (1R,2R-diaminocyclohexane-oxalate  Pt(II))  (Fig. 8b)
is  now  used  for  the  treatment  of  cancers  resistant  to  other
platinum  drugs,  particularly  in  colorectal  cancer.  It  is  typically
administered  with  � uorouracil  and  leucovorin  in  a combina-
tion  known  as FOLFOX (Maindrault-Goebel  et  al.,  1999;
Desoize,  2004). In  oxaliplatin,  the  metal  ion  is  coordinated
by  1,2-diaminocyclohexane  and  oxalate  ligands.  The  cytotoxic
activity  of  this  drug  arises  from  the  inhibition  of  DNA  synthesis
in  cancer  cells.  In  fact,  it  forms  both  inter-  and  intrastrand
cross  links  in  DNA,  preventing  DNA  replication  and  transcrip-
tion,  and  triggering  cell  death  (Graham  et  al.,  2004). Oxaliplatin
does  not  show  cross-resistance  with  other  platinum  drugs
because  it  binds  DNA  differently  than  cisplatin,  and  the
resulting  adducts  are  not  recognized  by  the  DNA  mismatch
repair  proteins  (Fink  et  al.,  1996). Also,  it  seems  that  no
interaction  with  the  copper  transporter  CTR1 occurs,  and  this
prevents  its  ef� ux  outside  the  cell  in  some  kinds  of  cisplatin-
resistant  cancers  (Holzer  et  al.,  2006). Oxaliplatin  is  less  toxic
than  cisplatin  but  its  dose-limiting  toxicity  is  associated  with  a
not  predictable  occurrence  of  sensory  neuropathy.

Nedaplatin
Nedaplatin  (diamine(1,2-(O,O')-2-hydroxyacetato)-Pt(II))  (Fig. 8c)
is  a second-generation  cisplatin  analogue.  This  drug  was
developed  with  the  aim  to  avoid  the  nephrotoxicity  and
gastrotoxicity  of  cisplatin  while  maintaining  the  same
ef� cacy  (Mabuchi  and  Kimura,  2010). It  presents  two  ammo-
nia  and  a glycolate  ligand  which  forms  a � ve-membered  ring
with  the  platinum  ion.  The  water  solubility  of  nedaplatin  is
ten  times  higher  than  that  of  cisplatin.  It  is  actually  less
nephrotoxic  than  cisplatin  and  carboplatin  (Alberto  et  al.,
2009; Kuwahara,  2009), presenting  anticancer  activity  com-
parable  to  that  of  cisplatin  (Kawai  et  al.,  2005; Alberto  et  al.,
2009). Nedaplatin  interacts  with  DNA  forming  mainly  inter-
strand  cross-links.  It  reacts  with  GSH and  metallothioneins  in

Fig.  7 – Structures  of  BBR3464 (a), [{trans-Pt
(NH3)2(NH2(CH2)6(NH3

+))}2-m-{trans-Pt
(NH3)2(NH2(CH2)6NH2)2}]8+ (b) and  CT-47463  (c).

Fig.  8 – Overview  of  platinum-based  drugs  used  in  clinical
practice:  carboplatin  (a), oxaliplatin  (b), nedaplatin  (c),
lobaplatin  (d) and  heptaplatin  (e).
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minor  extent  because  of  the  presence  of  the  � ve-membered
ring  which  prevents  the  binding  to  the  platinum  core.
Nedaplatin  can  cause  thrombocytopenia  and  also  nephro-
toxicity  in  absence  of  a pre-  and  post-treatment  hydration.  Its
ef � cacy  is  not  higher  than  that  of  cisplatin,  but  it  has  been
proved  to  be less  toxic  for  kidneys,  gastrointestinal  tract,  and
nervous  system.  It  is  currently  registered  in  Japan for  the
treatment  of  head  and  neck,  testicular,  lung,  ovarian,  cervical,
and  non-small-cell  lung  cancer  (Wheate  et  al.,  2010). Clinical
trials  are  ongoing  for  the  use  of  nedaplatin  in  different
schedules,  in  particular  in  combination  with  other  drugs
(Oshita  et  al.,  2004; Gong  et  al.,  2009; Kurita  et  al.,  2010), against
non-small-cell  lung,  cervical,  oesophageal,  testicular,  and
head  and  neck  cancers.

Lobaplatin
In  lobaplatin  (1,2-diaminomethyl-cyclobutane-lactate-Pt(II))
(Fig. 8d), the  Pt(II)  ion  is  coordinated  by  the  nitrogen  atoms
of  a 1,2-diaminomethyl-cyclobutane  and  by  one  molecule  of
lactic  acid.  Lobaplatin  binds  DNA  preferentially  at  guanine
residues,  forming  mainly  intrastrand  cross-links,  and  in
parallel  probably  inhibits  the  DNA  and  RNA polymerases.
Lobaplatin  shows  in  vitro  cytotoxic  activity  against  a wide
range  of  cancer  cell  lines,  including  some  cisplatin  and
carboplatin  resistant  ones  (McKeage,  2001). In  clinical  trials
the  dose-limiting  side-effect  was  found  to  be thrombocytope-
nia  (Gietema  et  al.,  1993). Lobaplatin  has  been  approved  in
China  for  the  treatment  of  chronic  myeloid  leukaemia,  and
inoperable  metastatic  small-cell  lung  and  breast  cancers.
Phase II  clinical  trials  have  been  also  completed  in  other
countries  such  as USA, Australia,  Europe,  Brazil,  and  South
Africa  for  the  treatment  of  breast,  oesophageal,  lung,  and
ovarian  cancers,  and  chronic  myelogenous  leukaemia  (Bouli-
kas  et  al.,  2007). Despite  the  lack  of  cross-resistance  estab-
lished  in  vitro , in  a clinical  trial  lobaplatin  has  shown  no
activity  against  a cisplatin-resistant  form  of  ovarian  cancer
(Kavanagh  et  al.,  1995).

Heptaplatin
Heptaplatin  (2-(1-methylethyl)-1,3-dioxolane-4,5-dimetha-
namine-[N,N 0][propanedioato-O,O']-Pt(II))  (Fig. 8e) has  been
proposed  for  the  treatment  of  gastric  cancers  and  was
approved  for  clinical  therapy  in  South  Korea.  It  is  a Pt(II)
square  planar  complex  with  a malonato  ligand  as leaving
group  and  a dimethanamine-1,3-dioxolane  derivative.  It  has
been  designed  to  have  higher  antitumor  activity  and  lower
toxicity  with  respect  to  cisplatin.  It  shows  activity  in  vitro  and
in  human  tumour  xenografts  against  different  types  of
cisplatin-resistant  tumours  (Kim  et  al.,  1995). The  activity
of  heptaplatin  on  cisplatin-resistant  cell  lines  is  partially  due
to  a major  resistance  to  deactivation  by  metallothioneins
(Choi  et  al.,  2004). Nephrotoxicity,  hepatotoxicity,  and
myelosuppression  are  its  dose-limiting  side-effects.  The
toxicity  of  heptaplatin  has  been  con � rmed  to  be lower  than
that  of  cisplatin  as supposed  by  its  developers  but  it  does  not
present  a higher  cytotoxic  activity,  at  least  in  advanced
gastric  adenocarcinoma  and  small-cell  lung  cancer
(Kim  et  al.,  1999; Zang  et  al.,  1999). Currently,  heptaplatin
is  used  for  the  treatment  of  advanced  gastric  and  lung
cancers  (Graf  et  al.,  2012).

Overcoming  of  platinum  resistance  – lessons  from
the  ‘‘ omics ’’

Any  cytostatic  treatment  reducing  a tumour  mass  induces  a
selection  pressure  on  proliferating  cancer  cells.  Cells  that
survive  are  either  slow-cycling,  quiescent  or  those  that
acquired  resistance  to  the  cytostatic  drug.  Generally,  metal-
based  compounds,  such  as cisplatin,  induce  programmed  cell
death  by  DNA  damage  or  interactions  with  other  cytoplasmic
targets.  However,  the  cell  response  triggered  by  cytotoxic
compounds  is  highly  dependent  on  cancer  type  and  its
particular  genetic  and  epigenetic  context.  Genes affecting
the  therapeutic  effectivity  are  remarkably  diverse,  coding  for
membrane  transporters,  DNA  damage  response  machinery,
detoxi � cation  enzymes  or  programmed  cell  death  effectors,
affecting  greatly  the  results  of  the  therapy  (Scanlon  et  al.,  1989;
Andrews  and  Howell,  1990) (Fig. 9). However,  plethora  of  other
genes,  involved  in  many  aspects  of  cell  life,  increase  the
enormous  complexity  of  mechanism  of  action  of  individual
coordination  compounds  in  cancer  cells.

Progress  in  development  of  global  gene  expression  tech-
niques  enabled  deeper  and  complex  understanding  of  devel-
opment  of  resistance  or  even  cross-resistance.  The  classical
proteomic  approaches  identi � ed tens  or  hundreds  of  proteins
differentially  expressed  in  cisplatin-resistant  and  sensitive
cancers.  Interestingly,  these  proteins  fall  into  virtually  all
functional  families  in  human  proteome,  ranging  from  tran-
scription  factors,  splicing  and  translation  machinery,  cyto-
skeleton,  junction  proteins  to  signalling  pathways  to
microsomal  metabolic  and  detoxication  enzymes,  mitochon-
drial  respiration  proteins  or  cell  cycle  (Stewart  et  al.,  2006).
Next  generation  sequencing  (NGS) is  suf � ciently  robust  to
address  the  expression  complexity  in  various  cancer  types  and
models.  NGS-based  whole  exon  sequencing,  mRNA  sequenc-
ing,  miRNA  quanti � cation  or  global  analysis  of  single  nucleo-
tide  polymorphisms  (SNPs) can  provide  a multidimensional
alteration  landscape  that  can  determine  the  effect  of  cytotoxic
drugs  (Roukos  et  al.,  2012). NGS was  used  to  identify  and
quantify  individual  mRNAs  in  cell  line  models  of  ovarian
cancer  chemoresistance,  indicating  that  expression  of  more
2500 genes  is  altered  in  cisplatin-sensitive  and  resistant  cancer
cells  (Li  et  al.,  2013). Further  integration  of  global  gene
expression  data,  miRNA  and  SNPs into  quantitative  trait  loci
(QTLs) allowed  for  identi � cation  of  functional  links,  e.g.
between  particular  SNPs (rs11138019), expression  of  miRNA
(miR30a),  activity  of  membrane  ef� ux  transporters  (ABCD2)
and  cisplatin  sensitivity  in  ovarian  cancer  (LaCroix  et  al.,  2014).
Recent  global  studies  focused  on  other  metal-based  cytotoxic
drugs,  e.g. copper  and  gold  that  speci � cally  targets  proteasome
and  metabolism  of  reactive  oxygen  species  (ROS) (Guidi  et  al.,
2012; Ng et  al.,  2014) or  ruthenium,  altering  the  general  cell
thioredoxin  system  (Guidi  et  al.,  2013). Particularly  relevant  are
the  recent  metallomic  studies  that  documented  a critical
impact  of  distribution  of  metal-based  drugs  in  tissues  in  vivo
and  three  dimensional  (3D) tissue-like  structures  in  vitro .
Encapsulation  of  cisplatin  in  nanocarriers  (Oberoi  et  al.,  2013)
or  modi � cation  of  tumour-speci � c antigens  (Dhar  et  al.,  2008)
improves  homing  to  the  tumour  lesion  and  stabilizes
concentration  of  the  cisplatin  in  the  vicinity  of  the  tumour.
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Zhang  et  al.  analysed  distribution  of  platinum  in  cisplatin-  and
platinum-anthraquinone  conjugate-treated  colon  cancer  3D
spheroids,  revealing  hotspots  of  platinum  accumulation  in
necrotic  foci,  often  responsible  for  tumour  relapse.  Exposition
of  such  foci  to  cytotoxic  concentrations  of  cytostatics  can
eliminate  quiescent  or  stem  cell  populations  (Zhang  et  al.,
2012). Moreover,  information  provided  by  integrative  global
approaches,  including  NGS, pharmacokinetic  analysis  and
metallomics,  can  even  serve  as a biomarker  tool  predicting  a
cancer  relapse  (Araujo  et  al.,  2014). In  summary,  the  integrative
approach  is  important  for  understanding  the  cell  responses  to
metal-based  compounds  and  overriding  the  cancer  chemore-
sistance.

Non-platinum  complexes

Despite  the  extensive  research  done  in  last  decades,  only
platinum-based  drugs  has  been  approved  for  clinical  practice.
Therefore,  the  possibility  to  replace  platinum  with  other  metal
ions  has  been  studied  in  order  to  obtain  new  complexes  with
low  systemic  toxicity  and  active  against  cancers  unresponsive
to  cisplatin.  The  rationale  behind  this  approach  is  that
complexes  based  on  other  metal  ions  may  act  on  different
targets  in  cells,  including  DNA,  enzymatic  pathways,  ROS or
mitochondria.  Moreover,  therapeutic  metal-based  complexes
may  mimic  endogenous  compounds  and  speci � cally  use
physiological  endocytic  pathways  to  increase  cytotoxic  effect
and  possibly  reduce  the  systemic  adverse  effects.

Ruthenium

Ruthenium(II)  forms  either  penta-  or  hexa-coordinated  com-
plexes,  while  ruthenium(III)  only  hexa-coordinated  ones.  Both

of  them  show  antitumor  activity,  but  Ru(III)  is  probably  in  vivo
� rst  reduced  to  Ru(II)  acting  rather  as a prodrug.  This  reduction
process  seems  to  be more  effective  in  hypoxic  tumour  tissues,
lacking  normal  oxygen  partial  pressure  (Clarke  et  al.,  1999;
Clarke,  2002; Spreckelmeyer  et  al.,  2014). The  reduction
process,  Ru(III)  !  Ru(II),  can  be reverted  in  presence  of
molecular  oxygen.  Generally,  Ru(II)  compounds  show  lower
systemic  toxicity  than  that  of  platinum  ones.  Interestingly,  Ru
(II)  is  bound  by  iron-binding  proteins  such  as transferrin  and
albumin,  leading  to  accumulation  of  Ru(II)  in  cancer  cells  by
highly  selective  iron  transport  mechanisms  and  reducing  the
concentration  of  the  free  complex  in  the  bloodstream
(Allardyce  et  al.,  2005).

Complexes  of  Ru(II)  with  arene  ligands  represent  the  most
studied  anticancer  ruthenium  compounds  because  of  their
amphiphilicity  and  a relatively  easy  tunability  of  their
properties.  In  these  complexes  the  metal  ion  represents  the
hydrophilic  part  while  the  arene  ligand  the  hydrophobic  one.
Cationic  arene-ruthenium  compounds  can  act  as cage for
molecules  containing  other  drugs  representing  an  interesting
strategy  for  the  development  of  synergic  anticancer  drugs
(Süss-Fink,  2010). Cytotoxic  activity  of  ruthenium  complexes  is
due  to  their  interaction  with  DNA  and  with  other  biological
targets  in � uencing  different  cellular  mechanisms  (Fig. 10). The
DNA  is  the  target  of  a family  of  ruthenium  compounds  with
general  formula  [Ru(h6-arene)(N,N 0)X]+ (X = Cl� or  I� , N,
N0= ethylenediamine  or  N-ethylethylenediamine).  Monofunc-
tional  and  bifunctional  adducts  with  DNA  are  formed  by
reaction  with  guanine  nucleobases.  These  Ru(II)  compounds
show  cytotoxic  activity  similar  to  that  of  carboplatin,  but  lower
than  that  exhibited  by  cisplatin  against  human  ovarian  cancer
cell  line  A2780 (Morris  et  al.,  2001). In  addition,  these  Ru(II)-
arene  compounds  do  not  present  cross-resistance  with
cisplatin  neither  in  vitro  nor  in  vivo  (Aird  et  al.,  2002). Among

Fig.  9 – Mechanism  of  cisplatin  resistance  in  cancer  cells  involves  the  reduced  cisplatin  influx  and  therefore  a decreased
intracellular  accumulation  of  the  drug,  a higher  enzymatic  deactivation,  an  increased  capacity  of  DNA  repair,  and  an
increased  cisplatin  efflux.
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Ru(II)-arene  complex  family,  the  most  interesting  compound  is
[Ru(biphenyl)(en)Cl]PF 6, named  as RM175 (Fig. 11a). RM175
binds  DNA  either  by  intercalation  through  the  aromatic  ligand
or  by  covalent  binding  with  the  metal  ion  (Hayward  et  al.,
2005). Anionic  acetylacetonate  (acac) derivatives  of  Ru(II)-
arene  may  be used  instead  of  ethylenediamine  with  enhanced
DNA  binding  capability  and  increased  extent  of  hydrolysis.
The  hydrolysis  appears  to  be a fundamental  step  for  the
activation  of  the  Ru(II)  complex.  The  [Ru(h6-p-cym)(acac)Cl]  ( p-
cym  = para-cymene)  compound  (Fig. 11b) can  undergo  the
rapid  hydrolysis  leading  to  the  loss  of  the  chloride  ligand.  The
resulting  species  is  then  able  to  bind  aminoacids,  guanine,  and
adenine  (Fernández  et  al.,  2004). In  addition  to  Ru(II),  Ru(III)
complexes  with  indazole  motifs  as ligands  also  show
interesting  antitumor  properties  due  to  DNA  interaction.
One  of  the  most  studied  Ru(III)  complexes  is  the  [Ru
(HIn) 2Cl4](H2In)  (HIn  = indazole)  (KP1019) (Fig. 11c), which

reacts  with  DNA  and  induces  apoptosis  via  the  intrinsic
mitochondrial  pathway,  being  accumulated  mainly  in  cell
nucleus  (Pongratz  et  al.,  2004; Hartinger  et  al.,  2006). Although
the  target  of  this  compound  is  the  same  of  platinum-based
drugs,  the  induced  DNA  lesions  are  different.  The  complex  [Ru
(HIn) 2Cl4](H2In)  shows  biological  activity  against  tumour  cell
lines  overexpressing  several  multidrug-resistance-associated
proteins  (multidrug  resistance  protein  1 MRP1, breast  cancer
resistance  protein  BCRP, and  lung  resistance  protein  LRP)
(Hartinger  et  al.,  2006). In  phase  I  trial  no  dose-limiting  toxicity
has  been  observed  (Dittrich  et  al.,  2005). The  lower  occurrence
of  adverse  side  effects  is  probably  due  to  the  ability  of  [Ru
(HIn) 2Cl4](H2In)  to  rapidly  bind  transferrin  in  blood,  maintain-
ing  its  cytotoxic  activity  preferentially  against  tumour  cells
(Kratz  et  al.,  1994). Recently,  a conjugation  of  a Ru(III)-indazole
complexes  with  PARP-1 was  reported,  suggesting  its  role  in
disrupting  DNA  repair  machinery  (Z. Wang  et  al.,  2014b).
Interestingly,  some  compounds  derived  from  Ru(II)  complexed
with  arene  ligands  and  water-soluble  phosphines,  in  particu-
lar  1,3,5-triaza-7-phospha-adamantane  (PTA), show  promis-
ing  activity  against  dispersed  cancer.  [Ru(h6-p-cym)(PTA)Cl 2]
complex  (RAPTA-C) (Fig. 12a) is  capable  of  interaction  with
proteins  (Dorcier  et  al.,  2005; Ang  et  al.,  2011) e.g. cathepsin  B, a
cysteine  peptidase  responsible  for  degradation  of  extracellular
matrix  (ECM) and  promoting  metastasis  (Casini  et  al.,  2008).
RAPTA-C complex  also  shows  a pH-dependent  selectivity
between  cancer  and  normal  cells  (Vock  et  al.,  2008). The  use  of
N-methyl-PTA  (mPTA)  as ligand  in  water-soluble  ruthenium
complexes  containing  chloride  and  cyclopentadiene  (Cp)
motifs  was  found  to  improve  the  interaction  with  super-
coiled  DNA  (Romerosa  et  al.,  2006). The  [RuCpCl(mPTA) 2]
(OSO2CF3)2 (Fig. 12b), shows  interesting  behaviour  during
hydrolysis  as documented  by  mass  spectrometry  (MS) and
UV-Vis  spectrophotometry  (Peña-Méndez  et  al.,  2009). It  was
found  that  this  complex  forms  hydrated  species  and
exchanges  chloride  ions  or  mPTA  and  Cp ligands  with  water,
hydroxyl  or  counter  ions  following  the  hydrolysis  scheme
(Fig. 13), increasing  the  number  of  potential  targetable
molecules.  To  prevent  uncontrolled  hydrolysis  of  [RuCpCl
(mPTA) 2]2+, it  has  been  suggested  either  to  dissolve  the
complex  in  isotonic  0.15 M  NaCl  solution  or  to  replace  the
OSO2CF3 ligand.  Following  this  strategy,  [RuCpCl(mPTA) 2](BF4)
compound  has  been  synthesized  but  its  biological  activity  has
not  been  evaluated  (González  et  al.,  2009). The  [Ru(2-phenyl-
pyridine)(NCMe) 2phen]PF 6 (phen  is  1,10-phenthroline)  (RDC-
11) (Fig. 14a) belongs  to  RDC family  of  organometallic  Ru(II)
compounds,  and  presents  an  atypical  mechanism  of  cytotoxic

Fig.  10 – Overview  of  Ru(II)  and  Ru(III)  leading  compounds
and  their  main  action  mechanisms.  The  acronyms  CHOP
and  VEGF refer  to  CCAAT/enhancer-binding  protein
homologous  protein  and  vascular  endothelial  growth
factor,  respectively.

Fig.  11 – Structures  of  main  Ru(II)  and  Ru(III)  complexes:
RM175  (a), [Ru(h6-p-cym)(acac)Cl]  ( p-cym  = para -cymene)  (b)
and  KP1019  (c).

Fig.  12 – Structures  of  the  Ru(II)  complexes  active  against
tumour  RAPTA-C  (a) and  [RuCpCl(mPTA) 2](OSO2CF3)2 (b).
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Fig.  13 – Scheme  of  [RuCpCl(mPTA) 2](OSO2CF3)2 hydrolysis  as determined  by  mass  spectrometric  and  spectrophotometric
investigation.
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activity  (Fernandez  et  al.,  1999). In  fact,  RDC-11 induces  the
apoptosis  of  tumour  cells  by  activating  the  pro-apoptotic
protein  CHOP (CCAAT/Enhancer-Binding  Protein  Homologous
Protein),  which  is  a transcription  factor  involved  in  unfolded
protein  response,  induced  upon  endoplasmic  reticulum  stress
(Meng  et  al.,  2009). Moreover,  RDC-11 is  able  to  arrest
lymphoblastoma  (RDM4, TK6) and  glioblastoma  (A172) cells
in  G1 phase  of  cell  cycle.  RDC-11 also  induces  the  tumour
suppressor  p53 and  p53-regulated  effectors,  the  inhibitor  of
cell  cycle  p21 and  pro-apoptotic  Bax (Gaiddon  et  al.,  2005).

An  interesting  example  of  ruthenium  complex  that  shows
cytotoxic  activity  due  to  interaction  with  non-classical  targets
is  trans-[Ru(HIm)(DMSO)Cl 4](H2Im)  (Him  = imidazole;  DMSO = -
dimethylsulfoxide)  labelled  as NAMI-A  (Fig. 14b). Surprisingly,
despite  the  poor  activity  in  vitro  and  no  effect  on  tumour
growth  in  vivo, it  displays  a signi � cant  anti-metastasis  activity,
e.g. in  lung  cancer.  NAMI-A  accumulates  in  kidneys,  liver,  and
collagen-rich  tissues  (Sava et  al.,  2003). It  interferes  with  the
cell  cycle  by  decreasing  the  percentage  of  cells  in  synthesis
phase  (S phase)  (Gava et  al.,  2006). NAMI-A  also  decreases
frequency  of  cells  overexpressing  receptors  for  ECM, such  as
CD44, CD54 and  integrin  beta  3. Moreover,  it  presents  anti-
angiogenic  activity  due  to  the  inhibition  of  angiogenesis
induced  by  the  vascular  endothelial  growth  factor  (VEGF) (Ott
and  Gust,  2007). The  mechanism  of  action  of  NAMI-A  is
therefore  supposed  to  be based  on  the  inhibition  of  some
tumour  invasion  by  the  reduction  of  ECM degradation  and
prevention  of  migratory  phenotype  (Gava et  al.,  2006).

Promising  pilot  data  therefore  led  to  the  introduction  of
both  KP1019 and  NAMI-A  in  clinical  evaluation  (Rademaker-
Lakhai  et  al.,  2004; Hartinger  et  al.,  2006).

In  summary,  ruthenium  compounds  act  in  different  way
compared  to  cisplatin.  In  the  majority  of  ruthenium  com-
plexes,  ligand  af � nities,  electron  transfer,  substitution  rates,
and  reduction  potentials  may  be easily  tuned.  Currently,  novel
ruthenium  compounds  are  also  designed  and  characterized,  as
ruthenium  half-sandwich  complexes  comprising  combined
metal  centrochirality  and  planar  chirality  and  having  promis-
ing  anticancer  activity  (Meggers  et  al.,  2009; Streu  et  al.,  2011;
Martin  et  al.,  2014).

Gold

The  attention  to  gold  complexes  as antitumor  drugs  has  been
attracted  when  patients  treated  with  aurano � n  (Fig. 15a) for

rheumatoid  arthritis  showed  unexpectedly  lower  malignancy
rates  (Fries  et  al.,  1985). Aurano � n  is  a complex  of  Au(I)  with  a
phosphine  ligand  that  acts  as thioredoxin  reductase  (TR)
inhibitor.  The  TR is  a class  of  seleno-cysteine  enzymes
catalyzing  the  reduction  of  thioredoxins,  which  are  ubiquitous
redox  proteins  containing  a redox-active  disulphide  bond  in  the
active  site  (Holmgren,  1989). Thioredoxins  are  involved  in
several  biological  processes,  including  ROS reduction  (Nordberg
and  Arnér,  2001). Elevated  concentrations  of  TR have  been  found
in  human  tumour  cells  and  they  have  been  associated  with
tumour  proliferation  (Bruijnincx  and  Sadler,  2008). The  inhibi-
tion  of  TR induces  mitochondria-dependent  apoptosis  (Gromer
et  al.,  1998). In  addition,  TR inhibition  is  also  probably
responsible  for  the  side-effects  observed  during  the  treatment
with  aurano � n  (Ott  and  Gust,  2007).

Complexes  of  Au(III)  have  also  been  extensively  studied
because  its  chemistry  is  similar  to  that  of  Pt(II).  In  fact,  Au(III)  is
isoelectronic  with  Pt(II)  and  forms  complexes  with  square
planar  geometry.  However,  under  physiological  conditions  Au
(III)  is  rapidly  hydrolysed  and  reduced  to  Au(I)  (Wang  and  Guo,
2008). Therefore,  the  stabilization  of  Au(III)  complexes  by  using
suitable  ligands  is  needed.  Chelating  nitrogen  donors  such  as
phen,  2,20-bipyridine  (bipy),  2,6-bis(2-pyridyl)-pyridine  (terpy)
and  ethylenediamine  (en) have  been  proposed  for  this  purpose
(Marcon  et  al.,  2002). The  Au(III)  complexes  with  phen  and  bipy
derivatives  show  cytotoxic  activity  comparable  to  that  of  their
ligands.  On  the  contrary,  the  cytotoxicity  of  [Au(en) 2]Cl3
(Fig. 15b) was  found  to  be due  to  the  presence  of  the  gold
centre  (Tiekink,  2002). The  cytotoxicity  of  Au(III)  complexes
containing  terpyridine  derivatives  as ligands  (Fig. 15c) is
mainly  due  to  DNA  intercalation.  Such  complexes  are  also
stable  towards  reduction  by  GSH and  represent  the  � rst
example  of  Au(III)  complexes  interacting  with  DNA  (Wang  and
Guo, 2008).

The  cytotoxic  activity  of  Au(III)  complexes  with  porphyrin
ligands  might  be due  to  their  action  on  mitochondria.  As a
consequence,  apoptosis  is  induced  by  caspase-dependent  and
caspase-independent  pathways  (Wang  et  al.,  2005). The  leader
compound  [Au(TPP)]Cl  (H2TPP = tetraphenyl-porphyrin)
(Fig. 15d) shows  IC50 values  on  the  mM  order  towards  several
cell  lines,  including  human  cervix  epitheloid  (HeLa) and
hepatocellular  (HepG2) carcinoma.  It  presents  a similar
activity  also  against  cisplatin-resistant  and  MDR cell  lines
(Che et  al.,  2003). This  compound  shows  tumour  inhibition  of
about  80% (Sun  et  al.,  2007) in  cisplatin-resistant  nasopharyn-
geal  carcinomas  (NPC) cells  implanted  into  mice.

Several  Au(III)-thiocarbamates  complexes  with  general
formula  [Au(dtc)X 2] (X = Cl, Br; dtc  = N,N-dimethyl-dithio-
carbamate,  ethyl-sarcosine-dithiocarbamate)  (Fig. 15e) in-
hibit  the  proteasome-dependent  protein  degradation  both
in vitro  and  in  vivo  (Milacic  et  al.,  2006). Proteasome
inhibitors  are  effective  against  tumour  cells  because  they
induce  apoptosis  by  perturbing  the  regulated  degradation
of  pro-growth  cell  cycle  proteins  (Orlowski,  1999). The  Au
(III)-thiocarbamate  compounds  are  equally  or  more  active
than  cisplatin  against  various  human  tumour  cell  lines  and
show  low  cross-resistance  with  cisplatin.  These  complexes
show  50% reduction  of  tumour  growth  in  human  breast
cancer  MDA-MB-231  and  no  toxic  side-effects  in  vivo
(Milacic  et  al.,  2006).

Fig.  14 – Structures  of  the  Ru(II)  complexes  RDC-11 (a) and
NAMI-A  (b).
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Recently,  Au(III)-peptide-dithiocarbamate  complexes  with
general  formula  [AuX 2(pdtc)]  (X = Cl, Br; pdtc  = oligopeptide-
dithiocarbamate)  (Fig. 15f)  have  been  synthesized  using  di-,  tri-
, tetra-  and  pentapeptides  (Kouodom  et  al.,  2012). The
incorporation  of  peptides  makes  the  complex  recognizable
by  intracellular  peptide  transporters  (PEPTs). Therefore,  cellu-
lar  uptake  is  enhanced,  and  side-effects  reduced.  The  most
promising  results  have  been  obtained  with  the  tripeptide
derivatives,  such  as H-Sar-Aib 2-O(t-Bu)  and  H- D,L-Pro-Aib 2-O(t-
Bu) (Sar = sarcosine  (N-methylglycine));  Aib  = a-aminoisobu-
tyrric  acid  (2-methylalanine),  which  show  IC50 values  lower

than  that  of  cisplatin  in  vitro . They  also  show  no  cross-
resistance  with  cisplatin,  con � rming  a different  cytotoxic
mechanism.  The  study  of  in  vivo  activity  and  mechanism
started  recently  (Kouodom  et  al.,  2012).

The  variety  of  cytotoxic  mechanisms  reported  for  gold
complexes  (Fig. 16) expands  the  possibility  to  � nd  out  new
compounds  able  to  overcome  platinum-drug  resistance.
Nevertheless,  the  application  of  gold  complexes  in  clinical
practice  still  requires  an  extensive  evaluation  of  their  chemical
and  pharmaceutical  properties  such  as hydrolysis  equilibria,
cellular  uptake,  biodistribution,  and  pharmacokinetics.

Fig.  15 – Structures  of  selected  antitumor  gold  complexes:  auranofin  (a), [Au(en) 2]Cl3 (b), Au(III)  complex  with  substituted
terpyridine  ligand  (c), [Au(TPP)]Cl  (H2TPP = tetraphenyl-porphyrin)  (d), [Au(dtc)X 2] (X = Cl,  Br;  dtc  = N,N-dimethyl-
dithiocarbamate,  ethyl-sarcosine-dithiocarbamate)  (e) and  [AuX 2(pdtc)]  (X = Cl,  Br;  pdtc  = oligopeptide-dithiocarbamate,  PEP-
N is  a di-,  tri-,  tetra-  or  penta-peptide)  (f).
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Silver

Silver  complexes  show  therapeutic  potential  in  treating
bacterial  infections  but  detailed  reports  on  the  antitumor
activity  of  silver  (I) are  scarce.  Recently,  the  anti-proliferative
activity  of  silver  (I) complexes  containing  various  type  of
ligands  such  as carboxylic  acids,  amino  acids,  nitrogen,
phosphorus  or  sulphur  donor  ligands,  was  reviewed  (Banti
and  Hadjikakou,  2013). In  this  review  comparison  with  the
corresponding  activity  of  cisplatin  is  given,  and  it  was  found
that  under  speci � c conditions  silver(I)  complexes  are  more
active  than  cisplatin  in  vitro .

Interestingly,  it  was  reported  that  complexes  of  copper,
silver,  and  gold  show  enhanced  selectivity  for  breast  cancer
while  causing  fewer  and  weaker  adverse  side-effects  (Biersack
et  al.,  2012) when  compared  to  platinum  based  drugs,  being
promising  new  candidates  (Tan  et  al.,  2010, 2014; Kyros  et  al.,
2014).

Copper

Copper  is  an  essential  metal  ion  present  as cofactor  in  many
enzymes.  It  is  involved  in  haemoglobin  formation,  xenobiotics
and  carbohydrates  metabolism,  catecholamine  biosynthesis,
cross-linking  of  collagen,  elastin,  and  hair  keratin.  Copper  ion
is  also  engaged  in  antioxidant  defence  mechanism.  In  fact,
copper-dependent  enzymes,  such  as cytochrome  C oxidase,
superoxide  dismutase,  ferroxidases,  monoamine  oxidase,  and
dopamine  b-monooxygenase,  are  involved  in  neutralizing  ROS
or  molecular  oxygen.  Importantly,  ef� ux  of  cisplatin  outside
the  cells  employs  speci � c copper-ef � ux  transporters  ATP7A
and  ATP7B, next  to  the  multidrug  ef� ux  pumps  belonging  to
the  ABC superfamily  (P-glycoprotein  (Pgp, ABCB1) and  multi-
drug  resistance  protein  2 (MRP2, ABCC2)) (Samimi  et  al.,  2004;
Leslie  et  al.,  2005).

Copper  has  been  selected  for  the  synthesis  of  antitumor
drugs  under  the  hypothesis  that  complexes  with  endogenous
metal  ions  might  give  lower  systemic  toxicity.  Several  Cu(II)
complexes  with  a variety  of  N-,  S-, or  O-containing  ligands
have  been  designed,  synthesized  and  tested  as antitumor
drugs.  The  different  biological  actions  of  these  complexes,  in

comparison  to  that  of  cisplatin,  suggest  that  different
mechanisms  for  their  antitumor  activity  are  involved
(Fig. 17). However,  such  mechanisms  are  not  completely
clari � ed to  date  (Santini  et  al.,  2013).

Copper(II)  is  also  an  angiogenesis  promoter  because  it
enhances  the  formation  of  new  blood  vessels  from  pre-
existing  ones.  In  cancer  cells,  this  physiological  process  may
eventually  trigger  the  transition  from  a benign  to  malignant
state  of  tumours.  Further  studies  are  required  to  completely
clarify  the  role  of  copper  in  angiogenesis  processes.

Copper(II)  complexes  are  supposed  to  act  by  triggering  cell
apoptosis  or  inhibiting  enzymes  (Tripathi  et  al.,  2007). In  fact,
the  expression  of  tyrosine-protein  kinase  CSK is  inhibited  by
complexes  of  Cu(II)  with  pyridine-2-carbohidrazide  deriva-
tives.  Copper(II)  chelate  of  salicylaldoxime  induces  cell  cycle
arrest  and  apoptosis,  perhaps  involving  the  inhibition  of  the
topoisomerase  II  enzyme  (Jayaraju  and  Kondapi,  2001).
Topoisomerases  (Topo)  are  ubiquitous  enzymes  able  to  break
and  reseal  the  DNA  polyphosphate  backbone,  preventing  the
overwinding  or  underwinding  of  the  double  helix.  The
disruption  of  Topo  activity  leads  to  single  and  double  stranded
breaks  in  DNA,  inducing  apoptosis.  Among  Topo-I  inhibitors,
the  [Cu(phen)L](NO 3)2 (L = 2,4,6 tri-(1H-pyrazol-1-yl)-pyrimi-
dine)  is  a Cu(II)  complex  containing  a ligand  derived  from
barbituric  acid  and  pyrazole  (Tabassum  et  al.,  2014). This
complex  inhibits  Topo-I  at  10 mM  concentration.  Another
family  of  Topo-I  inhibitors  with  general  formula  [Cu(N)L]Cl
(N = phen,  bipy  or  5,50-dimethyl-2,2 0-bipyridine;  L = doubly
deprotonated  5-(triphenyl-phosphonium-methyl)-salicylalde-
hyde-benzoyl-hydrazone)  show  a good  cytotoxic  activity
against  human  lung  carcinoma  (A549) and  prostate  adenocar-
cinoma  (PC-3) cell  lines  (Chew  et  al.,  2014). The  most  active
compound  of  this  family  is  the  one  containing  phen  motif.
It  shows  an  IC50 value  of  3.2 mM  against  PC-3 cell  line  and
starts  to  inhibit  Topo  I  at  40 mM.  A  metalloprotease  activity
(Shrivastava  et  al.,  2002) is  evidenced  by  the  complex  2,6-bis-
(benzimidazo-2-yl)-pyridine  copper(II)  chloride.  Proteasome
inhibition  resulting  in  apoptosis  was  reported  when  Cu(II)
binary  complexes  containing  neutral  or  anionic  molecules  such
as phen,  8-hydroxyquinolinate,  pyrrolidine  dithiocarbamate,

Fig.  16 – Overview  of  main  ligand  families  used  in  Au(I)  and
Au(III)  antitumor  complexes  and  principal  biological  targets.

Fig.  17 – Biological  target  processes  of  Cu(II)  complexes  with
antitumor  activity.
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or  (pyridine-2-ylmethylamino)-methyl  phenolate  are  used.
Evaluation  of  proteasome  inhibition  shows  that  both  the
complexes  and  the  copper  ion  inhibit  the  enzyme  in  the  same
extent  while  the  free  ligands  have  no  activity.  Then,  the
complex  behaves  as carrier  of  the  metal  ion  through  the  cell
membrane.  This  is  achieved  by  tuning  the  lipophilicity  of  the
complexes  by  suitable  ligands  (Hindo  et  al.,  2009).

Copper  complexes  with  thiosemicarbazone  ligands,  which
possess  antitumor  activity  and  are  used  in  clinical  practice,
inhibit  enzymatic  activity  and  induce  cell  apoptosis  (Tisato
et  al.,  2010). The  cytotoxic  properties  of  copper  complexes  with
phen  ligand  have  been  � rstly  reported  by  Sigman  (Sigman
et  al.,  1979). The  complex  with  two  phen  ligands  is  able  to
cleave  DNA  by  binding  to  the  deoxyribose  units  and  thus
acting  as a chemical  nuclease.  It  has  been  tested  against  a
great  number  of  cancer  cell  lines,  both  solid  and  hematologic
(Cai et  al.,  2007; Pivetta  et  al.,  2012). Consequently,  many  other
copper  complexes  with  phen,  phen-derivatives  or  structurally
related  compounds  such  as bipy  have  been  studied.  Modula-
tion  of  the  cytotoxic  activity  of  [Cu(phen) 2]2+ species  with
insertion  of  substituted  imidazolidine-2-thione  ligands
(Fig. 18a) has  been  evaluated  against  acute  T-lymphoblastic
leukaemia  (CCRF-CEM), acute  B-lymphoblastic  leukaemia
(CCRF-SB), lung  squamous  carcinoma  (K-MES-1), and  prostate
carcinoma  (DU-145).  Correlation  between  the  dipole  moment
of  the  complexes  and  the  cytotoxic  activity  has  been  found
(Pivetta  et  al.,  2011). Complexes  with  high  dipole  moment
result  more  active  against  haematological  tumour  cell  lines,
while  less  polar  complexes  show  higher  activity  against  solid
tumour  ones.  The  use  of  serinol  bridge  (called  Clip)  in  position
2 or  3 to  link  two  phenanthroline  (phen)  units  has  led  to  the
preparation  of  a new  class  of  compounds  (Pitie  et  al.,  1998). The
copper(II)  complexes  obtained  by  reaction  with  2-  and  3-Clip-
phen  show  a 2-  to  60-fold  increased  ability  to  cleave  DNA  in
comparison  to  phen  complexes  (Pitie  et  al.,  1998). Further
studies  have  shown  that  the  optimal  length  of  the  bridge  to
achieve  optimal  DNA  cleavage  activity  corresponds  to  three
methylene  units  (Pitié  et  al.,  2003). Compounds  with  a
functionalized  serinol  bridge  have  also  been  prepared  by
using  a conjugate  of  3-Clip-phen  (Fig. 18b) with  a cisplatin
derivative  (De Hoog  et  al.,  2007). A  class  of  Cu(II)  complexes
with  general  formula  [Cu(N-N)(A-A)]NO 3, where  N-N  is  phen  or
bipy  and  A-A  is  either  a nitrogen –oxygen  or  oxygen –oxygen

donor  ligand  is  capable  of  inducing  autophagy  and  pro-
grammed  cell  death  of  glioma  cells  by  ROS and  JNK activation
(Trejo-Solís  et  al.,  2012) or  caspase  activity  in  colon  cancer
cells.  They  also  exhibit  high  DNA  binding  and  nuclease  activity
towards  plasmid,  genomic,  and  internucleosomal  DNA  (Mar õ�n-
Hernández  et  al.,  2003). Other  complexes  of  Cu(II)  with  Schiff
bases and  2-amino-2-thiazoline  show  interesting  anti-in � am-
matory,  antibacterial,  and  anticancer  activity  against  various
cell  lines  (Chaviara  et  al.,  2005). The  development  and  use  of  Cu
(I) complexes  as antitumor  agents  is  limited  by  their  low
stability  and  their  tendency  to  be easily  oxidized.  Some
complexes,  such  as [Cu(N,N 0-disubstituted  thioureas)Cl]  and
[Cu(1,3,5-triaza-7-phosphaadamantane) 4]+, exhibit  moderate
cytotoxicity  against  various  human  cell  lines  (Porchia  et  al.,
2009). In  analogy  with  gold,  Cu(I)-phosphine  complexes  have
been  synthesized  and  evaluated  as antitumor  compounds
(Marzano  et  al.,  2006; Plotek  et  al.,  2013; Porchia  et  al.,  2013;
Santini  et  al.,  2013). Some  mixed  Cu(I)  complexes  of  triazo-
lylborate  and  alkyl-  or  aryl-phosphines  have  been  found  to  be
effective  against  A549 adenocarcinoma  cisplatin  resistant  cells
(Marzano  et  al.,  2006).

Iron

Iron  is  involved  especially  in  oxygen  transport,  DNA  synthesis,
oxidative  phosphorylation,  and  cell  cycle  progression,  and  all
of  them  have  a role  in  carcinogenesis  (Boult  et  al.,  2008;
Brookes  et  al.,  2008; Coombs  et  al.,  2012). The  potential
cytotoxic  activity  of  iron  complexes  appears  to  be related  to  the
redox  reactions  occurring  between  Fe(II) and  Fe(III)  in
physiological  conditions  (Jungwirth  et  al.,  2011). A  promising
compound  is  a complex  between  iron  and  bleomycin,  a
molecule  already  used  for  the  treatment  of  testicular  carcino-
ma.  The  biological  activity  of  this  complex  arises  from  the  ROS
production  that  leads  to  the  apoptosis  of  the  cancer  cells  (Chen
and  Stubbe,  2005). Also  complexes  with  ferrocene  (ferroci-
fenes)  show  anticancer  activity,  with  a selectivity  that  depends
on  the  present  substituents.  Several  hydroxy-substituted
ferrocifens  present  high  af � nity  with  oestrogen  receptor  and
are  used  for  the  treatment  of  breast  cancer  (Lange  et  al.,  2008;
Ra� que  et  al.,  2010). Interestingly,  the  ferrocene  alone  does  not
show  anticancer  activity.

Iron  deprivation  by  selective  chelators  is  a promising
strategy  in  reduction  of  tumour  growth.  Treatment  with  iron
chelator  has  been  then  proposed  in  cancer  therapy  by  using
iron  selective  chelators  such  as triapine  and  desferrioxamine
(DFO) (Kalinowski  and  Richardson,  2005). It  has  been
suggested  that  the  antitumor  activity  exhibited  by  these
molecules  may  be due  to  the  inhibition  of  ribonucleotide
reductase  by  bonding  the  iron(II,III)  ion.  In  fact,  the  enzyme
requires  iron  and  oxygen  for  its  biological  activity  that  is
elevated  in  tumour  tissues  (Richardson,  2002). The  thiose-
micarbazone  triapine  (3-aminopyridine-2-carboxaldehyde
thiosemicarbazone)  is  able  to  overpass  the  blood-brain
barrier  showing  a potent  activity  against  leukaemia  brain
metastasis.  It  is  also  able  to  inhibit  the  growth  of  mouse  M109
lung  and  human  A2780 ovarian  cancer  cells  in  vivo  (Finch
et  al.,  2000). Desferrioxamine  (DFO) is  a hexadentate  side-
rophore  currently  in  use  for  b-thalassemia  treatment
because  of  its  great  af � nity  for  iron  (Richardson,  2002).

Fig.  18 – Structures  of  some  Cu(II)-phen  complexes:  [Cu
(phen) 2(imidazolidine-2-thione)] 2+ (R1, R2 = H,  Me  or  Et) (a)
and  [Cu(phen) 2]2+ with  serinol  bridge.  Charges  are  omitted.
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Clinical  trials  have  con � rmed  that  some  cancers,  as
neuroblastoma  and  leukaemia,  are  sensitive  to  DFO therapy
while  normal  tissues  are  affected  only  in  little  extent  (Desoize,
2004). Nowadays,  iron  depletion  has  been  proposed  for  the
treatments  of  several  kinds  of  cancers  and  metastatic
progression  (Kovacevic,  2012; Keeler  and  Brookes,  2013;
Richardson  et  al.,  2013; Torti  and  Torti,  2013). A  triapine
derivative,  di-2-pyridylketone-4-cyclohexyl-4-methyl-3-thio-
semicarbazone  (DpC) is  currently  under  preclinical  evaluation
(Lane  et  al.,  2014). From  several  clinical  evidences,  it  seems
that  iron  deprivation  could  be an  effective  therapeutic
approach.  However,  adverse  effects,  such  as anaemia,  induced
by  the  iron-chelating  agents,  can  develop  (Beguin  et  al.,  2014).
However,  more  studies  in  vitro  and  in  vivo  should  be done,  to
clarify  the  action  mechanisms  and  in  particular  their  extra-
and  intracellular  effects.  This  kind  of  studies  will  help  in  the
design  and  synthesis  of  more  potent  iron  chelators.

Cobalt

The  Co–ASS (Fig. 19) is  a cobalt(II)  complex  containing  an
acetylsalicylic  acid  (ASA) derivative  which  inhibits  the
cyclooxygenase  enzymes  COX-1 and  COX-2. Recently,  it  was
found  that  the  regular  use  of  aspirin  reduces  cancer  incidence
(Algra  and  Rothwell,  2012). The  COX inhibition  induced  by  Co–
ASS complex  is  more  ef� cient  than  that  induced  by  ASA alone
and  this  probably  determines  the  resulting  higher  cytotoxic
properties,  in  particular  against  breast  cancer  cell  lines  (Ott
et  al.,  2004; Bruijnincx  and  Sadler,  2008). The  use  of  COX
inhibitors  is  suggested  in  combinational  therapies  with  other
antitumor  drugs  (Ott  and  Gust,  2007). Cobalt(III)  complexes
have  been  developed  as prodrugs  which  exploit  the  hypoxic
environment  in  tumours  to  release  highly  cytotoxic  ligands.  In
fact,  in  hypoxic  environment  Co(III)  complexes  can  be reduced
to  Co(II)  with  subsequent  release  of  one  neutral  ligand.  This
strategy  has  been  widely  exploited  for  the  release  of
compounds  such  as DNA  alkylators  and  a matrix  metallopro-
teinase  inhibitor  (Ahn  et  al.,  2006; Failes  et  al.,  2007; Lu  et  al.,
2011).

Gallium

Gallium  is  a metalloid  that  has  been  used  in  different  medical
applications,  such  as the  treatment  of  accelerated  bone
resorption,  autoimmune  and  infective  diseases  (Gârban
et  al.,  2014). Using  the  isotope 67Ga for  imaging  in  rodents,  it
has  been  reported  that  gallium  accumulates  in  tumour  tissues.

This  observation  led  to  the  introduction  of  gallium  com-
pounds  in  anticancer  therapy.  The  biological  activity  of
gallium  derives  from  its  chemical  similarity  with  iron.  In
fact,  Ga(III)  and  Fe(III)  have  similar  ionic  radius,  ionization
potential,  and  electron  af � nities  (Chitambar,  2012). These
characteristics  allow  gallium  to  bind  transferrin.  Because
some  cancers,  as lymphoma  (Gatter  et  al.,  1983), bladder
(Smith  et  al.,  1990) and  breast  (Ding  Cheng  Yang  et  al.,  2001)
cancers,  overexpress  transferrin  receptors,  gallium  is  selec-
tively  delivered  to  tumour  cells  via  iron  transporters  similarly
to  ruthenium  complexes  (Chitambar  and  Antholine,  2013).
The  gallium  uptake  perturbs  iron  homeostasis,  reducing  the
intracellular  iron  concentration.  In  addition,  the  activity
of  the  enzyme  ribonucleotide  reductase  is  blocked  by  iron-
substitution  in  the  active  site  by  gallium  and  by  gallium-
induced  iron  deprivation.  This  results  in  the  inhibition  of  DNA
synthesis  and  cell  proliferation.  An  interaction  with  mito-
chondria  has  been  also  recently  proposed  as a possible
cytotoxic  mechanism  (Chitambar  et  al.,  2007).

The  � rst  gallium  compound  that  has  been  investigated  in
phases  I  and  II  trials  as anticancer  agent  was  the  gallium
nitrate.  Some  antitumor  activity  in  advanced  bladder  cancer
and  non-Hodgkin's  lymphoma  was  demonstrated  (Chitam-
bar,  2012). Since  it  does  not  show  myelosuppressive  activity,  it
can  be safely  administered  in  patient  with  pancytopenia.
Despite  the  good  activity  shown  by  gallium  nitrate,  its
administration  is  dependent  on  long  intravenous  infusions
and  pre-  and  post-hydratation  required  to  prevent  nephro-
toxicity  (Chitambar,  2012).

Gallium  chloride  has  been  also  tested,  showing  an  in  vitro
cytotoxicity  similar  to  that  of  gallium  nitrate.  A  modi � ed
formulation  of  gallium  nitrate  suitable  for  oral  administration,
G4544, is  currently  in  phase  I  clinical  trial.  G4544 ensures  an
increased  level  of  gallium  in  blood  in  vivo  and  a longer
circulation  time,  when  compared  with  gallium  nitrate.  In
humans,  the  gallium  levels  in  blood  are  similar  to  those
obtained  with  the  continuous  intravenous  infusion  of  gallium
nitrate  and  no  adverse  side-effects  are  observed  (Novick  et  al.,
2008). Also  gallium  maltolate  (tris(3-hydroxy-2-methyl-4H-
pyran-4-onato)gallium(III))  (Fig. 20a) has  been  studied  as
anticancer  agent.  This  complex  is  degraded  after  the  adminis-
tration  and  the  free  gallium  can  bind  transferrin  in  blood
(Bernstein  et  al.,  2011). Gallium  maltolate  has  been  tested  on

Fig.  19 – The  Co–ASS cobalt(II)  complex  containing  an
acetylsalicylic  acid  (ASA)  derivative.

Fig.  20 – Structure  of  gallium  maltolate  (tris(3-hydroxy-2-
methyl-4H-pyran-4-onato)gallium(III))  (a) and  KP46 (tris(8-
quinolonato)gallium(III))  (b).
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phase  I  trials,  and  it  is  effective  in  advanced  hepatocellular
carcinoma  (Bernstein  et  al.,  2011). Gallium  maltolate  shows
activity  also  in  gallium  nitrate-resistant  lymphoma  cell  lines
(Chitambar  and  Purpi,  2010). This  lack  of  cross-resistance
allows  to  expand  the  action  spectrum  range  of  gallium
compounds.  To  enhance  their  antitumor  activity  and  bio-
availability,  complexes  of  gallium(III)  stable  in  physiological
conditions  were  investigated  (Tan  et  al.,  2014). An  interesting
example  of  a gallium  compound  developed  for  oral  adminis-
tration  is  the  tris(8-quinolinolato)gallium(III),  also  known  as
KP46 (Fig. 20b). Interestingly,  this  complex  is  not  destroyed  in
the  blood  (Enyedy  et  al.,  2012, 2015; Hummer  et  al.,  2012). It
shows  in  vitro  a cytotoxic  activity  higher  than  that  of  gallium
nitrate  (Lessa et  al.,  2012). The  cytotoxicity  mechanism
involves  p53 activation  mediated  by  Ca2+-signalling  and  ROS
production  (Gogna  et  al.,  2012; Madan  et  al.,  2013). Recently,
new  insights  onto  the  mechanism  of  action  have  been
highlighted  (Jungwirth  et  al.,  2014). KP46 has  been  tested  in
various  phase  II  clinical  trials  and  no  dose-limiting  toxicity
was  found.  In  particular,  the  results  in  renal  cancer  treatment
are  promising,  improving  the  remission  rate  (Timerbaev,
2009). Gallium  complexes  with  thiosemicarbazone  ligands
are  widely  studied  (Ismail  et  al.,  2013; Lessa et  al.,  2013). In
these  compounds,  the  cytotoxic  activity  of  the  thiosemicar-
bazone  ligands  is  enhanced  of  several  folds  by  the  formation  of
the  metal  complex  (Mendes  et  al.,  2009). A  family  of  gallium
complexes  with  pyridine  and  derivatives  of  phenolate  as
ligands  shows  cytotoxic  activity  greater  than  that  of  cisplatin
(Shakya  et  al.,  2006). The  biological  action  of  these  complexes
is  due  to  the  inhibition  of  proteasome  with  activation  of
apoptosis  (Chen  et  al.,  2007). Recently,  the  antitumor  activity  of
phosphinoarylbisthiolato  gallium(III)  complexes  was  reported
(Fischer-Fodor  et  al.,  2014). They  bind  DNA  in  7-methylguanine
and  8-oxoguanine  positions,  oxidizing  the  pyrimidine  bases
and  inducing  apoptosis.  These  complexes  show  in vitro
antitumor  activity  against  the  cisplatin-resistant  ovarian
tumour  cell  line  A2780cis  (Fischer-Fodor  et  al.,  2014). Com-
plexes  with  N,N,O  donors  have  been  also  tested  against
ovarian,  breast,  and  prostate  adenocarcinoma  cell  lines.
Against  these  tumour  cell  lines,  the  complex  bis(2-(benzothia-
zol-2-yl-hydrazonomethyl)-6-methoxyphenolate)  gallium(III)
nitrate  shows  a good  cytotoxic  activity,  with  CC50 on  the
micromolar  range  (Machado  et  al.,  2014). In  order  to  combine
chemotherapy  with  photodynamic  therapy,  a gallium(III)
complex  with  the  photosensitizer  hypocrellin  A  has  been
recently  proposed  (Xie  et  al.,  2014). This  complex  induces  in
vitro  nuclear  morphological  changes  in  tumour  cells  after  light
irradiation.  Up-to-now,  the  research  of  gallium  complexes  for
anticancer  treatment  has  led  to  the  clinical  evaluation  of  the
two  candidate  compounds  KP46 and  gallium  maltolate.  They
both  seem  to  possess  interesting  activity  in  renal  malignan-
cies.  The  search  for  new  compounds  extending  the  activity  of
gallium  complexes  to  other  types  of  cancer  is  ongoing,
especially  in  context  of  chemoresistance  developed  in  some
cancers.  For example,  lung  cancers  seem  to  be resistant  to
gallium  compounds  because  of  over-expression  of  tyrosine-
protein  kinase  receptors  (Oyewumi  et  al.,  2014). Starting  from
the  promising  results  of  gallium  compounds  undergoing
clinical  trials,  the  development  of  new  gallium  compounds,
as well  as the  study  of  their  mechanism  of  activity,  seems  to  be

one  of  the  key  topics  of  anticancer  research  in  the  next  years
(Miku ¸  et  al.,  2014).

Rhodium

Many  complexes  of  rhodium  have  been  synthesized  but  most
of  them  show  severe  nephrotoxicity  and  thus  no  further
studies  were  done  (Katsaros  and  Anagnostopoulou,  2002).
Recently,  it  has  been  suggested  that  rhodium(III)  complexes
that  are  inert  towards  substitution  may  show  low  systemic
toxicity  (Geldmacher  et  al.,  2012). Some  interesting  rhodium
complexes  are  [Rh(2-(20-hydroxy-5 0-methylphenyl)-benzotria-
zole) 2(H2O)2]Cl  that  shows  promising  activity  against  human
breast  cancer  (MDA-MB231)  and  human  ovarian  cancer
(OVCAR-8) cell  lines  (El-Asmy  et  al.,  2014) and  also  a series
of  rhodium(I)-N-heterocyclic  carbene  complexes  with  CO as
secondary  ligand,  which  shows  marked  antiproliferative
effects  together  with  moderate  inhibitory  activity  of  thior-
edoxin  reductase  and  ef� cient  binding  to  biomolecules  (e.g.,
DNA,  albumin).  With  the  use  of  these  complexes,  modi � ca-
tions  in  the  mitochondrial  membrane  potential  and  DNA
fragmentation  were  observed  in  wild-type  and  daunorubicin-
or  vincristine-resistant  Nalm-6  leukaemia  cell  lines  (Oehnin-
ger  et  al.,  2013).

Despite  the  encouraging  results,  in  order  to  de� ne  their
activity  spectrum,  selectivity  and  systemic  toxicity,  in  vivo
studies  need  to  be performed  (Zhong  et  al.,  2014).

Titanium

The  cis-[Ti(CH 3CH2O)2(bzac)2] (bzac = 1-phenylbutane-1,3-dio-
nato)  complex  was  the  � rst  non-platinum  compound  tested  in
clinical  trials  but  surprisingly,  it  has  no  antitumor  activity.
Afterwards,  complexes  with  arene  ligands  have  been  tested.
The  titanocene  dichloride  (Fig. 21) binds  DNA  via  the
phosphate  backbone,  inducing  apoptosis  (Meléndez,  2002). It
shows  in  vitro  cytotoxic  activity  against  a broad  spectrum  of
cancers,  in  particular  human  stomach  and  colon  adenocarci-
nomas,  and  has  been  tested  in  phases  I  and  II  trials.  Its
development  has  been  abandoned  because  it  shows,  as the
others  Ti(IV)  complexes,  nephrotoxicity  as dose-limiting
toxicity  and  poor  antitumor  activity,  probably  due  to  low
water  solubility  and  high  deactivation  by  plasma  proteins  (Ott
and  Gust,  2007).

Recently,  coordination  compounds  of  Ti(IV)  with  isoprop-
oxide  supported  by  pyrrolyl  Schiff  base ligands  were  synthe-
sized  and  tested  against  human  colon  (HCT-116),  prostate
(PC3) and  breast  (MCF-7) cancer  cell  lines  showing  cytotoxic
activity  either  lower  or  higher  than  cisplatin  (Lin  et  al.,  2014).

Fig.  21 – Structure  of  the  titanocene  dichloride.
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The  reasons  for  the  different  behaviour  observed  are  still  not
clear.  Perhaps  high  hydrolytic  resistant  ligands  strongly  bound
to  the  metal  centre  and  are  probably  responsible  for  the  high
cytotoxicity  observed  for  some  complexes.

Titanium(IV)  complexes  with  ortho-bromo-para-methyl-
substituted  diaminobis(phenolato)  ligands  were  prepared  with
NH-,  NMe-,  and  bipyrrolidine-based  diamino  bridges.  The
hydrolytic  stability  of  such  compounds  as well  as their
cytotoxic  activity  in  human  colon  cancer  cells  (HT-29)  was
investigated  (Miller  and  Tshuva,  2014). The  NMe-based
complexes,  although  highly  hydrolytically  stable,  were  found
inactive  while,  the  NH-  and  bypirrolidine-based  compounds
were  found  active.  Interestingly,  the  highest  cytotoxic  activity
of  such  compounds  was  observed  when  pure  enantiomers
were  used  in  place  of  racemic  mixtures  (Miller  and  Tshuva,
2014).

Arsenic

Arsenic  trioxide  (As2O3) represents  an  important  metalloid
compound  for  cancer  treatment.  It  has  been  used  in  leukaemia
treatment  with  increased  rate  of  survival  (Wang  and  von
Recum,  2011). It  has  been  approved  by  FDA under  the  name  of
trisenox  and  it  is  the  most  active  single  agent  for  acute
promyelocytic  leukaemia  treatment  (Barry  and  Sadler,  2013).
However,  the  antitumor  mechanism  is  still  unclear  and
cardiotoxicity  has  been  reported  as side-effect  (Desoize,
2004). The  compound  darinaparsin  (S-dimethylarsino-gluta-
thione)  (Fig. 22) has  been  approved  for  clinical  therapy  in  the
treatment  of  peripheral  T-cell  lymphoma  and  other  arsenic
compounds  are  currently  under  clinical  trials  (Barry  and
Sadler,  2013).

Antimony

Antimony  in  form  of  potassium  antimonyl  tartrate  (PAT)
shows  antibacterial  activity  and  antiangiogenic  effect  in  non-
small  cell  lung  cancer  in  vitro , in  an  extent  comparable  to
doxorubicin  or  cisplatin  (Duf � n  and  Campling,  2002). Sodium
stibogluconate  (SSG) is  used  as drug  to  treat  leishmaniasis  but
recently,  its  synergistic  effect  with  IFN-a to  overcome  IFN-a
resistance  in  various  human  cancer  cell  lines  was  demon-
strated  (Yi  et  al.,  2002). Complexes  of  antimony(V)  shows  10-
fold  lower  toxicity  than  the  corresponding  antimony(III)  ones
(Asghar  et  al.,  2012). Furthermore,  ferrocenyl  benzoate-
antimony  complexes  have  been  shown  to  be promising

chemotherapeutic  compounds  (Liu  et  al.,  2003; Li  et  al.,
2004; Yu  et  al.,  2004) but  their  mechanism  of  action  is  not
yet  known.  Studies  attempting  to  investigate  interaction  of
ferrocenyl  benzoate-antimony  complexes  with  DNA  and  other
biomolecules  are  currently  under  investigation.

Final  remarks

From  all  the  results  presented  in  literature  in  the  � eld  of
various  anticancer  metal  complexes  so far,  it  appears  neces-
sary  to  choose  a more  constructive  and  rational  approach.  The
continued  study  to  optimize  the  design  and  potency  of  a
particular  metal  complex  used  as anticancer  agent,  sometimes
has  led  to  undesirable  results.  Therefore,  to  overcome  these
obstacles,  the  effective  design  of  metal  complexes  with
potential  antitumor  properties  should  now  focus  not  sepa-
rately  on  achieving  the  high  cytotoxic  activity  or  interactions
with  the  biomolecules,  but  rather  on  the  simultaneous
evaluation  of  all  the  involved  parameters.  In  particular,  it
must  be clearly  understood  that  the  proper  strategy  for  the
possible  use  of  the  metal  complex,  the  selection  of  the  target
and  interactions  of  the  drug  with  biomolecules  should  involve
highly  interdisciplinary  approach.

The proper strategy

Two  different  strategies  can  be exploited  for  the  use  of  a metal
complex,  and  it  is  fundamental  to  choose  in  advance  the
strategy  most  suitable  to  the  needs.  A  metal  complex,  in  fact,
might  be used  as active  agent  if  it  presents  cytotoxic  activity,  or
as a carrier  of  organic  ligands  that  present  independent
biological  activity,  or  as a carrier  for  metal  ions  that  present
some  other  biological  activity.

The selection of the target

The  optimal  design  of  a metal  complex  and  its  potential  target
should  be considered  and  estimated  before  its  synthesis.  In
this  way,  a molecule  with  features  suitable  to  speci � cally
interact  with  the  chosen  target  may  be prepared,  and  the
antitumor  activity  might  be exerted  according  to  the  expected
mechanism.  The  traditional  approaches  in  this  � eld  are  still
founded  mainly  on  the  interaction  of  the  metal  complex  with
DNA.  Unfortunately,  the  continuous  research  for  compounds
able  to  form  more  stable  DNA-adducts,  by  intercalation,
groove  binding  or  electrostatic  interactions,  does  not  always
lead  to  a better  drug.  Instead,  other  types  of  targets  may  play  a
key  role  and  should  be seriously  considered.  In  fact,  the
antitumor  activity  can  be obtained  also  through  reactions  with
proteome,  disruption  of  mitochondrial  processes  or  through
inhibition  of  angiogenesis  or  metastatic  routes.

Drug  and  biomolecules

In  parallel  with  the  choice  of  the  proper  strategy  and  the
required  target,  the  interaction  of  the  drug  with  the  biomo-
lecules  naturally  present  in  the  body  should  be estimated  or  at
least  hypothesized.  In  fact,  the  resulting  biochemical  reactions
may  eventually  trigger  the  onset  of  side  effects.  Moreover,  the

Fig.  22 – Structure  of  darinaparsin  (S-dimethylarsino-
glutathione).
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metal  complex,  due  to  its  structural  characteristics,  might  be
susceptible  to  mechanisms  that  can  cause  the  drug  resistance,
deactivation  for  transformation  or  loss  of  the  functional
groups,  for  hydrolysis  or  redox  reactions.

In  the  last  three  years  (2012–2014) the  drugs  that  have
obtained  FDA approval  for  oncology  are  primarily  monoclonal
antibody  and  kinase  inhibitors.  This  fact  shows  that  the
development  of  new  metal  complexes  has  come  to  a break
since  the  approval  of  oxaliplatin  in  2002. However,  rational
development  of  coordination  compounds  acting  in  speci � c
cellular  and  tissue  contexts  in  patient-tailored  therapy  has  an
immense  potential  in  oncology.
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Abstract
Ovarian surface epithelium (OSE) forms a single layer of mostly cuboidal cells on surface of mammalian ovaries that is
inherently exposed to cell stress evoked by tissue damage every ovulation and declines morphologically after menopause.
Endoplasmic reticulum (ER) is a principal cell organelle involved in proteosynthesis, but also integrating various stress signals.
ER stress evokes a conserved signaling pathway, the unfolded protein response (UPR), leading to cell death or adaptation to stress
conditions. In this work, we document that mouse OSE suffers from ER stress during replicative senescence in vitro, develops
abnormalities in ER and initiates UPR. Attenuation of ER stress in senescent OSE by tauroursodeoxycholic acid (TUDCA)
reconditions ER architecture and leads to delayed onset of senescence. In summary, we show for the first time a mutual molecular
link between ER stress response and replicative senescence leading to phenotypic changes of non-malignant ovarian surface
epithelium.

KeywordsOvarian surface epithelium. Endoplasmic reticulum stress. Unfolded protein response. Senescence.

Tauroursodeoxycholic acid

Introduction

Ovarian surface epithelium (OSE) is a remarkably dynamic
structure, developmentally enabling formation of ovarian
follicles, during fertile period undergoing regular cyclic
repairs of ovulatory rupturesto eventually decline both
functionally and structurally after the menopause.
Depending on the cell position and phase of the ovarian
cycle, OSE forms a simple layer of squamous-to-cubic
cells that express markers of both epithelial and mesenchy-
mal phenotypes (Auersperg et al.2001). In addition, ovar-
ian hilum contains a slow cycling cell population express-
ing markers of tissue stem cells that is capable of

regeneration of postovulatory cortex (Flesken-Nikitin et
al. 2013). Ovulation disturbs integrity of surface epithelial
lining and induces cell stress in OSE by mechanical shear
forces as well as by alteration of paracrine signaling in the
tissue microenvironment and induces morphological and
functional responses (Okamura et al.2006). Despite the
recent re-evaluation of ovarian cancer origin (Kurman
and Shih Ie 2016) also to extraovarian tissues, repeated
ovulations or ovarian stimulation affecting OSE were de-
scribed to increase the risk of ovarian cancer (Fathalla
2013). In aged, post-menopausal ovaries, the OSE prolif-
eration and regeneration are uncoupled from the endocrine
control and decline, epithelial lining flattens, but cancer-
prone inclusion cysts and epithelial invaginations often de-
velop in the stroma, representing a potentially hazardous
precancerous condition. During menopause, imbalance of
the ovarian microenvironment towards increased cells
stress is evoked mostly by estrogen loss, increase of reac-
tive oxygen species (ROS) and DNA damage, or by alter-
ations in levels of soluble endocrine, growth, and inflam-
matory factors and cytokines (King et al.2013).

Cell stress induced by accumulation of deleterious alter-
ations of biomolecules in cells, resulting in their abnormal
functions, leads to tissue decay and ultimately to tissue aging.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00441-018-2888-9) contains supplementary
material, which is available to authorized users.

* Petr Va� hara
pvanhara@med.muni.cz

1 Department of Histology and Embryology, Faculty of Medicine,
Masaryk University, Kamenice 126/3, 625 00 Brno, Czech Republic

2 First Department of Pathological Anatomy, St. Anne’s University
Hospital Brno, Brno, Peka�ská 53, 656 91 Brno, Czech Republic

Cell and Tissue Research(2018) 374:643–652
https://doi.org/10.1007/s00441-018-2888-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s00441-018-2888-9&domain=pdf
https://doi.org/10.1007/s00441-018-2888-9
mailto:pvanhara@med.muni.cz


Virtually in all mammalian somatic cells, various stress factors
disturbing cell and tissue homeostasis integrate on endoplas-
mic reticulum (ER) and evoke a general stress response
termed unfolded protein response (UPR). UPR then drives a
cell towards adaptation to ER stress through pro-survival sig-
naling or induces apoptosis. Crosstalk of three canonical UPR
signaling pathways mediated by PERK, IRE1, and ATF6 then
elicits the variable transcriptional and translational output that
determines the cell fate. Recent findings identified ER stress
as a factor that is deeply involved in alterations of normal
tissue morphology and propensity towards cancer initiation
and progression (Kratochvílová et al.2016; Wang and
Kaufman2014). In ovaries, UPR is activated in ovarian cycle
during follicular growth and maturation (Huang et al.2017).
Moreover, UPR is activated in cancer cells harboring muta-
tions in genes crucially involved in ovarian cancer carcino-
genesis, such as BRCA1/2 (Miki et al.1994; Yeung et al.
2008). Interestingly, increased levels of ER stress effectors
and pro-inflammatory cytokines were reported in
atrophying uterine lining of menopausal women, and ultra-
structural hallmarks of ER stress were experimentally doc-
umented in uterine epithelium of ovariectomized animals
(Kyathanahalli et al.2015), suggesting that ER stress is
functionally linked to loss of ovarian function by integra-
tion of signaling cues coming from the tissue microenvi-
ronment beyond ovaries, particularly during aging of fe-
male reproductive system. Tauroursodeoxycholic acid
(TUDCA) was described to alleviate ER stress by relieving
aggregation of potentially misfolded proteins (Uppala et al.
2017), acting as chemical chaperon. Moreover, it is in-
volved in various signaling pathways leading to cell adap-
tation and survival. It prevents dissociation of GRP78 from
PERK, attenuating downstream UPR signaling. Moreover,
it upregulates PI3K/Akt signaling enhancing cell viability
in various cell models (Xie et al.2016; Yoon et al.2016).

While most of the information on ER stress in ovaries
comes from tumors or cancer cell lines, the link between
ER stress, aging, and alterations of OSE has not been yet
sufficiently addressed. In this work, we document that nor-
mal OSE is capable of induction of UPR during replicative
senescence in vitro and show that alleviation of ER stress
by TUDCA decreases frequency of OSE cells entering
senescence.

Material and methods

Mouse OSE Isolation, cultivation, and treatmentProtocol for
isolation and culture of mouseovarian surface epithelium
(mOSE) was adapted from Kido and Shibuya (Kido and
Shibuya1998). mOSE were isolated from 8 to 12-week-
old female mice (ICR/CD-1 strain). First, mice were eutha-
nized by cervical dislocation, and ovaries were aseptically

dissected immediately after sacrifice. Animal experiments
were supervised by the local ethical committee of the
Faculty of Medicine, Masaryk University and performed
by certified individuals (KV, PV, and LM). Dissected ova-
ries were incubated at 37 °C for 40 min in DMEM
GlutaMAX (Gibco, ThermoFisher Scientific, Prague,
Czech Republic) supplemented with 2.5 mg ml� 1 trypsin
(Sigma-Aldrich, Prague, Czech Republic), 2.5 mg ml� 1

collagenase (Sigma-Aldrich, Prague, Czech Republic),
and 5% fetal bovine serum (GE Healthcare, Prague,
Czech Republic). Then, the ovaries were removed and
the isolated cell suspension was filtered through 100-� m
cell strainer. Isolated mOSE cells were maintained in
DMEM GlutaMAX (Gibco, ThermoFisher Scientific,
Prague, Czech Republic) supplemented with 10% fetal bo-
vine serum (GE Healthcare, Czech Republic), 1% ITS liq-
u id media supplement (Sigma-Aldr ich, Prague,
Czech Republic), 500 ng ml� 1 hydrocortisone (Sigma-
Aldr ich, Czech Republ ic), and 10 ng ml� 1 EGF
(PeproTech Czech, Prague, Czech Republic) at 37 °C with
5% CO2 in humidified atmosphere. mOSE were passaged
at 80% confluence. To modulate ER stress, tunicamycin
and tauroursodeoxycholicacid (TUDCA) (both by
Sigma-Aldrich, Prague, Czech Republic) were used.

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed
and paraffin-embedded ovaries explanted from healthy 8–
10-week-old female mice (ICR/CD 1 strain). First, 5� m
thick tissue sections were deparaffinized by heating at
60 °C, followed by xylene wash, and rehydrated in de-
creasing concentrations of ethanol. Antigen retrieval was
performed using Target Retrieval Solution, pH 6 (Dako,
Hamburg, Germany) for 40 min at 98 °C, followed by
treatment with 0.3% H2O2 in 1× PBS (pH 7.4) to quench
endogenous peroxidase activity. After blocking with 1%
bovine serum albumin (BSA) for 10 min, sections were
incubated in primary antibody (KRT8, ab53708 Abcam;
CDH1, #3195 Cell Signaling; CDH2, ab12221 Abcam;
VIM, ab92547 Abcam; HSPA5, #3177 Cell Signaling;
DDIT3, #2895 Cell Signaling) for 1 h at room temperature
in wet chamber. Primary antibody were diluted 1:100–
1:500 in Antibody Diluent (Dako, Hamburg, Germany).
The sections were washed three times in 1× PBS and in-
cubated with enzyme-conjugated biotinylated detection
agent The DAKO EnVision™+ Dual Link (Dako,
Hamburg, Germany) for 30 min at room temperature.
Sections were washed three times with 1× PBS and incu-
bated in Streptavidin-HRP (LSAB + System HRP, Dako,
Hamburg, Germany) until a brown color developed.
Sections were then counterstained with Gill’s hematoxylin,
dehydrated, and mounted using Pertex medium.
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SDS-Page and western blotting

Trypsinized cells were washed three times with ice cold 1×
PBS and resuspended in RIPA lysis buffer containing 50 mM
Tris-Cl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1% Tween, and
0.1% SDS, supplemented with Phosphatase Inhibitor Cocktail
PhosSTOP™ (Roche Appl ied Sc ience, Prague,
Czech Republic) and cOmplete™, Mini, EDTA-free Protease
Inhibitor Cocktail (Roche Applied Science, Prague,
Czech Republic). Protein concentrations were determined by
Bradford Bio-Rad protein assay kit (Bio-Rad, Prague,
Czech Republic). Lysates were mixed with 5× Laemmli sample
buffer (100 mM Tris pH 6.8, 4% SDS, 200 mM DTT, 20%
glycerol, and 0.1% Bromophenol Blue) and boiled for 5 min at
95 °C. Equal amounts of total protein were separated using
10% sodium dodecylsulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). Resolved proteins were then electroblotted
onto Immobilon-P polyvinylidene difluoride (PVDF) mem-
brane (Millipore, Prague, Czech Republic), blocked 60 min in
5% low-fat milk, and incubated with the indicated primary
antibodies (actin, Ab1801 Abcam; calnexin, #2679 Cell
Signaling; ERO1a, #3264 Cell Signaling; IRE1� (ERN1),
#3294 Cell Signaling; p21WAF1/CIP1, sc-397 Santa Cruz;
PERK, #5683 Cell Signaling; for HSPA5, DDIT3 and CDH1
see Immunohistochemistry) diluted 1:250–1:1000 in 5% bo-
vine serum albumin at 4 °C overnight. Then, membranes were
washed in TBS-Tween (50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 2.7 mM KCl, 0.05% Tween 20) and incubated with the
horseradish peroxidase (HRP)-conjugated secondary antibod-
ies (anti-rabbit HRP, #7074 Cell Signaling or anti-mouse HRP,
Ab50043 Abcam), diluted 1:5000 in 5% low-fat milk. Proteins
were visualized using ECL prime Western Blotting Detection
Reagent (GE Healthcare, Prague, Czech Republic, RPN2236).
Quantitative densitometry was performed using ImageJ soft-
ware. Values represent the integrated density for the respective
band normalized to the control of equal loading.

Immunofluorescent microscopy

mOSE cells cultured on 96-well plates were washed three times
in 1× PBS (pH 7.4), fixed in 4% paraformaldehyde for 15 min at
room temperature, washed again three times in PBS and blocked
in 0.1% Triton-100X 1% BSA for 1 h on ice. Next, cells were
incubated with specific primary antibodies (CDH2, #13116 Cell
Signaling; p16INK4, Ab108349 Abcam; for CDH1, KRT8,
VIM, yH2AX, p21WAF1/CIP1, HSPA5 and DDIT3 see
Immunohistochemistry and SDS-PAGE and Western blotting)
in 3% BSA at 4 °C overnight. Cells were washed three times in
1× PBS and incubated for 1 h with secondary antibody conju-
gated with AlexaFluor 455 (Life Technologies, Prague,
Czech Republic, A21429, 1:2000 in 3% BSA) followed by
additional wash in PBS. Nuclei were counterstained using
Hoechst dye. Images were acquired by automated microscope

equipped with the environmental chamber (Image Xpress
MicroXL, Molecular Devices, San Jose, CA, USA).

RNA isolation, reverse transcription, and real-time
qPCR

Total RNA was extracted using an RNeasy Mini Kit (Qiagen,
Hilden, Germany) and quantified using a NanoDrop (Thermo
Scientific, Waltham, MA, USA). cDNA was synthesized from
1 � g of DNase I-treated total RNAusing a First Strand Reverse
Transcription Kit (Roche, Basel, Switzerland). Real-time qPCR
was performed using a Roche LightCycler 480 RT PCR Kit
according to the manufacturer’s instructions. Relative expres-
sion was quantified using a UPL probe (Roche Applied
Science, Prague, Czech Republic) and gene-specific primers
(HSPA5: AAACCCCGATGAGGCTGT, TGTATCCT
GATCACCAGAGAGG, UPL #64; DDIT3: ACCCTGCG
TCCCTAGCTT, ATGTGCGTGTGACCTCTGTT�, UPL
#36; HPRT1: TCACATTGTGGCCCTCTG, TCTACAGT
CATAGGAATGGATCTATCA, UPL #62; p21WAF1/CIP1:
TCCACAGCGATATCCAGACA, GGACATCACCAGGA
TTGGAC, UPL #21; SNAI1: CTTGTGTCTGCACG
ACCTGT, CAGGAGAATGGCTTCTCACC, UPL#
71; SNAI2: AAAGATGAAGTGAAAAGCACATTG,
CTGTTCCTTTGGTTGAAATGG, UPL # 74), and their ex-
pression was evaluated as relative ratio units visualized in log
scale. All PCR reactions were performed in triplicates in three
independent experiments with reverse transcriptase-negative
and template-negative controls included.

Senescence-associated� -galactosidase staining

The 2 × 105 mOSE cells were seeded to 24-well plate and cul-
tured for 24 h. Senescence-associated-� -galactosidase staining
was performed using Senescence Cells Histochemical Staining
Kit (Sigma-Aldrich, CS0030) according to the manufacturer’s
instructions. Briefly, cells were washed in 1× PBS, fixed for
7 min at room temperature in 2% formaldehyde, washed in 1×
PBS, and incubated at 37 °C with SA� -gal stain solution
containing 5-bromo-4-chloro-3-indolyl P3-D-galactoside (X-
Gal) 1 mg ml� 1, 40 mM citric acid, sodium phosphate
pH 6.0, 5 mM potassium ferrocyanide, and 5 mM potassium
ferricyanide/150 mM NaCl, 2 mM MgCl2. Images were ac-
quired by TissueFAXS PLUS (Tissue Gnostic, Austria), and
frequency of senescent cells was determined.

Transmission Electron microscopy

mOSE cells were transferred to suspension by trypsinization,
washed in 0.1 M cacodylate buffer, fixed in 3% glutaraldehyde
with 0.2% tannin for 1 h, and postfixed in 1% OsO4 for 50 min.
Then, cells were washed three times in cacodylate buffer, em-
bedded in 1% agar blocks, dehydrated in increasing series of
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ethanol (50, 70, 96, and 100%), treated 2 × 15 min with 100%
acetone, and embedded in Durcupan resin. Ultrathin sections
were prepared using LKB 8802A Ultramicrotome, stained
with uranyl acetate and Reynold's lead citrate, and examined
with FEI Morgagni 286(D) TEM. One hundred cells from each
experimental group in two independent experimental sets were
examined. Images were analyzed using ImageJ software.

MTT viability assay

The 1 × 104 mOSE cells were seeded onto 96-well plate
(Corning, USA) and cultured with respective treatments for
24 h. Then, thiazolyl blue tetrazolium bromide (Sigma-Aldrich,
Prague, Czech Republic) solution in water was added to culture
medium at one-tenth of total volume and incubated for 4 h. Cells
were lysed by isopropanol containing 10% Triton and 0.04 M
HCl, and absorbance was measured at 570 nm. Plots represent
normalized, background subtracted mean absorbance, and the
standard deviations (SD) from three independent experiments.

Real-time PCR telomere length assessment

To determine length of mouse telomeres, protocol of Callicott
et Womack (2006) was adapted. Briefly, mOSE genomic
DNA was extracted using PureLink Genomic DNA minikit
(Thermo Fisher Scientific, Prague, Czech Republic) and am-
plified using the telomere-specific forward and reverse
primers: 5� CGG TTT GTT TGG GTT TGG GTT TGG
GTT TGG GTT TGG GTT 3� and 5� GGC TTG CCT TAC
CCT TAC CCT TAC CCT TAC CCT TAC CCT 3�. As a
reference single copy gene, 36B4 (acidic ribosomal phospho-
protein PO) gene was amplified using forward and reverse
primers: 5� CAG CAA GTG GGA AGG TGT AAT CC-3�
and 5�CCCATT CTA TCA TCA ACG GGT ACA A3�. For a
standard curve calculation, DNA extracted from proliferating
mOSE was used at different amounts (1, 5, 10, 20, 30 ng). The
quantitative PCR on 20 ng of input genomic DNA was per-
formed using SYBR Green PCR Master Mix (Life
Technologies, Prague, Czech Republic) with 300 nM concen-
tration of each primer for telomere PCR and 300 nM forward
and 500 nM reverse primer concentration for 36B4 gene on
the Roche LightCycler 480 (Roche, Basel, Switzerland).
Thermal cycler reaction conditions were set to single step of
95 °C/10 min and 30 cycles of 95 °C/15 s, 56 °C/1 min for
telomere PCR, and single step of 95 °C/10 min and 35 cycles
of 95 °C/15 s, 52 °C/20 s, and 72 °C/30 s for 36B4 control. All
reactions were performed in triplicates and included template
negative controls. The LightCycler 480 software 1.5.0 was
used to determine the cycle threshold (Ct) of each sample,
and the telomere relative input amount was assessed from
the standard calibration curve. Average ratios of telomere rel-
ative input amount to relative input amount of 36B4 ratios
were reported as the average telomere length ratio (ATLR).

Cell cycle analysis

To analyze the progression of cell cycle in mOSE, propidium-
iodide staining followed by flow cytometry was performed.
The 1 × 106 cells were collected by trypsinization, washed in
1× PBS, and fixed by ice-cold 70% EtOH for 30 min at 4 °C.
Then, cells were washed in FACS buffer (2% FBS, 1% EDTA,
in PBS) and incubated with 0.1 mg ml� 1 RNase for 30 min at
37 °C. After subsequent wash in FACS buffer, cells were
finally stained with 50� g ml� 1 propidium iodide and mea-
sured on Cytomics FC500 Flow Cytometer (Beckman
Coulter). Cell cycle profile was analyzed using FlowJo soft-
ware (FlowJo LLC, Ashland, Oregon).

Statistical analysis

Statistical analysis was done using Statistica 12 (StatSoft,
TIBCO Software, Palo Alto, USA). Where applicable, statis-
tical significance was determined usingt test atp< 0.05.

Results and discussion

To address UPR during aging of mouse ovarian epithelial cells
(mOSE), we first established and validated a culture of prima-
ry mOSE cells explanted from dissected ovaries of ICR/CD-1
mice. mOSE express both epithelial markers, such as E-
cadherin (CDH1) or cytokeratin 8 (KRT8), and mesenchymal
markers, e.g., N-cadherin (CDH2) and vimentin (VIM) that
clearly distinguish the mOSE layer from fibrous tunica
albuginea and cortical connective tissue stroma, as document-
ed by in situ immunohistochemistry (Fig.1a–d). We con-
firmed that explanted primary mOSE transferred to the in vitro
culture maintains expression of mOSE markers and prior entry
to senescence also the typical, cobblestone-like epithelial mor-
phology (Figs.1e–l and2n). mOSE thus can be clearly dis-
tinguished from stromal, non-epithelial carryovers (Fig.1m–
p). To address functional links between senescence and ER
stress in mOSE, we took the advantage of spontaneous repli-
cative senescence occurring in primary cells cultured in vitro.
Explanted primary OSE continued cycling until approximate-
ly 30 days of culture that is equivalent to passage 4–5. Then,
they quit cell cycle and developed the senescent phenotype, as
documented by telomere shortening (Fig.2a), phosphoryla-
tion of histone� H2A.X and upregulation of cell cycle inhib-
itors p16INK4 and p21WAF1/CIP1, and accumulation of
senescence-associated beta-galactosidase (SA-� -gal) (Fig.
2b–m). Cells that gradually entered senescence also altered
their morphology towards large, flat, fibroblast-like cells
(Fig. 2n–r). This prompted us to investigate expression of
major drivers of epithelial-to-mesenchymal transition.
Indeed, we demonstrated that mRNAs coding for SNAI1
(Slug) and SNAI2 (Snail) transcription factors were
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upregulated. In parallel, increased expression of mRNA cod-
ing for p21WAF1/CIP1, HSPA5, and DDIT3 was documented
(Fig.2s). On a protein level, upregulation of HSPA5, ERN1a,
and ERO1a and increased cleavage of ATF6 resulting in ac-
cumulation of active ATF6p50 fragment were revealed, while
expression of ER-integral chaperon calnexin (CANX)
remained unchanged (Fig.2t). To exclude the possibility, that
UPR is upregulated in response to stress induced rather by a
desquamation of ovarian surface cells during mOSE isolation
than by senescence in culture, we visualized UPR effectors in
whole ovarian explants with the mOSE layer undisturbed. The
intact ovaries were cultured for 24 h under conditions chem-
ically promoting ER stress by tunicamycin and analyzed by
immunohistochemistry (Supplementary Fig.S1). We con-
firmed that mOSE layer is capable of UPR activation within
its tissue spatial context and thus represents a suitable model
for revealing molecular mechanisms linking ER stress and
tissue aging.

Then, we were curious, if ER stress and senescence are caus-
atively linked. Thus, we used tunicamycin to induce massive ER
stress in cultured mOSE by inhibition of N-glycosylation in ER,
and chemical chaperon tauroursodeoxycholic acid (TUDCA)
that nonspecifically alleviates ER stress. mOSE cells at passages
2 (P2) and 4 (P4) corresponding to proliferating and senescence
state, respectively, were treated either with tunicamycin or
TUDCA for 24 h and processed for electron microscopy.
Tunicamycin-treated cells exhibited massive dilatations and

vacuolization of ER cisterns irrespectively of passage number,
thus providing a valid positive control for ER stress induction in
mOSE. Interestingly, untreatedP4 cells showed significantly
higher frequency of abnormally dilated and vacuolized ER cis-
terns than P2 cells suggesting that deregulation of ER homeo-
stasis was evoked by the time of culture. Treatment of P4 cells
by TUDCA reverted dilatations of ER cisterns and restored the
normal architecture of ER. In P2 cells, TUDCA increased pro-
portion of dilated ER cisterns and partially cytoplasmic
vacuolization (Fig.3). On molecular level, tunicamycin induced
expression of HSPA5 and DDIT3 as well as p21WAF1/CIP1, while
TUDCA significantly downregulated these mRNAs in both P2
and P4 cells (Fig. 4a). This prompted us to reveal whether global
attenuation of ER stress can substantially alter the phenotype of
mOSE and possibly revert the onset of senescence. First, we
treated mOSE cells with tunicamycin or TUDCA and deter-
mined the metabolic activity and viability by MTT assay. After
24 h exposure to conditions evoking (tunicamycin) or alleviating
(TUDCA) ER stress, we documented decreased viability after
tunicamycin treatment of both proliferating and senescent cells.
Interestingly, TUDCA had no significant effect on viability of
P2 cells but enhanced viability of P4 cells (Fig.4b). In the same
experimental setup, tunicamycin induced cell cycle arrest in G0/
G1, irrespectively of passage number, while TUDCA reduced
the frequency of cells in G0/G1 and increased the number of
cells in G2/M phase (Fig.4c), indicating that alleviation of ER
stress mOSE may alter cell cycle machinery towards

Fig. 1 Mouse ovarian surface epithelium (mOSE) express E-cadherin
(CDH1) (a), N-cadherin (CDH2) (b), vimentin (VIM) (c), and cytokeratin
8 (KRT8) (d). Mouse ovaries were dissected, fixed in formalin, embedded
in paraffin, and cut to sections covering cortical region of ovaries. CDH1,
CDH2, KRT8, and VIM were visualized by immunohistochemistry.
Scale bars indicate 200� m. This expression pattern is maintained after

transferring to in vitro culture. mOSE were enzymatically dissociated
from surface of dissected ovaries and cultured in vitro. CDH1, CDH2,
KRT8, and VIM were visualized by immunofluorescent microscopy (e–
l). Mouse embryonic fibroblasts were obtained from 13.5-d.p.c.-old
mouse embryos, expanded in vitro, and used as a control of mesenchymal
carryovers (m–p). Scale bar indicates 200� m
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proliferation. Moreover, treatment by TUDCA significantly re-
duced number of senescent cells in culture (Fig.4d).

Generally, depletion of follicular pool in ovaries and induc-
tion of menopause substantially alter ovarian endocrine activ-
ity and morphology. Height of ovarian surface epithelium of
postmenopausal ovaries decreases, and the epithelial layer
shows tendency to development of invaginations and inclu-
sion cysts, and becomes permissive for development of epi-
thelial ovarian cancer (Laszczynska et al.2008). In long-term
in vitro cultures, mOSE suffer by genomic instability induced
by deregulation of mitotic machinery genes and can acquire
hazardous pre-malignant phenotype (Urzua et al.2016).
Oxidative stress induced by DNA-damage and ROS can fur-
ther shift permissive mOSE clones towards malignancy.
Interestingly, this process was enhanced by epithelial-
stromal interactions (King et al.2013). Concordantly,
Lawrenson and colleagues demonstrated earlier that in
vitro-derived senescent fibroblasts promoted neoplastic

Fig. 3 Transmission electron microscopy (TEM) of passage 2 (a–c) and
passage 4 (d–f) mOSE, visualizing cell ultrastructure and quantifying
frequency of cell showing ER abnormalities (g). Red contours indicate

ER cisterns. Tunicamycin was used as positive control of ER stress,
inducing massive dilatation and vacuolization of ER cisterns. Scale bars
indicate 2� m

� Fig. 2 mOSE cells enter replicative senescence, as documented by
telomere shortening. Relative telomere length ratios of cells at passage
2 and 4 were determined using quantitative PCR (a). mOSE cultured in
vitro accumulate markers of senescence, such as histone yH2AFX (b, h),
inhibitors of cell cycle p21WAF1/CIP1(c, i) and p16INK4 (d, j), and SA-� -
gal (g, m) and suffer from ER stress, as documented by immunofluores-
cence analysis of HSPA5 (e, k) and DDIT3 (f, l). Scale bar indicates
50� m. In prolonged culture, mOSE change their morphology from cells
with flat, cobblestone-like epithelial appearance to large, flat, fibroblast-
like shape cells. Scale bar indicates 50� m (n–r). Gene expression levels
of HSPA5, DDIT3, p21WAF1/CIP1, SNAI1, and SNAI2 in mOSE over four
passages, equivalent to approx. 30 days in vitro, as documented by RT-
qPCR (s). Protein levels of HSPA5, ERN1, ERO1A, p21WAF1/CIP1,
calnexin (CANX), and ATF6 in mOSE over four passages in culture as
documented by immunoblotting (t)
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phenotype of immortalized OSE and enhanced migration
and proliferation of epithelial cells (Lawrenson et al.
2010). Cell senescence is generally considered as a tumor
suppressive mechanism. Senescent cells cease dividing
but, however, keep a high metabolic activity and alter local
microenvironment by acquiring the senescent-associated
secretory phenotype leading to potentially deleterious ef-
fects on tissue architecture (Coppe et al.2010).

Induction of senescence integrates various intrinsic and
extrinsic stimuli. Typically, replicative senescence is associat-
ed with telomere shortening, originally described by Hayflick
(Hayflick and Moorhead1961), but oxidative stress, onco-
gene activation, or pharmacological treatment induces irre-
versible cell cycle arrest in p53/p21WAF1/CIP1- or p16INK4-de-
pendent manner in stress-induced senescence. Moreover, pro-
tein homeostasis is disturbed in aged cells, and overexpression

Fig. 4 Tunicamycin upregulates
and TUDCA downregulates
mRNA expression of principal
regulators of ER stress response
HSPA5, DDIT3, and cell cycle
inhibitor p21WAF1/CIP1in P4
mOSE, as documented by qRT-
PCR. Data from three
independent experiments.
Asterisks indicate statistical
significance atp< 0.05 (a).
Tunicamycin decreases and
TUDCA increases viability of
mOSE as determined by MTT
assay. Data from three
independent experiments.
Asterisk indicates statistical
significance atp< 0.05 (b).
Untreated mOSE of passage 4 as
well as tunicamycin-treated
passages 2 and 4 arrest in G1/S
phase of cell cycle. TUDCA
slightly promotes reentry to cell
cycle. Distribution of cell in cell
cycle phases was revealed by
propidium iodide staining and
flow cytometry. Data shows
representative of three
independent experiments (c).
TUDCA decreases number of
senescent cells in culture of
passage 4 mOSE as documented
by SA-� -gal cytochemical
staining. Asterisk indicates
statistical significance atp< 0.05
(d)
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of ER chaperons, such as HSPA5, may represent a protective,
adaptive mechanism, as documented in cardiomyocytes, neu-
rons, or skeletal muscles (Cummings et al.2001; Feng et al.
2014; McArdle et al.2004). ER then represents a signaling
hub, where various stress stimuli integrate and evoke HSPA5-
dependent response. In aging tissues, development of ER
stress follows induction of senescence as documented in var-
ious models encompassing both mesenchymal and epithelial
phenotypes (Pluquet et al.2015).

Deregulation of OSE under stress or senescence condi-
tions can represent a potentially hazardous event that either
form a permissive microenvironment for direct malignant
transformation of OSE or the colonization of ovarian sur-
face by cancer cells from extra-ovarian sources, and devel-
opment of ovarian cancer. We have shown previously that
alleviation of ER stress induced by loss of subunit of ER-
integral oligosaccharyltransferase complex, TUSC3, in
ovarian or prostate cancer cells enhances their viability,
promotes EMT and cell migration in vitro (Horak et al.
2014; Kratochvilova et al.2015), and decreases overall
and disease-free survival of ovarian cancer patients (Pils
et al. 2013). Extrinsic alleviation of ER-tress by TUDCA
was shown to prevent aggregating of misfolded proteins,
alleviate ER stress, and hinder UPR-mediated cell death
(Uppala et al.2017; Yoon et al. 2016). Moreover,
TUDCA was demonstrated to recruit endothelial progeni-
tors in neovasculogenesis and tissue repair (Cho et al.
2015). Here, we demonstrate that UPR is evoked in
mOSE cells entering senescence and show that alleviation
of ER stress by TUDCA delays onset of senescence. In
summary, ER stress evoked in ovarian cortex during aging
and senescence therefore represents the important cellular
mechanism linked to tissue stability and homeostasis
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Introduction 

 
For decades, visualization of cell and tissue structures by chemical staining developed for optical 
microscopy was the only option for a clinical histopathological diagnosis or biomedical research in a 
tissue context. A cardinal breakthrough was later achieved by the introduction of antibody-based 
techniques that provided spatial resolution and antigen specificity at the cellular and sub-cellular levels. 
Presently, classical methods of tissue analysis are complemented with various instrumental methods to 
provide global information on tissue architecture, reflecting the chemical composition of the tissue, 
including spatial distribution of metabolites, regional structural differences of the extracellular matrix 
or secreted proteins and other large molecules. These techniques include Raman spectroscopy (RS), 
magnetic resonance imaging (MRI), ultrasonography (US), computed tomography (CT) or positron 
emission tomography (PET), single-photon emission CT (SPECT) or mass spectrometry (MS). In this 
review, we provide a brief overview of the application of nanotechnology in histology methods, 
particularly in bioanalytical tissue MS imaging. 
 
 

From tissue staining to tissue imaging 
 
Tissue staining is an established histological technique that reveals structural patterns that are not 
clear or sufficiently visible to be observed directly. The first dyes used for staining of tissue structures 
were colored substances isolated from natural resources—e.g., indigo, saffron, hematoxylin, 
azocarmine, and orcein. These dyes were commonly used for dyeing textile fibers and later found wide 
application in histology. The onset of synthetic dyes further enhanced histopathological analyses since 
the invention and application of aniline dyes in 1856 [1]. However, various tissues, including neural or 
lymphatic tissue, resisted staining using large molecular dyes. When the impregnation by silver salts 
and other non-classical-dyes was introduced to histological analysis [2], fine molecular structures of 
complex organs were revealed—e.g., reticulin networks in the spleen or the architecture of the brain 
isocortex (Fig. 19.1A). Decades later, the application of fluorescent dyes or enzymes linked to specific 
antibodies, together with confocal microscopy, shifted histological analysis from subjective 
morphological evaluation to the analysis of particular molecular patterns or epitopes even in an 
automated manner [3]. Advances in analytical chemistry, particularly in MS, and its orientation in 
complex biological problems, contributed to the development of techniques for the direct analysis of 
chemical tissue composition, thereby enhancing the potential of current diagnostics in cancer [4] or 
pharmaceutical research [5]. Mass spectra with individual peaks corresponding to molecules of a 
particular molecular weight and charge (i.e., the m/z ratio) provide individual tissues with their unique 
spectral fingerprint (Fig. 19.1B) and an input for “bottom-up” proteomics. The progress of 
micromanipulation techniques, such as laser-captured microdissection allowed topologically highly 
correlated MS-based proteomic analysis on very small but precisely defined cell populations [6]. 
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FIGURE 19.1  
(A) Architecture of the mouse isocortex and adjacent cerebral white matter, visualized by classical histological 
techniques. Brain tissue was fixed in formalin and embedded in paraffin (FFPE). Sections of the isocortex were 
stained with hematoxylin and eosin, azocarmine and silver impregnation according to standard protocols [7]. 
Roman numerals correspond to individual layers in the isocortex (I: Lamina zonalis; II: L. granulairs externa; III: L. 
pyramidalis; IV: L. granularis interna; V: L. ganglionaris; VI: L. multiformis). Deposition of silver nanocrystals within 
neural structures and neurons reveals structural patterns that are poorly distinguished by standard staining. (B) A 
unique molecular fingerprint of mouse brain tissue. The spectral profile of the digested surface proteins was 
generated by matrix-assisted laser desorption/ionization-time-of-flight (MALDI TOF) MS (blue). Brain tissue in the 
form of FFPE sections was deparaffinized and trypsinized (red) prior to MS 
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Presently, the term “tissue imaging” is dedicated to advanced methods of visualizing tissue structures 
ranging from in vivo imaging of whole organs to high-resolution cell tracking or revealing the chemical 
composition and metabolomic profiles. For decades, classical histological methods have been based on 
specific chemical staining of tissue sections, selective for proteins, peptides, lipids, metabolites or other 
biomolecules or drugs. Despite precise positional information within a tissue, standard topological dyes 
have provided only limited information concerning chemical composition or structural specificity. 
However, antibody-based techniques developed for visualization of fixed structures are generally not 
compatible with imaging in vivo due to protein degradation or limited penetration into tissues. 
Nanoparticles containing a metallic core and a functionalized shell that were recently introduced to 
bioimaging technology showed surprisingly effective capability to migrate to the desired site, interact 
with the target tissue and deposit in specific sites. 
 
 

Nanoparticles as visualization agents 
 
A nanoparticle (NP) is defined as a single unit with a size varying between ~1 and 100 nm and showing 
uniform parameters and properties that are not present on a larger scale [8]. Recent advances in 
nanotechnology brought NPs to the broad interest of the scientific community due to their unique 
chemical, optical, electronic, magnetic and structural properties. NPs have found wide applications in 
biomedicine, ranging from research to diagnostics, prediction or therapeutics [9]. Because the size of 
NPs reaches cellular or sub-cellular levels while maintaining their capability to directly interact with 
molecular structures, NPs are greatly attractive in fluorescent microscopy as quantum dots [10, 11] or 
contrasting agents for tissue in vivo imaging (MRI), particularly regarding the labeling and tracking of 
migrating cancer or stem cells [12] or enhancing other types of analysis—e.g., MS. NPs can be 
synthesized from various materials ranging from carbon to metals and functionalized according to the 
desired function or visualization techniques. Functionalization of NPs covers a broad range of 
modifications of the NP core or engineering of an NP shell. Properties of NPs can be further tuned to a 
particular task by the composition of different biocompatible compounds that allow use in living cells. 
This is particularly true for many cancers that preferentially uptake various metabolites or biomolecules 
compared with normal tissue. Iron oxide NPs coated with the heavy chain of human ferritin (M-HFn) 
were found to interact with the transferrin receptor that is predominantly expressed on cancer cells. 
The iron core possesses catalytic activity and allows the oxidation of standard peroxidase substrates—
e.g., tetramethylbenzidine or diazoaminobenzene. The deposition of M-HFn NPs in cultured cancer 
cells or within a fixed tissue allowed for precise identification of malignant cells in histological sections 
[13]. Recently, fluorescent nanodiamonds were applied to track implanted lung progenitor cells during 
engraftment from intravenous administration to final homing into terminal bronchioles [14]. Therefore, 
simple administration of such biospecific NPs provides an analytical output without any further 
targeting ligand of contrasting substrate. Specific interaction of engineered NPs with cellular or tissue 
structures opens a possibility to detect bound para- or supermagnetic NPs in vivo—e.g., using MRI or 
other multimodal imaging techniques such as CT, SPECT or fluorescence-based techniques. In a breast 
cancer cell line study, Tietz and colleagues encapsulated an iron oxide core in an epichlorohydrin cross-
linked dextran polymer, conjugated with a cyclopentapeptide with high affinity to a CXCR4 chemokine 
receptor. Breast cancer MDA-MB-231 cells overexpressing CXCR4 preferentially bound CXCR4-specific 
NPs and provided a negative contrast MRI image [15]. Iron oxide NPs were used for MRI tracking of 
implanted mouse embryonic stem cells into the site of the lesion where the labeled cells provide a 
hypointense MRI signal [16]. The superparamagnetic iron oxide NPs are generally safe and well-
tolerated compounds [17] currently approved for administration in patients using various modalities. 
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Lanthanide core NPs specifically influence the relaxation times of protons in their close proximity and, 
compared with iron oxide NPs, provide a positive MRI contrast. Contrasting agents based on 
gadolinium (Gd3+) chelates, however, may induce adverse reaction in some patients—e.g., nephrogenic 
systemic fibrosis [18]. To overcome this obstacle, modification of the structures coating the Gd core has 
been described—e.g., polyethylenglycol/polyethylenimine [19], silica coating [20], various metal-
organic frameworks (MOFs) [21] or nanocarbon (nanodiamonds) [22]. Due to their molecular structure, 
MOFs are highly attractive as drug-delivery vehicles or imaging agents (Fig. 19.2). Targeted complex Gd 
NPs then show high specificity to the investigated tissue—e.g., cancer-lesioned liver [23] or melanin-
containing melanoma cells [24]. Replacement of the coated core metal with an inert element—e.g., 
gold—and building up a scaffold with similar structural properties to the extracellular matrix or a cell 
membrane have decreased the toxicity of MRI-contrasting NPs, enhanced the imaging properties [25] 
and also allowed for multiple analysis using, for example, fluorescence sorting, MS profiling, antibody-
based techniques, magnetic labeling or electron microscopy [22, 26, 27]. The mesoporous silica-coated 
hollow manganese oxide demonstrated low cellular and systemic toxicity when electroporated into the 
mesenchymal stem cells (MSCs) and tracked by MRI after stereotactic injection into the putamen of the 
mouse. Moreover, MSCs containing silica-coated manganese NPs retained their viability, and their 
differentiation potential was uncompromised. Importantly, the architecture of mesoporous silica shell 
NPs provided access of water molecules to the manganese core and enhanced the positive contrast of 
the MR image. Deposition of labeled MSCs in hyperintense MRI loci allowed stable tracking with high 
spatial resolution over prolonged time periods [28].  
Recently, nanoscale metal-organic frameworks (NMOFs) emerged as promising biomedical or 
bioengineering tools for imaging and drug delivery [29-31]. NMOFs are a new class of hybrid materials 
in nanometer size consisting of metal ions and organic bridging ligands (Fig. 19.2). The chemical 
properties of these materials, such as their structural and molecular diversity, type of metallic core 
(e.g., Yb, Gd, Mn, or Fe), high loading capacity, and intrinsic biodegradability make them suitable for 
direct in vivo imaging using near-infrared microscopy [32] or MRI [33]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 19.2  
Molecular structure of an MOF NP 
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Gold NPs (AuNPs) are a promising class of NPs with a lower frequency of adverse effects of lanthanide 
NPs in vivo and a longer life-time than iron NPs. Individual AuNPs (Fig. 19.3) or their clusters (Fig. 19.4) 
can be directly modified by various structures that either improve a detection method, enhance 
specificity or reduce toxicity and improve clearance. For example, nanoflares are highly functionalized 
NPs that bring extreme detection specificity to the level of single molecules of nucleic acids. Thus, the 
conjugation of specific oligonucleotides to AuNPs combines very high specificity with a potent 
fluorescence activity and low toxicity to the cell. Standard techniques for mRNA detection are based on 
the detection of an interaction event between a fluorophore-labeled oligonucleotide with its target 
sequence. However, major obstacles lie in the delivery method into cells, a high background 
compromising the specificity of the assay and enzymatic degradation of the reporters. AuNP-based 
nanoflares possess the unique capability of detecting individual mRNAs in living cells without enzymatic 
degradation of the vehicles or the need for transfection reagents for delivery [34, 35]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 19.3  
Example of direct modifications of AuNPs. AuNPs can be stabilized using citric acid or gallic acid. Derivatization by 
introducing various functional groups or even biomolecules (e.g., thiol, amino, antibody, and oligonucleotides) can 
enhance the binding specificity to particular tissue structures, antigens or even individual sequences of DNA or 
RNA. Dashed or full lines indicate non-covalent or covalent bonds, respectively 
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FIGURE 19.4  
AuNPs form clusters of various sizes and complexity. Gold clusters up to Au10 are known to be planar, higher Au 
clusters possess three-dimensional structure, and some of them (Aum, where m=16,17,18) might be empty, 
representing gold fullerenes, which are hollow gold cages that can form endohedral complexes—e.g., M@Au16, 
where M is a foreign metal inside the cage 
 
 
Therefore, NP engineering defines physical parameters that are critical for the particular imaging 
method but also determines biological properties, such as target specificity, migration through the 
tissue environment, retention in the vascular system, renal excretion or the efficacy of the cellular 
uptake, which can dramatically influence the information value of the diagnostic or analytical output 
(Fig. 19.5). 
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FIGURE 19.5  
Engineering of the core and shell determines performance in various imaging techniques and targeting specificity, 
and prevents degradation or adverse effects in vivo 
 
 

Tissue imaging by MS 

MS allows the rapid detection, localization and identification of many molecules from the very simple 
to the most complex (e.g., biomolecules). Tissue MS is a label-free technique that can provide detailed 
understanding of biological processes in a broad cellular context and whole biological systems. A 
principle of MS techniques is demonstrated in the MALDI-TOF MS example summarized in Fig. 19.6. 
The development of imaging MS (IMS) provided the unique ability to analyze hundreds of analytes in a 
one experiment without prior knowledge of the tissue composition or the use of antibodies or staining 
reagents. Another advantage of this technique is the maintenance of spatial molecular patterns 
because tissue samples are analyzed without prior homogenization (mechanical disruption of tissue, 
creating a homogenous mixture) or fractionation (division of homogeneous mixture into individual 
fractions) [36, 37]. Homogenization and fractionation belong to classical approaches of sample 
preparation; however, these techniques affect the distribution of particular molecules (spatial 
information) and destroy morphological structures. Moreover, the IMS approach can visualize the 
global biochemical heterogeneity of individual cell populations and tissue structures at the single-cell 
level [38]. IMS can be applied in a wide area of “omics” research such as proteomics, lipidomics, 
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metabolomics, metallomics, and drug discovery, and is a topic that was reviewed in detail recently [39]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 19.6  
Principle of MALDI-TOF MS. Tissue molecules co-crystallized with a matrix (defined below) are desorbed by a laser 
beam from a sample surface. Ions enter into the flight tube towards a detector. The time of flight and intensity of 
the signal are recorded; next the ratio of the molecular weight (m/z) to charge is determined 
 
 
Depending on the experimental design, the output is either a single mass profile of a nonspecific tissue 
region or a homogeneous cell population, or a panel of mass spectra recorded in high resolution from 
defined coordinates and containing spatial information [40]. The IMS approach efficiently combines the 
analysis of molecular species and their distribution together with morphological and histopathological 
information. Moreover, fixed tissues prepared for routine histology are compatible with IMS or other 
various modifications of MS, enabling analysis of various samples stored at medical facilities [41]. 
However, IMS requires modifications of virtually all steps of the standard “profiling” MS protocol. To 
achieve a desired resolution, the sample preparation and application retrieving the surface molecules 
for ionization, instrumental setup, data acquisition and mass spectra analysis in parallel with 
histological assessment need to be optimized [42-45]. A scheme depicting the difference between MS 
profiling and MS imaging is shown in Fig. 19.7. 
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FIGURE 19.6  
Principle of mass spectrometry profiling and imaging on intact tissue sections 
 
Ionization methods for IMS 
 
Ionization is a critical step in the entire process of IMS, determining the quality of recorded spectra, 
spatial resolution and content of biologically relevant information. Presently, there is a broad range of 
surface ionization methods adopted for IMS from bioanalytical MS; however, MALDI MS, secondary ion 
MS �|SIMS�} and desorption electrospray ionization �|DESI�} are the most common. 
 
MALDI MS 
 
MALDI is a soft ionization technique based on mixing a sample with an excessive amount of a matrix 
and subsequent desorption and ionization of the sample molecules by a short (~ns) laser pulse usually 
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in a high vacuum (about 10-4 Pa) [46]. The matrix plays a key role in the absorption of laser energy of a 
certain wavelength, which is then passed to the analyte, causing a transition of the analyte from the 
solid phase into the gas phase and preventing fragmentation molecules of the sample by using a direct 
laser beam. The matrix is at the same time a donor or acceptor of protons to the sample molecules in 
the positive or negative mode. The mechanism of proton transfer from the matrix to the analyte 
remains unclear. This technique preferentially provides pseudomolecular [M ± H]± ions of the analyte 
but sometimes can be observed in the spectra of other ions, such as [M + 2H]2+, [M + 3H]3+ ions or 
dimers [2M + H]+, and others. MALDI enables the ionization of biomolecules over a wide mass range, 
including DNA, peptides, proteins, lipids and many other substances. MALDI MS is often the chosen 
bioanalytical method because of its sensitivity, its tolerance to impurities and simple preparation of the 
sample [38].  
The correct choice of matrix is one of the most important steps in MALDI IMS. As the matrix, organic 
aromatic acids are usually used. Each matrix is suitable for different analytes. For example, the most 
commonly used matrix in MALDI-TOF of cellular or tissue samples is sinapinic acid suitable for the 
detection of higher molecular weight proteins, �r-cyano-4-hydroxycinnamic acid for the detection of 
lipids and lower molecular weight peptides and 2,5-dihydrobenzoic acid or 2,6-dihydroxyacetophenone 
for the ionization of phospholipids and drugs [47]. Various matrices differently affect desorption and, 
thus, ionization of the analyte. The interaction of the analyte with the matrix might also improve the 
ionization efficiency. The application of a MALDI matrix on the sample of tissue section affects 
substantially the assay output. In MALDI IMS of a tissue section, the matrix solution needs to be 
homogeneously deposited over the sample—e.g., by spraying the matrix over the entire surface of the 
tissue. However, the regions desired for single profiling can be defined by simple deposition of matrix 
droplets to particular regions of the tissue section [48].   
Manual methods of matrix deposition such as airbrush spraying or dipping the tissue sections into a 
matrix-containing solution usually suffer from poor reproducibility [49]. Automated deposition allows 
the deployment of a very thin layer of matrix with an IMS quality suitable also for high-throughput 
preparations [50]. The most common mass analyzer in combination with the MALDI technique is the 
TOF, which provides high mass resolution, excellent mass accuracy, and a rapid acquisition rate over a 
large mass range [51]. 
 
SIMS 
 
SIMS was the first ionization technique in MS used for chemical imaging [52]. The main advantage of 
SIMS is the spatial resolution level at the submicron level as low as 50 nm, making this approach 
suitable for investigating the chemical composition of single cells or even subcellular structures [38]. 
SIMS is based on irradiation of the sample surface by a primary beam of high energy containing metal 
ions (e.g. Ar+, Ge+, or In+). These primary ions generate the emission of secondary ions from the sample 
surface. The energy of the primary ion is much higher (range 5–25 keV) than the energy of the laser 
beam in MALDI experiments; thus, SIMS often leads to extensive fragmentation of surface molecules 
and is classified as a hard ionization technique. SIMS typically desorbs and ionizes elements and small 
molecules, such as lipids, metabolites, and small drugs, with an upper mass limit about 2 kDa. However, 
ion beams can be focused with a much higher spatial precision than laser beams. SIMS represents a 
unique tool for high-resolution IMS of single cells, their organelles and structures or to accurately 
define tissue regions [53]. This technique does not require any special sample preparation or a matrix. 
SIMS analyses are carried out in an ultrahigh vacuum (<10-7 Pa) to facilitate the transfer of ions after 
desorption from the sample surface.  



Nanomedicine  479 

SIMS is commonly combined with TOF, magnetic sector or Orbitrap analyzers [54]. According to the 
experimental design, SIMS works in either the static or dynamic mode. In the static mode, a primary ion 
beam is used at a dose less than 1012 primary ions/cm2 for desorption of the molecule from the surface 
and provides information about the composition of the surface. Static SIMS is mostly used for 
qualitative imaging. Dynamic SIMS is more destructive because a much larger primary ion dose (>1012 

primary ions/cm2) is applied on the sample, uncovering deep structures. Dynamic SIMS is mainly used 
for quantitative elemental imaging [55]. 
 
DESI MS 
 
The DESI ionization technique was developed by the Cooks group in 2004 [56] and was first used for MS 
imaging of biological tissues in 2005 [57]. The DESI principle is based on the concept of the combination 
of two MS ionization methods—electrospray ionization (ESI) and desorption ionization (DI). DESI occurs 
by the interaction of charged droplets of solvent (often a mixture of water and methanol at a ratio of 
1:1) produced by electrospray with the sample surface. By the collisions of drops with the sample 
surface, secondary charged droplets containing dissolved surface molecules of sample are generated. 
These secondary droplets are immediately converted on gaseous ions, which are directed at an 
appropriate angle into the inlet of the mass analyzer [58]. DESI provides several advantages compared 
with MALDI and SIMS. DESI is performed at atmospheric pressure and requires no additional sample 
preparation or addition of the organic matrix. DESI also induces very little fragmentation of the sample, 
making it suitable for analysis of complex molecules. DESI provides multiply charged ions in the form of 
[M + nH]n+ and [M – nH]n- but at a lower spatial resolution than MALDI or SIMS [53]. The rapid analysis 
time and its ability to be combined with various MS analyzers make this technique attractive for 
imaging all types of tissue [51] or particular structures, including polymers, drugs, and lipids [59]. 
 
Application of MALDI-TOF MS in tissue analysis 
 
MALDI-TOF MS for tissue analysis has already demonstrated its applicability in clinical and biological 
problems [60-62]. The generation of tissue-specific molecular weight or m/z maps or images with high 
resolution and sensitivity provides a tool for pathology, chemotherapeutics, and discovery of disease 
biomarkers. MALDI-TOF MS allows the rapid detection of more than a thousand peptides and proteins 
from various tissues covering diverse fields of medicine, ranging from oncology, regenerative medicine, 
and neurology to pathology, tissue architecture or biomedical research [42, 45, 62-68]. MALDI MS or 
IMS, with laser capture microdissection, generates expression profiles from individual cells or 
clinicopathologically relevant regions of tissue. For example, the molecular profiles of tumor tissues can 
correctly predict tumor behavior, diagnosis, prognosis or response to therapy. Bottom-up proteomics 
based on complex patterns can lead to the discovery of novel biomarkers [42, 65]. 
MALDI-TOF MS/IMS has the potential to identify patient subpopulations that are not evident based on 
the cellular phenotype determined microscopically [58]. In surgical pathology, IMS allows the highly 
sensitive and rapid evaluation of surgical intraoperative margins [69]. The IMS spectra generated in 
high resolution from tumor lesions surrounded by healthy tissue requires sophisticated computational 
analysis to correctly discriminate and classify the samples. For this purpose, a new method was 
developed involving reconstructing the image from the raw mass-spectral data, preprocessing of IMS 
data and subsequent classification and identification of IMS data based on artificial neural networks 
(ANNs) [70]. ANNs are computational simulations of human neural networks for modeling highly 
nonlinear systems in which the relationship between the variables is unknown or very complex [71]. 
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Histological staining and IMS 
 
Histological staining remains a cornerstone in the routine diagnosis of cellular and tissue 
pathomorphology. Classical histological techniques require skilled clinical pathologists to diagnose 
tissue abnormalities. Spectral profiles or images can complement structural information and facilitate 
or specify a diagnosis [72]. Correct interpretation of MALDI MS/IMS information requires the 
correlation of specific ion images to histological information. The latter can be accomplished either 
using the same tissue section for both MALDI MS/IMS and histopathology or by analysis of two 
consecutive sections. The first approach is complicated by interference of the dye used for tissue 
staining with ionization during MS. Covalent binding of a dye—e.g., hematoxylin/eosin (H&E)—to the 
sample surface, reduces the quality of a mass spectrum. However, chemically distinct dyes, such as 
cresyl violet or methylene blue, are compatible [72]. Nevertheless, the staining pattern provided by 
these dyes is different than that provided by H&E, and pathological information does not need to be 
exhaustive. Recently, a staining protocol for tissue sections already analyzed by MS was introduced 
that allowed a clear correlation to MALDI IMS results [73]. Analysis of consecutive sections requires a 
precise alignment of neighboring structures. This is often complicated in complex samples, such as 
neural tissue samples, due to the different microarchitecture and molecular profiles of adjacent tissue 
sections [74].  
The data outlined above apply only to fresh-frozen tissue samples. As the commonly used stains, 
including H&E, are compatible with formalin-fixed paraffin-embedded tissues [36], the presence of a 
cross-linked surface due to formalin bridges introduced by fixation of FFPE tissues prevents analysis by 
MS. The peptide cross-links can be released using enzymatic treatment to make the surface available 
for MS analysis [75]. The availability of FFPE samples archived throughout the clinical facilities 
represents an enormously rich material for detailed MS/IMS studies with clear links to clinical practice 
[76]. 
 
 

NP-Mediated IMS 

Nanoscale materials have been widely introduced into bioanalytical MS and IMS research rather 
recently to overcome obstacles in MS analysis of complex or unstable biological samples. Although it 
has been demonstrated that classical organic chemical matrices in MALDI-TOF MS enable the detection 
of peptides, proteins and nucleic acids and other biomolecules [77], there are still unresolved problems 
in the adaptation of MALDI-TOF MS protocols to IMS:  
 

1) The co-crystallization of analytes with matrices does not produce homogeneous mixtures, 
which cause hot spots, thereby requiring sweet-spot searching [78].  

2) MALDI-TOF MS can hardly detect small molecules because of the high background signals 
coming from small organic matrices, which are present in the low-mass region (500 Da) [79]. 

3) The presence of salts in a sample solution increases the intensities of salt-adducted forms 
[80].  

4) Neutral molecules such as carbohydrates are poorly ionized by MALDI because of the absence 
of either a basic or an acidic group in their structures [81]. 

 
To resolve these problems, the use of inorganic compounds with NP properties as matrices has been 
introduced for the determination of analytes ranging from small organic molecules to biopolymers [82-
85].  
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MALDI requires photon-absorbing matrix compounds to enhance desorption [86]. UV-absorbing 
materials can be used as energy mediators to transfer the photon energy from the laser source to the 
surrounding analytes for effective desorption and ionization with minimum fragmentation of analyte 
molecules. Cobalt NPs (30 nm in diameter) as matrices have been used by the pioneers in the MALDI 
field for the analysis of lysozyme [87]. The cobalt NPs possess a large surface area, show high 
photoabsorption, and a low heat capacity compared with those of microparticles. Inspired by Tanaka’s 
results, a series of inorganic micro- and nanomaterials have been investigated as potential inorganic 
matrices—e.g., graphite particles [88], AuNPs [89], silver NPs [90, 91], titanium dioxide NPs [82, 92], 
silicon NPs and nanorods [93, 94], Au nanorods [95], and carbon nanotubes [96].  
Nanomaterial matrices compared with organic matrices offer better sample homogeneity [82, 89, 90, 
92-99] and elimination of matrix ion interference. Flocculated and trapped mixtures can be detected 
using nanomaterials in various matrices [100-102]. AuNPs are suitable matrices for the determination 
of biomolecules in high-salt solutions, such as biological buffers, by MALDI-TOF MS [102]. AuNP-
assisted laser desorption/ionization (LDI) was used for the determination of neutral carbohydrates [81], 
where the ionization efficiency of neutral carbohydrates can be greatly amplified without derivatization 
steps. Bare, capped, and functionalized AuNPs are good candidates as new generation matrices for 
high-resolution imaging and profiling analysis [87]. As described elsewhere, AuNPs are particularly 
interesting because they do not (or seldom) ionize by laser irradiation; however, a local temperature 
increase occurs on the particle surface [103]. Heat produced by the laser beam is then rapidly 
transferred to the analyzed sample. As a result, molecules of the analyte are desorbed/ionized with 
minimal background signal coming from the matrix. Compared with a commonly used 2,5-
dihydrobenzoic acid matrix, the AuNPs showed the successful detection of small carbohydrates up to 
m/z 500 [101].  
AuNPs were demonstrated to mediate the ionization of several peptide systems and small proteins [89, 
97, 100-102, 104-108]. Additionally, the complexity and size of AuNPs influence the ionization of 
biomolecules in MALDI experiments. Russell and co-workers [106] published the detection of peptides 
with molecular weights of 500–2500 using 2- to 10-nm AuNPs. Moreover, coating AuNPs 
(functionalization) allows for selective extraction of desired substances from the complex solutions [89, 
109]. For example, polyethylene-modified magnetic NPs (Fe3O4) to extract phosphoproteins from 
complex protein digests for MS analysis were used (Chen et al. 2011). Interestingly, the deposition 
method—e.g., the order of the layout of reagents and sample—influences either the interaction of the 
AuNP matrix with the sample or exposition of the sample to the laser beam. Samples covered with 
AuNPs provided better detection sensitivity and sample homogeneity compared with either the 
deposition of a mixture of matrix and sample onto the target plate or deposition of AuNPs onto the 
target before the sample [110]. 
NPs is now widely applied in various fields of tissue visualization—e.g., immunohistochemistry [13], MS 
profiling and imaging [38, 42, 60], detection of individual biomolecules in living cells, delivery as vectors 
[34, 35, 111] or systemic tracking of defined cell populations in whole organisms [11, 22]. Modification 
and functionalization of their surface, selection of their physical properties and biological targeting 
make NPs highly attractive for diagnosis, targeted therapy and biomedical research. A brief overview of 
the use of NPs in tissue visualization is provided in Fig. 19.8. 
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FIGURE 19.8  
Brief overview of NP use in tissue visualization 
 
 

Conclusions 

Nanomaterials have wide applications in visualization strategies in cell and tissue biology. In particular, 
specifically engineered NPs can complement classical techniques of analysis on fixed tissues and 
enhance the performance of in vivo MRI. Biocompatible NPs provide a tool for in vivo cell tracking in 
regenerative medicine or cancer research and provide deep insight into tissue ultrastructure and 
chemical composition. IMS combines efficient analysis of chemical composition, spatial distribution and 
structural information, reflecting the complexity of the biological systems. Classical histological staining 
techniques are still indispensable particularly for daily clinical routine; however, the use of advanced 
methods such as NP-mediated IMS complement greatly the palette of available diagnostic approaches 
in the clinic and research.  
Bringing the bioanalytical MS analysis to the cellular and subcellular levels allows the identification of 
molecular composition related to precise spatial localization. The combination of structural 
visualization and bioanalytical analysis complements greatly and contributes to the entanglement of 
complex interactions and mechanistic phenomena in tissues. Therefore, nanomaterial-mediated 
visualization is an important tool in standard clinicopathological techniques and tissue engineering. 
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Use of � ower-like gold nanoparticles in time-of- � ight mass
spectrometry

Lenka Kolá �ová1†, Luká • Ku� era2†, Petr Va� hara2, Ale• Hampl 2 and Josef Havel 1,2*
1Department of Chemistry, Faculty of Science, Masaryk University, Kamenice 5/A14, 62500 Brno, Czech Republic
2Department of Histology and Embryology, Faculty of Medicine, Masaryk University, Kamenice 3/A1, 62500 Brno, Czech Republic

RATIONALE: Many kinds of nanoparticles (NPs) have been used for mass spectrometry (MS) so far. Here we report the
� rst use of � ower-like gold nanoparticles (AuNPs) as a mediator to enhance ionization in MS of peptides and proteins.
METHODS: Flower-like AuNPs were characterized using transmission and scanning electron microscopy, UV-VIS
spectrophotometry, and laser desorption/ionization (LDI)-MS and compared with polyhedral AuNPs. Mass spectra
were obtained in positive ion mode using a time-of- � ight (TOF) analyzer coupled with either matrix-assisted laser
desorption/ionization (MALDI) or surface-assisted laser desorption/ionization (SALDI) methods.
RESULTS: The intensities of peptide peaks (m/z 500–3500) were up to 7.5× and up to 7× higher using � ower-like AuNPs
and � ower-like AuNPs-enriched � -cyano-4-hydroxycinnamic acid (CHCA) matrix respectively, than the classical CHCA
matrix. The signals of higher mass peptide/protein peaks ( m/z 3600–17000) were up to 2× higher with using � ower-like
AuNPs-enriched CHCA matrix than conventional CHCA matrix. The signal of pro � le peaks generated by intact cell
MALDI-TOFMS of � broblast suspension (m/z 4000–20000) was 2× higher with using � ower-like AuNPs combined with
sinapinic acid (SA) compared to SA matrix alone. The use of� ower-like AuNPs as internal calibration standard for the
calibration of MS spectra of peptides was performed.
CONCLUSIONS: Flower-like AuNPs and � ower-like AuNPs combined with CHCA or SA as combined matrices for MS
measurement of peptides and proteins were used. Comparison of the conventional MALDI method and our method
with � ower-like AuNPs was carried out. In addition, gold clusters generated from � ower-like AuNPs by SALDI provide
a suitable internal calibration standard for MS analysis of peptides. Copyright © 2015 John Wiley & Sons, Ltd.

Gold nanoparticles (AuNPs) possess unique physical and
chemical properties that depend on their size, shape or level
of clustering.[1] They were introduced as highly effective tools
in a variety of biomedical applications, such as gene and drug
delivery, cell tracking or tissue analysis, imaging and
diagnosis.[2–4] AuNPs are also potent catalysts capable of
interactions with a broad spectrum of biomolecules that can
enhance diagnostic and bioanalytical approaches.[5] Mass
spectrometry (MS) is an established technique for biomarker
identi � cation or quanti � cation of small molecules in various
biological samples. Surface-assisted and matrix-assisted laser
desorption/ionization (SALDI, MALDI) time-of- � ight (TOF)MS
have become popular and versatile tools for analyses of
peptides, proteins and nucleic acids[6,7] and also various other
biomolecules such as lipids, oligonucleotides, carbohydrates,
and complex organic natural products and metabolites.[8]

However, classical MALDI-TOFMS has limitations that
require consideration and optimization, e.g. heterogeneous
co-crystallization of analytes with matrix and existence of

’sweet spots’ resulting in a � uctuating signal intensity and
a poor reproducibility, [9] presence of high background signals
in low-mass region (~500 Da) corresponding to organic
matrices interfering with detection of small molecules, [10] or
presence of salts in the analyte arti� cially increasing the
intensities of salt-adducted forms.[11] However, biomolecules
of interest, e.g. those with biomarker potential, are often rare
and dif � cult to analyze and their proper detection meets
limitations of classical SALDI/MALDI-TOFMS. Therefore,
a great effort has been dedicated to improve different modes
of MS, for sensitive identi� cation and quanti � cation of
biomolecules.[12]

Recent progress in nanotechnology and development of
nanomaterials and nanoparticles (NPs) has brought to MS
alternative media for ef� cient analysis of various poorly ionizable
and complex biomolecules. Several new techniques, e.g.
nanostructured-assisted laser desorption/ionization (NALDI),
nanoparticle-assisted laser desorption/ionization (nano-PALDI)
or colloidal graphite-assisted laser desorption/ionization
(GALDI), have emerged for the brand new methods using
nanomaterials in MS, but SALDI is the most common.[13]

Up to now, various NPs (gold, silver, platinum, titanium
dioxide, silicon, carbon nanotubes, iron oxides, etc.) were
introduced as inorganic matrices for MS analysis.[14–21] Among
them, AuNPs have received the highest attention as potential
inorganic matrices in MS analyses of biomolecules[22] due to their
easy preparation and chemical modi� cations, high absorption
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coef� cient, independence from irradiation wavelength and
excellent stability and biocompatibility. The AuNPs affect the
overall quality of the MS process at the level of sample
pretreatment and the desorption/ionization step. [23] AuNPs
dispersed in matrix or representing a surface interacting with
sample molecules alter the dissipation of laser energy and
may enhance the ionization of poorly ionizable molecules
by laser-induced surface plasmon excitation.[24] We reported
recently that polyhedral AuNPs improve the quality and
reproducibility of mass spectra generated from frozen tissue
samples making them suitable for a MS-based diagnostic
process.[25]

AuNPs form clusters of different size and shape, such as
nanorods, nanospheres, polyhedral, � ower-like NPs, etc.[26]

The golden nano-� owers are nanometer-scale structures with
tree- or bouquet-like morphology with distinct physicochemical
properties.[27] This kind of NPs is widely used in biomedicine
for photo-thermal therapy of cancer cells,[28] imaging of live
cells by surface-enhanced Raman scattering,[29] or drug delivery
and tissue engineering.[30] Platinum (Pt) nano� owers were
also proposed as a matrix[17] but a very high Pt concentration
is needed (15 mg/mL). Another disadvantage is Pt
toxicity. [31] Currently, there is no study using � ower-like
AuNPs in MS of complex biomolecules. This prompted us
to investigate whether distinct forms of AuNPs (polyhedral
or � ower-like AuNPs) have an impact on MS analysis of
complex biomolecules. In this work, we document for the
� rst time the capability of � ower-like AuNPs to improve
SALDI/MALDI-TOFMS by enhancing the ionization of
peptides and providing in parallel an effective internal
calibration of mass spectra. Introduction of � ower-like
AuNPs to MS-based proteomics can offer sensitive analyses
of poorly ionizable biomolecules.

EXPERIMENTAL

Chemicals

Auric acid (HAuCl 4), gallic acid, � -cyano-4-hydroxycinnamic
acid (CHCA), sinapinic acid (SA), tri � uoroacetic acid
(TFA), triammonium citrate, 2-mercaptoethanol, ammonium
bicarbonate (ABC), and ethanol were purchased from Sigma-
Aldrich (Steinheim, Germany). Acetonitrile (purity for
isotachophoresis) and triethanolamine were purchased from
Merck (Darmstandt, Germany). Ethylene glycol was purchased
from Lachema (Neratovice, Czech Republic). Citric acid was
purchased from PENTA (Chrudim, Czech Republic). Fetal
bovine serum, L-glutamine, minimum essential medium
nonessential amino acids, and penicillin-streptomycin were
purchased from Invitrogen/Gibco Life Technologies (Prague,
Czech Republic). Knockout Dulbecco’s modi� ed Eagle’s
medium (DMEM) was purchased from Gibco Life Technologies
(Prague, Czech Republic). Water was double distilled using a
quartz apparatus from Heraeus Quarzschmelze (Hanau,
Germany). All reagents were of analytical grade purity. IVD
bacterial test standard was purchased from Bruker Daltonik
GmbH (Bremen, Germany). Bacterial standard contained
extract of Escherichia coliDH5 alpha that covered mass range
from 3.6 to 17 kDa. Peptide calibration Mix 4 (PepMix 4)
was purchased from LaserBio Labs (Sophia Antipolis, France).
The PepMix 4MS kit contains � ve individual peptides

(bradykinin fragment 1-5, angio tensin II human, neurotensin,
adrenocorticotropic hormone (ACTH) clip 18-39, and insulin
bovine � -chain oxidized) covering the 500–3500 Da mass range.
The � nal concentrations of the peptides were 2 pmol/ � L
bradykinin, 1.2 pmol/ � L angiotensin II, 0.8 pmol/ � L
neurotensin, 1 pmol/ � L ACTH, and 5 pmol/ � L insulin
� -chain on one spot for both SALDI-MS and MALDI-MS
analysis.

Synthesis of AuNPs

Polyhedral AuNPs were synthesized by reduction of HAuCl 4

(0.3 mM, 3.2 mL) by gallic acid (1 mM, 800� L).[32] The
solution of gallic acid was added rapidly to the HAuCl 4

solution and stirred thoroughly at room temperature for
30 min. The color of the solution rapidly changed from
colorless to red, indicating the formation of polyhedral
AuNPs. The � nal concentration of Au in the suspension of
polyhedral AuNPs was 0.24 mM. Flower-like AuNPs were
synthesized by the reduction of HAuCl 4 (25 mM, 200� L) by
triethanolamine (1 M, 400 � L) in ethylene glycol as a reaction
solvent (pure, 20 mL).[33] Reaction time for synthesis of
� ower-like AuNPs was � 60 min under mild stirring at
40 °C in a water bath. The color of the solution changed from
yellow to colorless and � nally to blue. The � ower-like AuNPs
were collected by centrifugation at 16000g for 15 min and
21 °C, washed� ve times with double distilled water and then
redispersed in double distilled water (3.2 mL) to a � nal
concentration of Au in the suspension of � ower-like AuNPs
of 1.6 mM.

Preparation of mouse embryonic � broblasts

Mouse embryonic � broblasts (MEF) derived from CF1-
mouse were cultured in Knockout DMEM supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 1%
minimum essential medium nonessential amino acids, 1%
penicillin-streptomycin, an d 0.1 mM 2-mercaptoethanol.
For analysis, cells were harvested and enzymatically
disaggregated using TryPLE™ from Invitrogen Life
Technologies (Prague, Czech Republic), resuspended in
phosphate-buffered saline solution (PBS) and quanti� ed
using a CEDEX XS cell counter operated with CEDEX
Control Center software from Roche Life Sciences (Prague,
Czech Republic). Aliquots of 1 × 106 cells were washed
three times in 150 mM ammonium bicarbonate (ABC)
buffer for 3 min., at 2000g and 4 °C. Then the supernatant
was discarded and the resulting cell pellet was resuspended
in 10 � L of ABC buffer solution.

UV-VIS spectrophotometry

Spectrophotometric measurement was performed on a UVmini-
1240 spectrophotometer furnished with quartz cells of 1 cm path
length (Shimadzu, Kyoto, Japan) in the wavelength range
190 to 1100 nm.

Transmission electron microscopy (TEM)

AuNPs were visualized using a FEI Morgagni 268D
transmission electron microscope (FEI, Eindhoven, Netherlands)
at an operating voltage of 80 kV. TEM samples were
prepared by deposition of a droplet of aqueous suspension

L. Kolá�ová et al.

wileyonlinelibrary.com/journal/rcm Copyright © 2015 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom.2015, 29, 1585–1595

1586



of AuNPs onto a carbon � lm-coated copper grid. Images
were acquired using a Veleta CCD camera (Olympus SIS,
Münster, Germany).

Scanning electron microscopy (SEM)

SEM was performed using the MIRA3 scanning electron
microscope (TESCAN, Brno, Czech Republic) at the maximal
spatial resolution up to 1 nm at 30 kV and the magni � cation
range 2× to 1 000 000×. The SEM analysis was carried out at
a chamber pressure of 0.0014 Pa.

Sample preparation for MS

For LDI-MS of AuNPs, a mixture containing 0.5 mL of AuNPs
and 0.5 mL citrate aqueous solution (37.5 mM triammonium
citrate/25 mM citric acid) was prepared and deposited in a
1� L volume on the sample plate and dried at room
temperature in a stream of air. For SALDI-MS analysis of
PepMix 4 using polyhedral or � ower-like AuNPs, the
aqueous solution of PepMix 4 was prepared using citrate
buffer as a solvent (7.5 mM triammonium citrate/5 mM citric
acid) and deposited on the sample plate by the modi� ed
sample-� rst, matrix- � rst or three-layer method as published
elsewhere.[34] Brie� y: sample-� rst method: 1 � L of PepMix 4
was deposited on the sample plate and then immediately
overlaid by the aqueous suspension of AuNPs (1� L);
matrix- � rst method: 1 � L of AuNPs aqueous solution was
deposited on the sample plate and then immediately overlaid
by 1 � L of PepMix 4; three-layer method: 1 � L of AuNPs
aqueous solution was deposited on the sample plate and
allowed to dry. Then, l � L of PepMix 4 was deposited onto
the � rst layer and allowed to dry. Finally 1 � L of AuNPs
aqueous solution was deposited onto the second layer and
allowed to dry. For MALDI-MS analysis of PepMix 4 using
CHCA or � ower-like AuNPs-enriched CHCA, the aqueous
solution of PepMix 4 was prepared using ultrapure water
with TFA (0.01%) as a solvent. The� ower-like AuNPs were
enriched with 10 mg/mL � -cyano-4-hydroxycinnamic acid
(CHCA) in acetonitrile (ACN) and tri � uoroacetic acid (TFA)
in 50:50:0.1% volume ratios. Then the peptide mix was mixed
with this solution (1:9, v/v), deposited on the sample plate
(1� L) and allowed to dry in the airstream at the room
temperature, according to the PepMix 4 manufacturer’s
instructions.

For the determination of limits of detection (LODs) of
individual peptides ionized by different methods (MALDI,
� ower-like AuNPs-enriched MALDI and SALDI), diluted
solutions of PepMix 4 (8 samples) were processed as
described above. The LOD was then calculated as a three
times the standard deviation of the noise and average value
was used.

Bacterial standard was prepared according to the Bruker
Daltonics GmbH protocol. For the conventional MALDI
method, 10 mg/mL CHCA in ACN, H 2O and TFA
(50:47.5:2.5, v/v/v) was used. For the AuNPs-mediated
MALDI method, 10 mg/mL CHCA in ACN, � ower-like
AuNPs and TFA (50:47.5:2.5, v/v/v) were used.

For analysis of effects of AuNPs on MS of complex
biological samples, such as mammalian cells, the suspension
of MEF (1 × 106 cells/10 � L) in 150 mM ABC was used. For
the classical MALDI method of MEF, 30 mg/mL sinapinic

acid (SA) in ACN, H 2O and TFA (70:22.5:7.5, v/v/v) were
used. For the MALDI method enriched with � ower-like
AuNPs, 30 mg/mL SA in ACN, � ower-like AuNPs and
TFA (70:22.5:7.5, v/v/v) was used. The sample of MEF was
mixed with matrix solution (SA or SA enriched with � ower-
like AuNPs) in a ratio of 2:1 (v/v) and 2 � L of this mixture
were deposited on the sample plate.

Acquisition of mass spectra

Mass spectra were recorded on AXIMA CFR TOF mass
spectrometer (Kratos Analytical, Manchester, UK) equipped
with a 337 nm nitrogen laser and delayed extraction. The laser
energy was expressed in arbitrary units (a.u.) ranging from 0
to 180. The accelerating voltage was set to 20 kV for all of the
measurements. The laser� uency was 60 mJ per pulse. All
experiments were performed in repetition mode with 5 Hz
frequency and pulse time width of 3 ns. The diameter of the
irradiated spot size was approximately 150 � m. Analyses
were carried out at 10–4 Pa pressure in the TOF tube and each
mass spectrum was recorded by accumulating spectra from at
least 200 laser shots. All measurements were performed in
positive linear ion mode. External mass calibration was
carried out using gold clusters or the peptide calibration
mixture PepMix 4. Internal calibration was carried out using
gold clusters and calibration accuracy of ±0.01m/z unit was
achieved. To avoid carry-over contamination, the target plate
was always cleaned carefully with 96% ethanol and double
distilled water in an ultrasonic bath and dried before spotting
the samples.

Software and computation

Launchpad software (Kompact version 2.3.4, 2003) from
Kratos Analytical Ltd (Shimadzu) was used to evaluate the
mass spectra in all experiments. NIS Elements HC (v4.30.02,
NIS Imaging Ltd, Praha, Czech Republic) was used for
particle size analysis. STATISTICA 12 (StatSoft, Inc., Tulsa,
OK, USA) was also used.

RESULTS AND DISCUSSION

Characterization of polyhedral and � ower-like AuNPs

First, we characterized clustering of polyhedral and � ower-
like AuNPs by TEM and SEM. Polyhedral AuNPs assembled
into various polyhedral particles such as tetra-, hexa- or
octahedrons as well as rod-like and spherical (Figs. 1(A) and
1(C)). Flower-like AuNPs assembled into more complex
structures with fractal-like geometry (Figs. 1(B) and 1(D)).
The sizes of the polyhedral AuNPs (Fig. 1(E)) and� ower-like
AuNPs (Fig. 1(F)) were de� ned by a diameter of circles set
around each gold particle and statistically evaluated. The
mean overall diameters of polyhedral AuNPs and � ower-like
AuNPs were 57 ± 8 nm and 88 ± 16 nm, respectively. The
colloidal aqueous solution of polyhedral AuNPs was
stable for several months unlike the colloidal aqueous
solution of � ower-like AuNPs that was stable only for a
few minutes before aggregates were formed. The
synthesis and puri � cation of � ower-like AuNPs is safe,
low-cost, easy and fast (~3 h) when compared to platinum
nano� owers[17] (~24 h).

Use of � ower-like gold nanoparticles in TOFMS
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Next we analyzed absorption spectra of the aqueous
colloidal suspensions of polyhedral and � ower-like AuNPs.
By UV-VIS spectroscopy we revealed three absorption
maxima at 218, 268 and 555 nm of polyhedral AuNPs. In
contrast, the absorption maximum of � ower-like AuNPs in
colloidal aqueous suspension was shifted to 820 nm,
presumably due to the localized surface plasmon resonance,
correlating with the shift from the red color of the polyhedral
suspension to the light-blue color of the � ower-like
suspension. This observation is consistent with previously
published � ndings.[33]

Next we characterized the polyhedral and � ower-like
AuNPs stabilized in citrate buffer by LDI-TOFMS. The mass
spectra were measured in a linear positive ion mode in the
range 90–180 a.u. We observed the enhanced ionization of
higher gold clusters that was further increased with an increase
in the laser energy. LDI-TOFMS of AuNPs led to generation of

Aum
+ clusters with m up to 74 in the case of polyhedral AuNPs

(Fig. 2(A)), and Aum
+ clusters with m up to 84 in the case of

� ower-like AuNPs (Fig. 2(B)). However, for both polyhedral
and � ower-like AuNPs not stabilized in citric buffer, the Au m

+

clusters were formed only up to mequal to 20 (data not shown).
Thus, we suggest that the formation of higher gold clusters of
polyhedral and � ower-like AuNPs is dependent on the
stabilizing effect of citrate buffer.

Flower-like AuNPs enhance SALDI- and MALDI-TOFMS
of peptides

Next, we were interested whether � ower-like AuNPs affect
ionization of peptides either alone (SALDI) or in combination
with the commonly used CHCA matrix (MALDI). Possible
effects of AuNPs were investigated using a set of well-
characterized peptides–bradykinin, angiotensin II, neurotensin,

Figure 1. Characterization of polyhedral AuNPs and � ower-like AuNPs. TEM
of polyhedral AuNPs (A) and � ower-like AuNPs (B), SEM images of polyhedral
AuNPs (C) and � ower-like AuNPs deposited on tellurium crystals (D), and the
size distribution of polyhedral AuNPs (E) and � ower-like AuNPs (F).
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ACTH, and insulin � -chain, commonly used for peptide
calibration in various modes of MS. Three sample preparation
methods (matrix-� rst, modi � ed sample-� rst and three-layer)
were used for � ower-like AuNPs-assisted SALDI of peptides.
The modi� ed sample-� rst preparation method was the most
effective technique for ionization of peptides, generating the
highest peak intensities (Fig. 3). Then, we determined the
optimal concentrations of polyhedral (1 � M) and � ower-like
(800� M) AuNPs for ef � cient and sensitive SALDI of peptides
(Supplementary Fig. S1, see Supporting Information). Next we
compared mass spectra generated by SALDI and MALDI of
peptides using the optimal concentration of polyhedral AuNPs,
� ower-like AuNPs or CHCA as matrices (Fig. 4). Mass spectra of
� ower-like AuNPs-mediated MS demonstrated signi � cantly
lower background at low masses and enhanced peak intensities
of individual peptides. The pe ak intensities of bradykinin
(m/z573), angiotensin II (m/z1046), neurotensin (m/z1672), and
ACTH ( m/z2466) were ~7.5×, 7×, 4×, and 1.5× higher in
� ower-like AuNPs-mediated SALDI when compared with
the classical MALDI method, respectively. Mean values from
three independent measurements of peptides measured in
combination with CHCA or � ower-like AuNPs as matrices
are summarized in Table 1. Not only sensitivity was
enhanced, but also LODs for peptides were lower than the
classical MALDI method using CHCA matrix, where the

LOD values were in the range 2–45 fmol. For SALDI the
values were signi� cantly lower (1–24 fmol). When compared
to the classical MALDI analysis of peptides, the polyhedral

Figure 2. LDI mass spectra of gold clusters generated from
polyhedral (A) or � ower-like AuNPs (B) with addition of
citrate buffer by LDI. Mass range m/z 6000–15000 10×
magni� ed (A). All measurements were performed in linear
positive ion mode. Mass spectra were normalized to 100 mV
(A) and 80 mV (B).

Figure 3. Comparison of peptide intensities and their
standard deviations in mass spectra measured either by
MALDI-TOFMS (with CHCA and � ower-like AuNPs-
enriched CHCA as the matrix) or SALDI-TOFMS using
different sample deposition techniques. Standard deviations
are marked as vertical line segments.

Figure 4. Comparison of AuNPs-mediated SALDI-TOFMS
and CHCA-mediated MALDI-TOFMS of peptides. SALDI
mass spectrum of PepMix 4 obtained using polyhedral
AuNPs as SALDI matrix (A). SALDI-TOF mass spectrum of
PepMix 4 obtained using � ower-like AuNPs as SALDI matrix
(B). MALDI-TOF mass spectrum of PepMix 4 obtained using
CHCA as matrix (C). All measurements were performed in
linear positive ion mode and laser energy 100 a.u. Mass
spectra were normalized to 255 mV.

Use of � ower-like gold nanoparticles in TOFMS
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AuNPs-mediated SALDI produced enhanced peak intensities
for bradykinin and angiotensin II (~5× and 2×, respectively),
but neurotensin, ACTH and insulin � -chain peak intensities
showed lower or negligible intensity (Fig. 4(A)). Interestingly,
when we used � ower-like AuNPs for SALDI analysis of
peptides, the peak intensities were signi� cantly higher when
compared to polyhedral-AuNPs-mediated SALDI. The
precise mechanism of AuNPs-mediated SALDI and MALDI
ionization is unclear so far. It is generally accepted that the
CHCA matrix provides a proton (H +) to the ionization of
the analyte molecule to form the [M+H] + ion. The SALDI
ionization mediated by polyhedral or � ower-like AuNPs
utilizes probably the same mechanism as CHCA matrix,
but the proton donor here comes from the citrate buffer.
Interestingly, no signals of higher peptides/proteins
(m/z> 2500) by SALDI using only � ower-like AuNPs were
observed.

Next, we investigated effects of � ower-like AuNPs-
enriched CHCA matrix on the MALDI analysis of
peptides. We tested different concentrations of � ower-like
AuNPs in the range 0–8 mM in matrix solution and
determined the optimal concentration (0.8 mM) for the
most ef� cient ionization of peptides. Mean values from
three independent measurements of peptides performed
in combination with CHCA or � ower-like AuNPs-enriched
CHCA as matrices are summarized in Table 2. We
demonstrated that a combination of � ower-like AuNPs
and CHCA improved the intensity of peaks of bradykinin,
angiotensin II, neurotensin, ACTH, and insulin � -chain
4.5×, 6.5×, 7×, 7×, and 3× respectively, when compared to

CHCA or � ower-like AuNPs only (Fig. 5). This may be
due to the fact that the addition of � ower-like AuNPs
initiates growth of smaller and homogenous co-crystals
of the matrix and the analyte, as documented by SEM

Table 1. Comparison of mass spectra characteristics concerning the use of CHCA or� ower-like AuNPs as matrices for
PepMix 4 in linear mode (number of measurements were three × 200 shots)

Peptide m/z [M+H] +

CHCA matrix � ower-like AuNPs

R S/N I ± SD (mV) RSD (%) R S/N I ± SD (mV) RSD (%)

Bradykinin 573.32 397 7 8 ± 2.2 27.5 555 37 60 ± 9 15.0
Angiotensin II 1046.54 398 25 30 ± 13 43.3 534 77 201 ± 17 8.5
Neurotensin 1672.91 424 41 29 ± 13 44.8 539 85 113 ± 32 28.3
ACTH 2466.20 465 40 26 ± 13 50.0 733 432 38 ± 10 26.3
Insulin � -chain 3496.66 443 40 57 ± 30 52.6 848 207 0.5 ± 0.1 20.0

R: resolution, S/N: signal-to-noise ratio, I: peaks intensity, SD: standard deviation, RSD: relative standard deviation.

Table 2. Comparison of mass spectra characteristics concerning the use of CHCA or� ower-like AuNPs-enriched CHCA as
matrices for PepMix 4 in linear mode (number of measurements were three × 200 shots)

Peptide m/z [M+H] +

CHCA matrix � ower-like AuNPs + CHCA

R S/N I ± SD (mV) RSD (%) R S/N I ± SD (mV) RSD (%)

Bradykinin 573.32 376 104 19 ± 3 15.8 606 279 87 ± 14 16.1
Angiotensin II 1046.54 354 330 63 ± 2 3.2 295 776 412 ± 48 11.6
Neurotensin 1672.91 338 428 83 ± 9 10.8 232 1001 588 ± 13 2.2
ACTH 2466.20 385 269 53 ± 6 11.3 226 673 376 ± 15 4.0
Insulin � -chain 3496.66 415 94 19 ± 4 21.1 326 104 55 ± 14 25.5

R: resolution, S/N: signal-to-noise ratio, I: peaks intensity, SD: standard deviation, RSD: relative standard deviation.

Figure 5. Effects of CHCA-mediated MALDI-TOFMS (bottom)
and CHCA-mediated MALD I-TOFMS enriched with � ower-
like AuNPs (upper) on ionization o f peptides. All measurements
were performed in linear positive ion mode and laser energy
100 a.u. Mass spectra were normalized to 580 mV.
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and particle size analysis (Fig. 6), and thus leading to
equal distribution of laser energy throughout the sample
spot and the ef� cient desorption and ionization of the
sample. For � ower-like AuNPs-enriched CHCA the LODs
were in the range 1 to 15 fmol. Comparison of all of
methods used in our analysis of peptides is shown in
Fig. 3.

Measurement of peptides with � ower-like AuNPs and
� ower-like AuNPs-enriched CHCA in re � ectron mode was
performed and data are summarized in Table 3. From Table 3
it is evident that the SALDI method ( � ower-like AuNPs
alone) in re� ectron mode is not suitable for measurement of
peptides because the metastability of peptides is very high.
However, � ower-like AuNPs-enriched CHCA provides

higher resolution, signal-to-noise ratio and approximately
comparable signals of peptides than the conventional MALDI
method.

Flower-like AuNPs as internal calibration standard

Generally, laser radiation induces breakdown of any AuNPs
to smaller clusters. Because gold is monoisotopic, such
clusters have already been proposed to be used for calibration
in MS.[35–37] The formation of Au m

+ clusters (m up to 100)
by LDI of 2-(4’-hydroxybenzeneazo)benzoic acid/HAuCl 4

mixture and Au m
+ clusters (m up to 200) by LDI of

polyvinylpyrrolidone-stabilized AuNPs has already been
demonstrated.[38,39]

Figure 6. SEM images of sample spots of PepMix 4 co-crystallized with CHCA
matrix magni � ed 200× (A) and CHCA matrix enriched with � ower-like AuNPs
magni� ed 200× (B). Particle size analysis of SEM images in software NIS
Elements HC. Particle equivalent diameter of PepMix 4 co-crystals with CHCA
(C) or CHCA matrix enriched with � ower-like AuNPs (D). Conditions: Central
area of images (1300 × 1300� m) was selected for automated measurements.

Table 3. Comparison of mass spectra characteristics concerning the use of CHCA,� ower-like AuNPs-enriched CHCA or
� ower-like AuNPs as matrices for PepMix 4 in re� ectron mode (number of measurements were four × 300 shots)

Peptide

CHCA matrix � ower-like AuNPs + CHCA � ower-like AuNPs

R S/N
I ± SD
(mV)

RSD
(%) R S/N

I ± SD
(mV)

RSD
(%) R S/N

I ± SD
(mV)

RSD
(%)

Bradykinin 1341 72 58 ± 8 14 1400 84 66 ± 1 2 1551 14 2.1 ± 0.6 28
Angiotensin II 1677 106 52 ± 4 8 1800 125 70 ± 3 4 2343 98 8.2 ± 2.9 36
Neurotensin 679 50 17 ± 1 6 812 64 22 ± 4 16 1908 5 0.6 ± 0.1 43
ACTH 763 70 11 ± 2 15 817 62 10 ± 1 6 907 1 0.1 ± 0.1 82
Insulin � -chain 858 62 8 ± 1 17 916 65 7 ± 1 9 - - - -

R: resolution, S/N: signal-to-noise ratio, I: peaks intensity, SD: standard deviation, RSD: relative standard deviation.
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In our experiments, we documented that with increasing
laser energy the structures of � ower-like AuNPs decompose
and Au m

+ clusters of various sizes are generated. This
prompted us to investigate a possible use of these gold
clusters as internal calibrants in SALDI-MS. We performed a
� ower-like AuNPs-mediated SALDI analysis of standard
peptides at high laser energy (110 a.u.) and recorded a mass
spectrum of peptides and gold clusters in the same
measurement (Fig. 7(A)). Gold clusters were identi� ed by
magnifying individual regions in the spectrum (Fig. 7(B)).
We reached a calibration accuracy of ±0.01m/z unit. The
accuracy of the mass measurement of peptides reached
~130 ppm and is summarized in Table 4. In summary, we
demonstrated for the � rst time an effective improvement of
mass spectra of peptides by � ower-like AuNPs and a
capability to internally calibrate the MS measurement in a
single experiment.

Flower-like AuNPs improve MALDI-TOFMS analysis of
standard bacterial mixture

Next, we were curious whether the � ower-like AuNPs-
enriched CHCA matrix enhances ionization of proteins
with higher mass. We used a bacterial standard that shows

a characteristic peptide and protein pro� le in MALDI-
TOFMS, covering the mass range from 3600 to 17 000 Da.
We tested different concentrations of � ower-like AuNPs in

Figure 7. Gold clusters (Aum
+, m= 1–22) were generated

during � ower-like AuNPs-mediated SALDI-TOF of PepMix
4 internally calibrate the mass spectra. Original (A) and
magni� ed (B) mass spectrum. All measurements were
performed in linear positive ion mode and laser energy
110 a.u.; 100% relative intensity corresponds to 1065 mV.
The numbers in the graph indicate m values of Aum

+

clusters.

Table 4. Mass accuracy using internal calibration with
gold clusters

Peptide
*Theoretical

[M+H] +
Measured
[M+H] +

Difference
[Da]

Error
[ppm]

Bradykinin 573.32 573.27 0.05 87
Angiotensin II 1046.54 1046.50 0.04 38
Neurotensin 1672.91 1672.83 0.08 48
ACTH 2466.20 2465.87 0.33 134
Insulin � -
chain

3496.66 3496.47 0.19 54

Difference = Theoretical value – Measured value;
Error = (Difference / Theoretical value) · 106.
For calibration Au m

+ clusters (m = 1, 4, 5, 15, 19) were used.
Calibration accuracy was ±0.01m/z units.
*The highest peak from theoretical isotopic envelopes is
given.

Figure 8. Effects of CHCA-mediated MALDI-TOFMS enriched
with � ower-like AuNPs (A) and CHCA-mediated MALDI-
TOFMS (B) on ionization of bacterial standard. All
measurements were performed in linear positive ion mode and
laser energy 75 a.u. Mass spectra were normalized to 107 mV.

L. Kolá�ová et al.

wileyonlinelibrary.com/journal/rcm Copyright © 2015 John Wiley & Sons, Ltd. Rapid Commun. Mass Spectrom.2015, 29, 1585–1595

1592



the range 0–7.6 mM in matrix solution. We determined the
optimal concentration of � ower-like AuNPs (7.6 mM) as
the most ef� cient for the ionization of bacterial standard

(Supplementary Fig. S2, see Supporting Information). Next
we compared the bacterial standard mass spectra
generated in the mass range 2000–10000 m/z under the
same conditions, either with the � ower-like AuNPs-
enriched CHCA matrix or the conventional CHCA matrix
(Fig. 8). The presence of � ower-like AuNPs in CHCA
matrix increased the intensity of individual peptide and
protein peaks, e.g. peaks RS34 [M+H]+ (5381 Da), RL29
[M+H] 2+ (3638 Da) and RS19 [M+H]+ (10300 Da), up to 2
times when compared to the CHCA matrix alone. Mean
values from three independent measurements of bacterial
standard in combination with CHCA or � ower-like
AuNPs-enriched CHCA as matrices are summarized in
Table 5.

Flower-like AuNPs improve MALDI-TOFMS analysis of
intact mouse embryonic � broblasts

Mouse embryonic � broblasts (MEF) were used as a’real
sample’ for investigation of effects of � ower-like AuNPs-
enriched matrix on ionization of complex mixtures of cell
peptides and proteins in MALDI-TOFMS. As a standard
matrix for MALDI-MS measurement of MEF, sinapinic acid
(SA) was used. We determined the optimal concentration of
� ower-like AuNPs (3.6 mM) dispersed in SA as the most
ef� cient for the ionization of MEF (Supplementary Fig. S3,
see Supporting Information) and compared the pure SA
matrix with the � ower-like AuNPs-enriched SA (Fig. 9).
Interestingly, the spectrum of MEF obtained using � ower-like
AuNPs-enriched SA as the matrix contained more peaks
with higher intensities when compared to standard SA
matrix. The intensities of the peaks at m/z 3996, 4973, 6554,
and 9915 were ~2× higher using � ower-like AuNPs-
enriched SA matrix than using SA matrix. Mean values from
two independent measurements of MEF measured in
combination with SA or � ower-like AuNPs-enriched SA as
matrices are summarized in Table 6. In summary, despite
the relatively low contribution to the overall ionization, the
� ower-like AuNPs-mediated mass spectrometry of highly
complex biological samples, e.g. intact cells, enhances
ionization of small peaks corresponding to less abundant
biomolecules.

Table 5. Comparison of mass spectra characteristics concerning the use of CHCA or� ower-like AuNPs-enriched CHCA as
matrices for bacterial standard (number of measurements were three × 200 shots)

BTS
Peptide/Protein m/z [M+H] +

CHCA matrix � ower-like AuNPs + CHCA

R S/N I ± SD (mV) RSD (%) R S/N I ± SD (mV) RSD (%)

RL29 [M+2H] 2+ 3637.8 541 14 9 ± 0.4 4.4 506 16 14 ± 5.0 35.7
RS32 [M+H]+ 5096.8 684 97 60 ± 7.6 12.7 680 116 91 ± 6.2 6.8
RS34 [M+H]+ 5381.4 697 120 74 ± 8.3 11.2 688 144 112 ± 6.6 5.0
RS33meth [M+H]+ 6255.4 796 104 64 ± 7.7 12.0 782 135 106 ± 5.4 5.1
RL29 [M+H] + 7274.5 858 23 15 ± 0.5 3.3 820 24 20 ± 3.6 18.0
RS19 [M+H]+ 10300.1 838 2 2 ± 0.3 15.0 782 5 4 ± 1.0 25.0
RNAse A [M+H] + 13683.2 638 12 8 ± 0.8 10.0 560 19 14 ± 1.2 8.5
Myoglobin [M+H] + 16952.3 598 1 1 ± 0.3 30.0 567 1 2 ± 0.2 20.0

R: resolution, S/N: signal-to-noise ratio, I: peaks intensity, SD: standard deviation, RSD: relative standard deviation.

Figure 9. Effects of SA-mediated MALDI-TOFMS enriched
with � ower-like AuNPs (A) and SA-mediated MALDI-
TOFMS (B) on ionization of mouse embryonic � broblasts.
All measurements were performed in linear positive ion
mode and laser energy 97 a.u. Mass spectra were normalized
to 41 mV.
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CONCLUSIONS

We have characterized � ower-like AuNPs and demonstrated
their capability to enhance MS analysis of complex biomolecules
when compared to common polyhedral AuNPs. Flower-like
AuNPs modulate crystallization of matrix resulting in
homogenous sample-matrix crystals. Flower-like AuNPs-
mediated SALDI-MS increased the intensity of speci� c
peptide peaks in the mass range up to 2500 Da. The effect
was extended to approx. 3500 Da when� ower-like AuNPs
were combined with CHCA. Flower-like AuNPs-enriched
CHCA or SA matrix increased the intensities of bacterial
standard and MEF pro� le peaks, respectively. What is of
particular importance, the gold monoisotopicity and
excellent chemical stability of � ower-like AuNPs provided
an internal calibration standard in LDI. This study extends
the spectrum of techniques used for ionization of rare
complex biomolecules and may contribute to quantitative
and qualitative analysis of putative biomarkers in diagnosis
and therapy of various diseases.
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Abstract. Precise calibration in TOF MS requires suitable and reliable standards,
which are not always available for high masses. We evaluated inorganic clusters of
the monoisotopic elements gold and phosphorus (Aun

+/Aun
- and Pn

+/Pn
-) as an

alternative to peptides or proteins for the external and internal calibration of mass
spectra in various experimental and instrumental scenarios. Monoisotopic gold or
phosphorus clusters can be easily generated in situ from suitable precursors by laser
desorption/ionization (LDI) or matrix-assisted laser desorption/ionization mass spec-
trometry (MALDI-MS). Their use offers numerous advantages, including simplicity of
preparation, biological inertness, and exact mass determination even at lower mass
resolution. We used citrate-stabilized gold nanoparticles to generate gold calibration

clusters, and red phosphorus powder to generate phosphorus clusters. Both elements can be added to samples
to perform internal calibration up to mass-to-charge (m/z) 10–15,000 without significantly interfering with the
analyte. We demonstrated the use of the gold and phosphorous clusters in the MS analysis of complex biological
samples, including microbial standards and total extracts of mouse embryonic fibroblasts. We believe that
clusters of monoisotopic elements could be used as generally applicable calibrants for complex biological
samples.
Keywords: Monoisotopic elements, Calibration, Gold clusters, Phosphorus clusters, TOF mass spectrometry
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Introduction

Calibration is a crucial step in almost all instrumental ana-
lytical methods. Calibration in time-of-flight mass spec-

trometry (TOF MS) is mostly based on calibration standards,
such as commercially available mixtures of purified peptides
and proteins of known masses; polymeric standards, like poly-
ethylene glycol, polypropylene glycol, and polyalanine [1]; or
synthetic macromolecules, such as polyester dendrimers
(SpheriCal) [2]. These common calibration standards require
high instrumental resolution to reveal their accurate masses and

can suffer from low stability and differential ionization due to
mutual competition during ionization. Moreover, accurate cal-
ibration using peptide standards is complicated by the non-
Gaussian distribution of13C isotopes in proteins overm/z
5 kDa [3]. The price of commercially available standards and
the accuracy of in-house preparation protocols are also relevant
issues. Therefore, there is a need for alternative calibrants with
improved parameters.

Carbon clusters are suitable for the calibration of the tandem
Penning-trap mass spectrometric system for the high-precision
online detection of short-lived isotopes or heavy radionuclides
up to a mass of 240 Da [4, 5]. On the other hand, carbon
clusters are not suitable for calibration in higher mass ranges
because of their complex isotopic envelope.

Monoisotopic elements, such as phosphorus or cesium, and
their clusters have already been proposed for the calibration of
mass spectra [6–9]. Clusters composed of isotopically pure
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elements that consist of only one stable isotope offer a great
advantage. Clusters of monoisotopic elements provide simple
spectra with many monoisotopic peaks covering the mass
range of interest with regular mass spacing. In this work, we
discuss the calibration of mass spectra by clusters of red phos-
phorus, which is already established in our laboratory [6, 10–
16], and compare it with calibration by gold clusters generated
directly on the target by laser desorption ionization (LDI)-MS
of various materials, including gold foil [17], various types of
gold nanoparticles (AuNPs), chloroauric acid (HAuCl4), a
mixture of 2-(4-hydroxyphenylazo) benzoic acid and HAuCl4

[18], and polyvinylpyrrolidone-stabilized AuNPs [19]. Gold
clusters provide simple and fast determination of accurate mass
compared with common calibration standards, such as peptides
or proteins. Moreover, AuNPs can enhance ionization in vari-
ous techniques, such as surface-assisted laser desorption ioni-
zation (SALDI), nanoparticle-assisted laser desorption ioniza-
tion (NALDI), and gold nanoparticle-assisted laser desorption
ionization (GALDI) [20–22]. The structure and properties of
gold and phosphorus clusters are well known [23–26].

Although the possibility of using gold clusters in negative
ion mode (up tom/z10,000) for the calibration of large bio-
molecules [17] has already been suggested, the experimental
application of gold clusters for the calibration of TOF MS or
quadrupole ion trap (QIT)-TOF MS has not yet been published.

Stoermer et al. [27] used a polycrystalline gold target to
extensively study the use of gold cluster formation and dem-
onstrated the formation of Aun

+ (n up to 100). Kéki et al.
described the generation of positively charged gold clusters
up to m/z 18,000 in positive reflectron ion mode, but they
identified only single isotopic peaks for clusters with masses
up to 3000 Da and reported the presence of hydride-type ions
like AunH

+ [18]. Furthermore, they did not provide a detailed
evaluation and statistical analysis. Recently, we demonstrated
that gold clusters generated from flower-like AuNPs can pro-
vide a precise internal calibration standard in SALDI analysis
of peptides [22]. That work caused us to ask whether gold
clusters are suitable for precise mass determination and the
subsequent calibration of TOF analyzers.

In this paper, we provide a comprehensive comparative
study of the use of monoisotopic clusters derived from either
red phosphorus or gold nanoparticles generated from citrate-
stabilized flower-like AuNPs in both positive and negative
linear and reflectron ion modes for the external and internal
calibration of TOF and QIT-TOF MS.

Experimental
Chemicals

Auric acid (HAuCl4), � -cyano-4-hydroxycinnamic acid
(CHCA), trifluoroacetic acid (TFA), angiotensin I and II,
triammonium citrate, and ethanol were purchased from
Sigma-Aldrich (Steinheim, Germany). Acetonitrile (ACN; pu-
rity for isotachophoresis) and triethanolamine were purchased
from Merck (Darmstadt, Germany). Red phosphorus was

purchased from Riedel de Haën (Hannover, Germany). Ethyl-
ene glycol was purchased from Lachema (Neratovice,
Czech Republic). Citric acid was purchased from PENTA
(Chrudim, Czech Republic). Water was double distilled using
a quartz apparatus from Heraeus Quarzschmelze (Hanau, Ger-
many). All other reagents were analytical grade. IVD bacterial
test standard (BTS) was purchased from Bruker Daltonik
GmbH (Bremen, Germany).

Gold Nanoparticles and Sample Preparation for MS

Flower-like and polyhedral AuNPs were synthesized according
to procedures described elsewhere [28, 29]. Sample preparation
and reaction conditions were described in previous work [22].
Both flower-like and polyhedral AuNPs were collected by
centrifugation at 16,000g for 15 min at 21 °C, washed several
times with water, and resuspended at the desired concentration
(1.6 mM for flower-like AuNPs and 0.24 mM for polyhedral
AuNPs) in double-distilled water. For LDI-MS of the AuNPs, a
mixture containing 0.5 mL AuNPs and 0.5 mL citrate aqueous
solution (37.5 mM triammonium citrate/25 mM citric acid) was
prepared. One microliter of the solution was then deposited on
the sample plate and dried at room temperature. For the internal
calibration of BTS, 1� L AuNPs was spotted over the dried
drop of BTS prepared according to the Bruker Daltonics
GmbH protocol. For the internal calibration of angiotensin I
and II, 1� L peptide mixture was spotted onto the target and
allowed to dry; 1� L 5 mg/mL CHCA matrix (solution for
matrix: 50% ACN, 1% TFA) was then spotted onto the target
and allowed to dry; and 1� L red phosphorus (10 mg/mL) was
then spotted onto the target. The final concentrations of angio-
tensin I and II on the target were 4� M and 6� M, respectively.
The amounts of angiotensin I and II were 4 pmol and 6 pmol
per spot, respectively, resulting in 0.7 pmol/mm2 and 1 pmol/
mm2, respectively.

Cell Culture and Cell Sample Preparation

Mouse embryonic fibroblasts (MEFs) derived from the CF1
mouse strain were cultured at 37 °C in a humidified atmosphere
containing 5% CO2 on tissue culture dishes coated with 0.1%
gelatin from Sigma-Aldrich (Prague, Czech Republic) in
knockout Dulbecco’s modified Eagle’s medium (Invitrogen
Life Technologies, Prague, Czech Republic) supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 1% mini-
mum essential medium non-essential amino acids, and 1%
penicillin-streptomycin, all from Invitrogen/Gibco Life Tech-
nologies. The MEFs were harvested by TryPLE Express (1×)
for 2 min at 37 °C, washed in 1× phosphate buffered saline, and
counted. To eliminate traces of phosphate buffered saline, the
cells were centrifuged (relative centrifugal force 100g, 2 min)
and washed three times in 1 mL 150 mM ammonium bicar-
bonate buffer. MEF extracts were prepared by osmotic lysis of
1 × 106 cells in 1 mL water. The MEF extracts were then mixed
at a 1:1 ratio with matrix containing 10 mg/mL CHCA in 70%
ACN, 29% water, and 1% TFA; then 0.5� L of the mixture was
then spotted onto the target plate.
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Acquisition of Mass Spectra

Mass spectra were recorded using either an AXIMA CFR
TOF mass spectrometer or an AXIMA Resonance QIT-
TOF mass spectrometer, both from Kratos Analytical Ltd.
(Manchester, UK). Brief schematics of the devices are
given in Supplementary SchemeS1 (On-line Resource 3).
Both devices were equipped with a microchannel plate
detector and used a nitrogen laser (337 nm) and delayed
extraction. The laser energy was expressed in arbitrary units
(a.u.) ranging from 0 to 180 a.u. The laser power and
fluence at 180 a.u. were 6 mW and� 10 mJ/mm2/pulse,
respectively. The accelerating voltage was set to 20 kV
for all of the measurements. All experiments were per-
formed in repetition mode at a frequency of 5 Hz and with
a pulse time width of 3 ns. The diameter of the irradiated
spot was approximately 150� m. Analyses were carried out
at 10–4 Pa pressure in the TOF tube, and each mass spec-
trum was recorded by accumulating the spectra from at least
500 laser shots. All measurements were performed in pos-
itive and/or negative linear and/or reflectron ion modes.
AXIMA Resonance operates solely in positive/negative
reflectron ion mode. Therefore, the AXIMA CFR instru-
ment was used for all linear measurements. The AXIMA
Resonance instrument was equipped with a QIT mass ana-
lyzer. Mass spectra were recorded in the following ranges:
m/z100–400, 250–1200, 800–3500, 1500–8000, and 3000–
15,000. The pressure in the ion source was typically 6 × 10–

6 Torr. Spatial focusing was provided by two Einzel lenses
separated by a pyramid mirror, and ions were injected
axially into the trap. During ion introduction, no rf potential
was applied to the ion trap. To trap ions, a retarding poten-
tial was applied to the end cap adjacent to the time-of-flight,
and an rf with a frequency of 500 kHz was applied to the
ring electrode (rapid rf-startup). Amplitudes and corre-
sponding bias voltages were chosen according to the ana-
lyte mass under investigation. The rapid rf-startup method
provides a trapping efficiencyclose to 100%. Once trapped,
the ions were cooled using argon. The pressure in the trap
was held at 6 × 10–3 Torr. QIT has two functions: trapping
externally generated MALDI ions and providing a collision
cell for MS/MS experiments. All mass spectra were record-
ed automatically using a regular raster. Mass spectra were
plotted as the ion signal relative to them/zvalue. The ion
signal was defined as the current induced by the impact of
the ions on the microchannel plate detector expressed in
mV. The spectra were normalized so that the intensity of the
maximum peak = 100%. The sample plate was a 2-mm
thick stainless steel plate containing 384 wells with a sam-
ple spot diameter of 2.8 mm (area = 6 mm2). To avoid
carryover contamination, the target plate was regularly
cleaned with 96% ethanol and double-distilled water in an
ultrasonic bath and dried before the samples were spotted.
The Launchpad software (Kompact ver. 2.3.4, 2003) from
Kratos Analytical Ltd. was used to evaluate the mass spec-
tra in all experiments.

Results and Discussion
Precise instrumental calibration is a limiting step in mass
spectrometry of biomolecules, especially that of complex bio-
logical samples such as peptide and protein mixtures or cell
extracts. We performed a comprehensive study of the use of
inorganic, monoisotopic gold clusters for the calibration of
biomolecules including peptides, bacterial extracts, and total
extracts of eukaryotic cells.

Gold Clusters (Aun
+/–)

We generated gold clusters (Aun
+/–) from citrate-stabilized,

flower-like AuNPs in positive and negative linear ion modes.
Clusters generated from flower-like AuNPs provide LDI spec-
tra with a slightly wider mass range of Au peaks than those
provided by clusters generated from polyhedral AuNPs.

Figure 1. Mass spectra of gold clusters generated by LDI of
citrate-stabilized flower-like AuNPs in positive linear ion mode by
AXIMA CFR MALDI-TOF MS.(a)Spectrum in low mass range m/z
190–5000, and (b) higher mass range m/z 5000–17,000. Condi-
tions: average of 500 laser shots, 120 and 170 a.u. laser energy,
100% intensity corresponds to (a)256 mV, and(b) 66 mV. Select-
ed n values of Aun

+ clusters are given in red

Table 1. Mass Accuracy of Aun
+/– Cluster Peaks Determination

m/zrange

100–2000 2000–5000 7000–14,000

Ion modes Lin + 47 ppm 19 ppm 26 ppm
Lin - 48 ppm - -
Ref + 4 ppm 4 ppm -
Ref - 5 ppm 4 ppm -

- No peaks or intensities of Aun
+/– clusters too low for detection
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Effective ionization of higher gold clusters began at a laser
energy of 120 a.u., and gradual increase of the laser energy
resulted in the generation of higher gold clusters in both pos-
itive and negative linear ion modes (Figure1). In positive and
negative linear ion modes at maximum laser energy, we
achieved Au clusters up tom/z17,000 andm/z6000, respec-
tively. In positive and negative reflectron ion modes at maxi-
mum laser energy, we achieved Au clusters up tom/z7000 and
m/z 6000, respectively. The LDI at higher laser energies of
flower-like AuNPs without citrate buffer led to decomposition
of the gold clusters (data not shown).

Representative LDI mass spectra of citrate-stabilized flow-
er-like AuNPs in positive ion mode are shown in Figure1. We
observed Aun

+ clusters ranging in size fromn= 1 up ton= 25
in the mass rangem/z 180–5000 (Figure1a). We detected
additional peaks of clusters of AuNH3

+, Au(NH3)2
+, and

Au3NH3
+ with very low intensity in the spectrum, probably

from the citrate buffer. We observed Aun
+ clusters ranging in

size fromn= 25 up ton= 80 in the mass rangem/z 5000–
17,000 (Figure1b). We observed additional small peaks at
cluster sizes ofn= 30 or greater, the nature of which was

unclear. We speculate that NH4
+-Au or Au-Fe can form during

high laser energy impacts.
We evaluated calibration in three mass ranges: low (m/z

180–2100), medium (m/z 2000–7000), and high (m/z 7000–

Figure 2. Statistical evaluation of the shape of Aun cluster peaks fitted to a Gaussian curve (smooth line in red is a Gaussian curve,
� = (m/z)theoretical – (m/z)experimental). Details are given in On-line Resource 1; (m/z)theoretical is the monoisotopic value according to
IUPAC. The experimental value is that found using the Gaussian profile of the peak

Figure 3. Spectrum of gold clusters (Aun
+, red numbers) with

peptides/proteins (green stars) from bacterial test standard.
Conditions: linear positive mode, 135 a.u. laser energy, mass
range m/z 1400–10000, 100% intensity corresponds to 11 mV
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Figure 4. Sample deposition on the steel target plate for semi-internal calibration. Position A: calibrant and sample are spotted to
the same well. Position B: calibrant is situated in the center of four neighboring wells. Au = AuNPs; S = sample

Figure 5. Spectrum of gold clusters (Aun
+, red numbers) with peptides/proteins (green stars) from mouse embryonic fibroblasts.

Mass spectrum of mouse embryonic fibroblasts with (a) internal calibration using Au11-35
+ clusters with mass accuracy ±7 ppm, and

(b) external calibration using Bacterial Test Standard with mass accuracy ±33 ppm. Conditions: positive linear ion mode, 95 and
130 a.u. laser energy, mass rangem/z 2000–7200, 100% corresponds to (a) 26 mV, and (b) 45 mV
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14,000). The intensity of Au clusters fromm/z14,000 up tom/z
17,000 was less than 1 mV and was thus not suitable for
calibration. Therefore, we used only the peaks with intensity
higher than 1 mV. Peak maxima were determined by Gradient-
Centroid peak detection. Table1 summarizes the accuracy of
the mass of the Au clusters in each ion mode, with each value
calculated as an average of the absolute errors of mass deter-
mination in ppm. The mass list of the gold cluster values
(theoretical and experimental), differences between the theo-
retical and experimental masses, and calculated errors in abso-
lute value of ppm are summarized in Supplementary Ta-
blesS1–S8 (On-line Resource 1). The corresponding spectra
in the individual modes are shown in Supplementary Fig-
uresS1–S8(On-line Resource 1).

The use of gold clusters for calibration has several advan-
tages. The synthesis of gold nanoflowers or polyhedral AuNPs
is facile, fast, and cheap. The determination of the masses of Au
clusters is simple and precise because of the mono-isotopicity
of gold. Statistical evaluation (Figure2) of the peak shapes
confirmed that the peaks followed an almost perfect Gaussian
waveform. Thus, from our results we can conclude that gold
clusters are suitable for the calibration of TOF/QIT-TOF ana-
lyzers in both low and high mass ranges.

Recently, we showed that flower-like AuNPs deposited on
the target plate enhance the ionization of peptides [17]. We
were curious whether the gold clusters generated by high-
energy LDI could be used for the internal calibration of
biomolecules such as small peptides or even proteins. We
mixed peptides or BTS with gold flower-like AuNPs and

recorded the mass spectra. The generated gold clusters did
not interfere with the peptides or proteins, and the peaks of the
clusters were clearly distinguishable among the peaks of the
analyte (Figure3). Based on this promising observation, we
investigated whether the same approach could be applied to
highly complex mixtures of biomolecules, such as the total
extracts of eukaryotic cells. First, we tested the generation of
gold clusters from flower-like AuNPs in mixture with total
MEF extract. However, the efficacy of fragmentation of the
flower-like AuNPs was rather unsatisfactory, and we found
virtually no peaks of gold clusters (data not shown). There-
fore, we introduced a different calibration approach in which
total MEF extract with CHCA matrix and flower-like AuNPs
in citrate buffer were spotted separately, either on the sample
spot or in close mutual proximity (Figure4). The samples
were close to the calibrant; the distance between them was
maximally 1.5 mm. The spotting of the samples is shown in
Figure4. We changed the position of the laser beam and the
value of the laser energy manually during the measurement.
When the spectra of a sample showed sufficient intensity
(from a minimum of 300 laser shots), we moved the position
of the laser beam toward that of the calibrant. We increased
the laser energy to effectively generate gold clusters and
recorded a minimum of 300 profiles of the calibrant. The
optimal laser energy for the ionization of the components of
the cell extract was 95 a.u., but a minimum laser energy of
130 a.u. was required to effectively generate Aun

+ clusters.
Therefore, we first recorded the signals of the MEF extract at
95 a.u. laser energy. Then, without any interruption of

Figure 6. Mass spectrum demonstrating the generation of phosphorus clusters by LDI of red phosphorus in positive reflectron ion
mode by AXIMA Resonance MALDI-QIT-TOF MS.(a) Spectrum in low mass range m/z 100–700, and (b) higher mass range m/z
2500–10,000. Conditions: average of 1000 laser shots, 100 and 120 a.u. laser energy, 100% intensity corresponds to (a)81 mV, and
(b) 2 mV. Selected n values of Pn

+ clusters are given (in red)
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measurement, we increased the laser energy to 130 a.u. and
recorded the signal of the Aun cluster peaks. Thus, we record-
ed the final spectrum at two energetic levels, obtaining the

peaks of the gold clusters as well as peaks of the MEF extract.
In this way, we eliminated the mutual suppression of signals
between the cell extract and gold clusters. The calibration
using the Aun clusters produced significantly better results
than external calibration with BTS (Figure5). The mass
precision of MEF spectra generated with internal calibration
using Au11-35

+ clusters reached ±7 ppm (±0.03 Da), whereas
that generated with external calibration using BTS reached
±33 ppm (±0.2 Da). The comparison of the two MEF spectra
calibrated externally using BTS and internally using Aun

+

clusters, respectively, led to the conclusion that the differences
between the signals of the MEFs are about ±0.3 Da on
average. The data evaluation is summarized in Supplementary
TablesS1andS2 in On-line Resource 2.

Table 2. Mass Accuracy of Pn
+/– Cluster Peaks Determination

m/zrange

100–1000 2000–5000 5000–14,000

Ion modes Lin + 25 ppm - -
Lin – 194 ppm - -
Ref + 5 ppm 7 ppm -
Ref– 8 ppm 4 ppm -

- No peaks or intensities of Pn
+/– clusters too low for detection

Figure 7. Statistical evaluation of the peak shapes of Pn clusters by the fitting of a Gaussian curve. Smooth line in red is a Gaussian
curve, � = (m/z)theoretical – (m/z)experimental
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Overall, our results show that the new calibration approach
using gold clusters provides an option for the analysis of highly
complex biological samples requiring precise and accurate
calibration.

Phosphorus clusters (Pn
+/–)

Red phosphorus has advantages similar to those of gold. The
greatest advantages are its mono-isotopicity and easy formation
of peaks of Pn

+/– clusters using LDI. In our laboratory, we
introduced the calibration of mass spectra using red phosphorus
clusters 5 y ago, and we generated excellent results with the
technique. The following are new results that extend those of
our previous publication [6] regarding of the use of red phos-
phorus clusters for the calibration of TOF MS in each mode.

We used the AXIMA CFR TOF and AXIMA Resonance
QIT-TOF instruments for experiments in linear and reflectron
ion modes, respectively. For the generation of Pn

+/–cluster
peaks, we used a red phosphorus powder. It is recommended
that only the peaks of phosphorus clusters with an odd number
of phosphorus atoms be used for calibration because peaks with
an even number usually have low signal intensity. Moreover,
clusters with an even number of peaks may contain hydroge-
nated forms and therefore entail a high risk of erroneous
calibration due to the selection of the wrong peak. At high
laser energy in both positive and negative linear ion mode, Pn

+/–

clusters up tom/z4000 were achieved. In positive and negative
reflectron ion mode at maximum laser energy, we achieved
Pn

+/– clusters up tom/z7000 andm/z10,000, respectively. We
achieved higher phosphorus clusters with increased laser ener-
gy. We investigated the accuracy of the determination of the
phosphorus masses with odd numbers of cluster peaks.

Figure6 shows selected LDI mass spectra of red phospho-
rus in positive reflectron ion mode. Figure6a shows Pn

+

clusters fromn= 4 up ton= 22 in the mass rangem/z100–
700. We detected additional low-intensity peaks of P4H

+,
P6H

+, P8H
+, P10H

+, P12H
+, P14H

+, P16H
+, and P7O

+ in the
spectrum. Figure6b shows Pn

+ clusters (n= 81 up ton= 275)
in the mass rangem/z2500–9000.

We evaluated calibration in three mass ranges: low (m/z100–
1000), medium (m/z2000–5000), and high (m/z7000–14,000).
The intensity of Pn

+ clusters fromm/z7000–10,000 was less
than 1 mV, so those peaks were not suitable for calibration. The
mass list of the Pn

+/– cluster values (theoretical and experimen-
tal), differences between the theoretical and experimental
masses, and calculated errors in absolute value of ppm are
provided in Supplementary TablesS9–S16(On-line Resource
1). The corresponding spectra in the individual modes are shown
in Supplementary FiguresS9–S16(On-line Resource 1).

For calibration, we used peaks with intensity higher than
1 mV. Table2 summarizes the accuracy of the mass of the Pn

clusters in each ion mode. Peak maxima were determined by
gradient-centroid peak detection. Statistical evaluation
(Figure7) of the peak shapes confirmed that the peaks followed
an almost perfect Gaussian waveform. From our results, we can
conclude that Pn clusters are suitable for the calibration of TOF/
QIT-TOF analyzers in both low and high mass ranges.

It is possible to use Pn cluster peaks for the internal calibra-
tion of peptides, not only in linear ion mode [6] but also in
reflectron ion mode (see Figure8). One possible disadvantage
of internal calibration using Pn cluster peaks is the likelihood of
interference with the analyte due to the shorter repetition of the
Pn cluster peaks compared with that of Aun cluster peaks.

In this work, we focused primarily on gold and phosphorus
as the prototypical examples of monoisotopic elements. Evi-
dently, clusters of other monoisotopic elements, such as cesium,
iodine, or five of lanthanides can be used in similar manner.

Conclusion
We demonstrated that the in situ generation of gold clusters by
LDI is suitable for the external and internal calibration of mass
spectrometry of biomolecules. The stability, inertness, and
monoisotopic nature of gold and phosphorus clusters provide
an accurate calibration standard and thus ensure correct mass
spectra, even for highly complex biological samples such as
peptide mixtures and total cell extracts.

Figure 8. Spectrum of phosphorus clusters (Pn
+, n = 27–49) with angiotensin I and II. Conditions: positive reflectron ion mode,

95 a.u. laser energy, mass rangem/z 850–1550, 100% intensity corresponds to 495 mV
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Introduction

Primary  hyperoxaluria  1 (PH1) is  a  rare,  autosomal-recessive
metabolic  disorder  originating  in  liver.  Due  to  the  de• ciency  of

a  liver-speci • c  enzyme,  L-alanine:glyoxylate  aminotransferase
(AGT,  EC 2.6.1.44), PH1 patients  suffer  from  pathological
overproduction  of  oxalate  and  depositions  of  oxalate  salts,
e.g. calcium  oxalate,  in  tissues  (Leumann  and  Hoppe,  2001).
Fully  active  AGT  enzyme  is  a  homodimeric  transaminase
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a  b s t  r  a  c  t

Correct  assessment  of  tissue  histopathology  is  a  necessary  prerequisite  for  any  clinical

diagnosis.  Nowadays,  classical  methods  of  histochemistry  and  immunohistochemistry  are

complemented  by  various  techniques  adopted  from  molecular  biology  and  bioanalytical

chemistry.  Mass  spectrometry  pro • ling  or  imaging  offered  a  new  level  of  tissue  visualization

in  the  last  decade,  revealing  hidden  patterns  of  tissue  molecular  organization.  It  can  be  adapted

to  diagnostic  purposes  to  improve  decisions  on  complex  and  morphologically  not  apparent

diagnoses.  In  this  work,  we  successfully  combined  tissue  pro • ling  by  mass  spectrometry  with

analysis  by  arti • cial  neural  networks  to  classify  normal  and  diseased  liver  and  kidney  tissues  in

a  mouse  model  of  primary  hyperoxaluria  type  1. Lack  of  the  liver  L-alanine:glyoxylate  amino-

transferase  catalyzing  conversion  of  L-alanine  and  glyoxylate  to  pyruvate  and  glycine  causes

accumulation  of  oxalate  salts  in  various  tissues,  especially  urinary  system,  resulting  in

compromised  renal  function  and  • nally  end  stage  renal  disease.  As  the  accumulation  of

oxalate  salts  alters  chemical  composition  of  affected  tissues,  it  makes  it  available  for  exami-

nation  by  bioanalytical  methods.  We  demonstrated  that  the  direct  tissue  MALDI-TOF  MS

combined  with  neural  computing  offers  an  ef• cient  tool  for  diagnosis  of  primary  hyperoxaluria

type  I  and  potentially  for  other  metabolic  disorders  altering  chemical  composition  of  tissues.
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localized  to  peroxisomes,  where  it  catalyses  conversion  of  L-
alanine  and  glyoxylate  to  pyruvate  and  glycine.  About  150
mutations  with  varying  allelic  frequency  have  been  identi • ed
in  the  sequence  of  the  gene  coding  for  AGT  enzyme  (AGXT),
causing  protein  misfolding,  impaired  dimer  assembly,  reduced
catalytic  activity  or  ectopic  localization  to  mitochondria
instead  of  peroxisomes  (Danpure,  2005; Williams  et  al.,
2009). A  loss  of  AGT  activity  results  in  decreased  glyoxylate
detoxi • cation  and  extensive  accumulation  of  oxalate  in  renal
system  and  eventually  in  other  organs  such  as  heart,  skin,
muscles  and  bones.  In  kidneys,  deposits  of  poorly  soluble
oxalate  salts  and  subsequent  in  ammation  often  lead  to  the
end-stage  renal  disease  (ESRD) (Hoppe,  2012; Salido  et  al.,
2012). PH1 is  a  severe  pathology  in  both  adult  and  pediatric
medicine,  where  a  correct  and  rapid  diagnosis  is  necessary  to
prevent  development  of  ESRD. Diagnosis  of  PH1 is  based  on
general  clinical  symptoms,  such  as  nephrolithiasis  or  nephro-
calcinosis,  biochemical  analysis  of  urine  and  ultrasonography
of  urinary  tract.  PH1 is  then  con • rmed  by  AGT  immunoreac-
tivity  in  liver  biopsy  and  genotyping  of  AGXT  gene  in  case  of  an
established  phenotype  (Raju  et  al.,  2008). Current  speci • c
diagnostic  approaches  in  PH1 are  either  based  on  knowledge  of
particular  AGXT  mutation  or  enzyme  activity/localization  in  a
tissue  or  require  analysis  of  rather  nonspeci • c  clinical  or
biochemical  symptoms.  However,  complex  phenotype  togeth-
er  with  wide  range  of  less  frequent  polymorphisms  or
mutations  can  lead  to  false-negative  or  positive  diagnosis
(Rumsby  et  al.,  2004).

Recently,  a  mouse  model  of  PH1 has  been  successfully
introduced  that  enabled  detailed  experimental  studies  on  PH1
pathogenesis  and  diagnostics.  Mice  de• cient  for  AGXT
demonstrate  changes  in  urine  biochemistry  or  urolithiasis,
however,  there  are  no  major  pathologic  changes  in  normal
histology  of  internal  organs,  including  liver  and  kidneys,  thus
resembling  early  stages  of  PH1 in  human  (Salido  et  al.,  2006).

Recent  progress  in  techniques  developed  for  bioanalytical
chemistry,  e.g. mass  spectrometry,  enabled  analysis  of  very
complex  samples,  including  cells  and  tissues.  Direct-tissue
pro • ling  by  matrix-assisted  laser  desorption/ionization  ± time
of   ight  (MALDI-TOF)  mass  spectrometry  (MS) emerged  as  an
ef• cient  approach  for  analysis  of  tissue  samples  and  discrimi-
nating  even  subtle  changes  in  tissue  composition  that  can  stay
unnoticed  by  routine  histopathological  assessments  (Caldwell
and  Caprioli,  2005; Herring  et  al.,  2007). Therefore,  we
presumed  that  MS • ngerprints  of  healthy  and  hyperoxaluric
tissues  can  serve  as  a  robust  input  for  a  diagnostics.  However,
recognition  of  speci • c  patterns  can  be  dif • cult  due  to  inherent
biological  complexity  of  tissues,  technical  variability  in  uenc-
ing  outputs  and  principles  of  MALDI  analysis.  Therefore,  the
post-measurement  analysis  has  to  cover  all  these  issues  to
provide  clear  and  con • dent  decision  (Amato  et  al.,  2013).

Arti • cial  neural  networks  (ANNs)  represent  a  mathematical
algorithm  effective  for  processing  of  non-linear  data.  Typical
ANN  consists  of  several  layers  of  nodes,  or  arti • cial  ` ǹeurons '' ,
assembled  into  a  de• ned  architecture.  Generally,  a  structure  of
the  ANN  consists  of  an  input  layer,  one  or  more  hidden  layers
and  output  layer  and  its  architecture  re ects  complexity  of  the
analyzed  system.  Application  of  ANNs  ranges  from  chemical
kinetics  (Amato  et  al.,  2012) or  biomolecular  engineering  and
structural  computing  (Armano  et  al.,  2005; Fawcett  et  al.,  2013)

to  medical  diagnosis  e.g. in  diabetes,  cardiovascular  diseases,
epilepsy  or  cancer  (Arnold,  1996; Dazzi  et  al.,  2001; Yan  et  al.,
2008; Elveren  and  Yumu ! ak,  2011; Chan  et  al.,  2011; Barwad
et  al.,  2012; Bradley,  2012; Spelt  et  al.,  2012). Application  of
ANNs  in  medical  diagnosis  was  recently  reviewed  by  Amato
et  al.  (2013).

In  this  work  we  raised  a  question  whether  a  mass  spectrum
contains  suf • cient  information  to  discriminate  normal  and
hyperoxaluric  tissues  and  can  contribute  to  diagnosis  without
previous  knowledge  of  unique  markers.  We  demonstrated  that
direct  tissue  MALDI-TOF  MS combined  with  arti • cial  neural
networks  offer  an  ef• cient,  biomarker-independent  tool  for
diagnosis  of  primary  hyperoxaluria  type  I  and  potentially  for
classi • cation  of  other  metabolic  disorders  altering  chemical
composition  of  tissues.

Materials  and  methods

Chemicals and  reagents

Gold(III)  chloride  trihydrate,  gallic  acid,  hydrogen  peroxide,
tri  uoroacetic  acid  (TFA),  Triton  X-100,  sinapinic  acid  (SA)
and  2,5-dihydroxybenzoic  acid  (DHB) all  in  p.a.  or  liquid
chromatography  grade  were  purchased  from  Sigma ±Aldrich
(Steinheim,  Germany).  Bruker  Protein  calibration  mixture
standard  I  was  purchased  from  Bruker  Daltonics  (Bremen,
Germany).  All  glass  equipment  used  was  washed  for  2 h  at
70 8C in  10% aqueous  nitric  acid  solution  and/or  washed  in
concentrated  nitric  acid.  Gold  nanoparticles  (AuNPs)  were
produced  from  HAuCl 4 using  various  reducing  agents  like
hydrogen  peroxide  and  gallic  acids  as  described  elsewhere
Wang  et  al.,  2007). Formation  of  AuNPs  clusters  up  to  Au 25 was
con • rmed  by  MALDI-TOF  MS.

Sample preparation  and  matrix  deposition

Animal  breeding,  handling  and  experimental  procedures  were
approved  by  the  La  Laguna  University  Animal  Care.  After
sacri • ce, liver  and  kidney  were  extracted  and  snap  frozen  in
dry  ice  and  kept  under  • 20 8C prior  processing.  Cryocutting
was  performed  using  a  Leica  cryostat.  The  12 mm  tissue  slices
were  placed  on  pre-chilled  target  plate  and  • xed  with  0.5 mL of
SA (20 mg/mL)  dissolved  in  solution  of  90% ethanol,  0.5%
Triton  X-100  and  0.1% TFA.  The  sample  was  then  washed  three
times  by  3 mL of  50% ethanol  and  6 mL of  chloroform.  Then  2 mL
AuNPs  solution  was  applied  on  sample,  dried  and  subsequent-
ly  overlaid  with  three  matrix  solutions  (sinapinic  acid  in
xylene,  90% ethanol  and  50% acetonitrile  acidi • ed  with  0.1%
TFA).  Dried  sample  was  then  processed  by  MALDI-TOF  MS.

MALDI  TOF mass  spectrometry

Mass  spectra  were  acquired  on  Bruker  Auto  ex  mass
spectrometer  (Bruker  Daltonics,  Bremen,  Germany)  equipped
with  a  time  of   ight  analyzer  (TOF) and  337 nm  nitrogen  laser.
Laser  repetition  rate  was  set  to  10 Hz,  maximal  laser  energy
(100%) was  adjusted  to  47.0 mJ and  the  acceleration  voltage
was  set  to  20 kV.  All  measurements  were  done  in  linear
positive  ion  mode.  Ionic  suppression  up  to  1500 m/z was
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applied.  Bruker  Protein  calibration  mixture  standard  I  was
used  for  external  and  internal  calibration.  All  mass  spectra
were  obtained  from  100 to  3000 shots  dispersed  randomly
through  a  tissue  sample.

Statistical  analysis  and  arti • cial  neural  networks

In  total  ten  wild-type  and  ten  Agxt • / • mice  were  included  for
analysis.  The  sample  set  for  MALDI-TOF  MS consisted  of
twenty  histological  sections  of  kidney  and  ten  of  liver  tissues.
All  acquired  mass  spectra  were  baseline  subtracted.  Intensi-
ties  of  twenty  peaks  at  de• ned  m/z that  reproducibly  exceeded
the  signal  to  noise  ratio  of  3 were  included  for  analysis.  All
statistical  analyses  including  eigenvalue  and  principal  com-
ponent  analyses  (PCA) were  performed  using  Statistica  6.0
(StatSoft,  Inc.,  Tulsa,  USA). Arti • cial  neural  networks  were
constructed  and  run  in  TRAJAN 3 (Trajan  Software  Ltd.,  Trajan
House,  Lincs,  UK).

Results  and  discussion

Discriminative  pro • ling  of  tissue  samples  by  direct-tissue
mass  spectroscopy  is  a  novel  promising  technology,  allowing
for  identi • cation  of  pathological  states  without  the  clear
morphological  manifestation  in  the  diseased  tissue  or  analysis
of  a  particular  biomarker.  This  is  particularly  true  for  inherited
metabolic  disorders,  such  as  PH1, that  can  display  nonspeci • -
cally  as  nephrolithiasis  or  nephrocalcinosis,  metabolic  acido-
sis  or  anemia  unless  con • rmed  on  the  genetic  or  molecular
level  (Salido  et  al.,  2012).

Processing  of  mass  spectra  directly  obtained  from  tissue
samples  by  arti • cial  neural  networks  can  provide  additional
discriminative  capacity  to  the  standard  diagnostic  process.  To
test  this  concept,  we  employed  a  recently  established  model  of
mouse  PH1 (Salido  et  al.,  2006). Mice  carrying  a  homozygous
deletions  of  exons  4±8 of  Agxt  gene  as  well  as  wild-type

controls  were  thoroughly  analyzed  for  histopathological
differences  previously  (Salido  et  al.,  2006), displaying  no
signi • cant  pathological  alteration  among  the  genotypes,
including  brain,  stomach,  intestine,  gonads  or  cartilage  and
bone  architecture.  The  renal  system  of  Agxt  de• cient  mice
showed  infrequent  dilatations  of  terminal  collecting  ducts  and
occasional  deposits  in  ductal  lumen  and  interstitial  parenchy-
ma  (Salido  et  al.,  2006).

In  this  work,  cryotome  slices  of  parallel  samples  of  Agxt • / •

and  wild-type  tissues  were  thoroughly  washed  by  ethanol  and
chloroform,  and  covered  with  matrix  solutions.  Routinely  used
organic  matrices,  such  as  sinapinic  acid  and  dihydroxybenzoic
acid  provide  in  complex  biological  samples  noisy  and  often
hardly  reproducible  spectra.  Metal  nanoparticles,  e.g. cobalt,
silver  and  gold  have  been  shown  to  enhance  discriminative
capabilities  of  mass  spectra  obtained  by  MALDI-TOF  MS of
biomolecules  with  higher  molecular  weight,  e.g. peptides  or
proteins  that  are  dif • cult  to  ionize  properly  (Wu  et  al.,  2009).
Therefore,  we  introduced  gold-nanoparticles  (AuNPs)  to  the
matrix  applied  on  the  tissue  sample.  Comparing  to  the  matrix
layout  lacking  AuNPs,  we  obtained  mass  spectra  with  higher
reproducibility  and  improved  peak  intensities  (Fig.  1). Then  we
applied  AuNPs  enriched  matrix  on  sections  of  cryopreserved
kidney  and  liver  tissues  of  Agxt -knockout  and  wt  mice.  Mass
spectra  were  recorded  for  liver  and  kidney  samples  obtained
from  wild-type  and  PH1 animals.  Spectral  patterns  showed
differences  in  peak  distribution  and/or  peak  intensities  (Fig.  2A
and  B) re ecting  possible  changes  in  tissue  composition
between  normal  and  hyperoxaluric  samples.  Eigenvalue
analysis  of  spectral  data  of  kidney  and  liver  tissues  indicated
clearly  presence  of  two  and  three  different  classes,  respective-
ly,  contributing  to  overall  variability  in  the  system.  Multivari-
ate  analysis  tools  such  as  principal  component  analysis  (PCA)
clearly  outlined  clusters  of  the  healthy  and  diseased  kidney
(Fig.  2C and  E) and  liver  samples  (Fig.  2D  and  F) documenting
that  spectral  pro • le  contains  suf • cient  information  for  sample
discrimination.  However,  these  methods  solely  discriminate

Fig.  1  ± Comparison  of  different  matrices  used  for  direct-tissue  MALDI-TOF  mass  spectrometry.  Golden  nanoparticles
enhanced  peak  intensities  and  overall  reproducibility  of  mass  spectra  for  subsequent  analyses.  SA:  sinapinic  acid;  GA:  gallic
acid;  HAuCl 4:  hydrogen  tetrachloroaurate;  AuNPs:  golden  nanoparticles.
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different  classes  in  the  data  set,  but  do  not  contribute  to  a
diagnostic  decision  on  unknown  sample.  Thus,  we  wish  to
develop  a  system  that  would  identify  an  individual  tissue
specimen  just  by  analysis  of  speci • c  tissue  • ngerprints.

To  test  whether  our  data  allow  a  reliable  diagnosis,  we
constructed  an  arti • cial  neural  network,  optimized  its  archi-
tecture  using  different  learning  algorithms  and  applied  it  on  a
database  spectral  • ngerprints  of  liver  tissue.  As  the  input
variables,  intensities  of  the  peaks  ranging  from  m/z 4000 to
16000 and  exceeding  noise-to-signal  ratio  of  3, were  used.

Classi • cation  output  consisted  of  two  nominal  values  corre-
sponding  to  the  genotype  (wild-type,  Agxt • /• ) (Fig.  3A).  Optimal
number  of  nodes  (n) in  the  hidden  layer  was  three,  as
documented  by  (Fig.  3B). Higher  number  of  nodes  had  no
effect  on  network  accuracy,  but  no  overtraining  effects  were
observed  up  to  n  =  10. As  a  result,  a  training  process  was  fast
and  the  optimum  was  obtained  after  few  hundreds  of  iteration
cycles  (below  1000) (Fig.  3C). After  the  training,  a  veri • cation
process  and  cross  validation  were  performed.  Finally,  the  ANN
classi • ed  100% of  unknown  liver  samples  correctly.

Fig.  2  ± Mass  spectra  of  kidney  (A)  and  liver  tissues  (B) of  wild-type  and  AGXT-deficient  mouse  were  obtained  using  nano-gold
doped  matrix.  Dotted  areas  indicate  examples  of  highly  reproducible  regions  of  mass  spectra  with  different  peak  intensities.
Eigenvalue  analysis  performed  on  peak  intensities  in  individual  cases  of  kidney  (C) and  liver  (D) mass  spectra  indicated  the
presence  of  two  or  three  main  classes,  respectively,  contributing  to  the  overall  variability  in  both  data  sets.  Red  line  indicates
eigenvalue  =  1.  Projection  of  the  twenty  kidney  (1±10  wild-type,  11±20  Agxt • / • ) and  ten  liver  (1±5  wild-type,  6±10  Agxt • / • )
individual  cases  on  the  factor  plane  by  principal  component  analysis  performed  on  peak  intensities  revealed  presence  of  two
groups  corresponding  to  the  wild-type  or  Agxt • / • genotype.
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Discrimination  and  classi • cation  of  biological  samples  by
mass  spectrometry  was  effectively  introduced  into  various
• elds,  ranging  from  proteome  analysis  (Ferguson  and  Smith,
2003), clinical  microbiology  (Giebel  et  al.,  2010), searching  for
tumor  markers  (Chung  et  al.,  2013) or  cancer  classi • cation
(Pietrowska  and  Widlak,  2012). Recently,  tissue  mass  spec-
trometry  pro • ling  and  imaging  was  introduced  to  histology
visualization,  with  spatial  discrimination  ranging  from  10 to
50 mm  (Chaurand  and  Caprioli,  2002; Lagarrigue  et  al.,  2011;
Seeley  and  Caprioli,  2011). Classical  approach  then  tries  to
identify  speci • c  information  hidden  in  the  spectrum,  mecha-
nistically  linked  to  a  biomarker  ± e.g. particular  biomolecules,
polypeptides  or  proteins  etc.,  usually  obtained  after  sample
fractionation  (Cazares  et  al.,  2011). In  this  work,  we  rather  used
the  whole  spectral  • ngerprint  as  a  biomarker  to  perform
multifactorial  statistics  and  ANN  analysis  (Fig.  4).

Such  ` ànonymous ''  pattern  with  no  distinct  marker  peaks
was  previously  reported  to  provide  an  ef• cient  input  for  ANN-
based  classi • cation  of  complex  organic  molecules,  e.g. humic
acids  (Pena-Mendez  et  al.,  2007). Combination  of  MALDI-TOF
MS and  ANN  is  particularly  suitable  also  for  classi • cation  of
complex  biological  samples,  mostly  cancers  (Hu  et  al.,  2012;

Fig.  3  ± (A)  Architecture  of  the  artificial  neural  network  used  for  classifications.  The  ANN  contained  one  hidden  layer  with
three  nodes.  As  the  input  variables,  intensities  of  the  peaks  in  mass  spectra  at  particular  m/z values  were  used.  The  output
consisting  of  two  nominal  values  determines  the  genotype  ± wt  or  AGXT-deficiency.  (B) Optimal  number  of  nodes  in  the
hidden  layer  indicated  by  root  mean  square  (RMS) as  a  function  of  the  number  of  nodes  in  the  hidden  layer .  (C) Training  graph
indicating  RMS error  as  function  of  number  of  epochs  (number  of  iteration  cycles) .

Fig.  4  ± Scheme  of  the  experimental  workflow  underpinning
crucial  steps  in  tissue  analysis  by  MALDI-TOF  MS  and  ANNs.
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Amato  et  al.,  2013). Moreover,  ANNs  are  capable  to  process
complex  data  obtained  by  various  methods  from  biological
objects,  cell  or  tissues.  ANNs  were  used  for  classi • cation  in
metabolomic  studies  of  whole  cells  using 1H  nuclear  magnetic
resonance.  Whole-cell 1H  NMR  spectra  were  recorded  for
cultured  human  lung  carcinoma  cell  lines  differing  in  their
origin  or  resistance  to  chemotherapy.  Despite  the  variability
within  the  experimental  model  or  operator-induced  sources  of
variation  in  the  network,  the  ANN  was  able  to  classify  the  cell
line  correctly  in  100% of  cases  independent  of  the  spectra
selected  for  training  and  validation.  Application  of  highly
sensitive  mass  spectrometry  combined  with  arti • cial  intelli-
gence  therefore  broadens  the  standard  palette  of  techniques
available  for  histopathological  examinations.

In  summary,  on  a  mouse  model  of  primary  hyperoxaluria
type  I,  we  demonstrated  the  capability  of  biomarker-indepen-
dent  MALDI-TOF  tissue  pro • ling  to  provide  suf • cient  discrim-
inative  information  for  non-linear  analyses  by  arti • cial  neural
networks  and  contribute  to  clinical  decision  and  diagnosis.
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Abstract
Cross-contamination of eukaryotic cell lines used in biomedical research represents a

highly relevant problem. Analysis of repetitive DNA sequences, such as Short Tandem

Repeats (STR), or Simple Sequence Repeats (SSR), is a widely accepted, simple, and

commercially available technique to authenticate cell lines. However, it provides only quali-

tative information that depends on the extent of reference databases for interpretation. In

this work, we developed and validated a rapid and routinely applicable method for evalua-

tion of cell culture cross-contamination levels based on mass spectrometric fingerprints of

intact mammalian cells coupled with artificial neural networks (ANNs). We used human

embryonic stem cells (hESCs) contaminated by either mouse embryonic stem cells

(mESCs) or mouse embryonic fibroblasts (MEFs) as a model. We determined the contami-

nation level using a mass spectra database of known calibration mixtures that served as

training input for an ANN. The ANN was then capable of correct quantification of the level of

contamination of hESCs by mESCs or MEFs. We demonstrate that MS analysis, when

linked to proper mathematical instruments, is a tangible tool for unraveling and quantifying

heterogeneity in cell cultures. The analysis is applicable in routine scenarios for cell authen-

tication and/or cell phenotyping in general.

Introduction
In current biomedical research, cells culturedin vitro are irreplaceable experimental models
and biotechnological tools. However, the research performed on immortalized or tumor-
derived cell lines is dependent on proper cell identity and faces continuous significant risk of
data misinterpretations due to inadvertent cross-contamination by another cell line [1–4].
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Contamination can easily occur by improper passaging, sharing of culture media for multiple
cell lines, or inaccurate labeling and storage. Indeed, sophisticated techniques of cell culture
and tissue engineering, such as high-throughput reactors, microfluidics, and stem cell or tissue
cultures, require stringent monitoring of cell identity and phenotype stability [5–7]. The cur-
rent gold standard for authentication of individual cell lines is analysis of Short Tandem Repeat
sequences (STR) or Simple Sequence Repeats (SSR) widespread throughout the genome, since
each cell line theoretically has a unique STR-profile [1,2]. In specific scenarios, such as co-cul-
ture setups of two cell lines, use of various cell populations derived from a single individual or
from inbred strains, or the occurrence of phenotypic changes within STR- or otherwise stable
cell lines, STR analysis cannot provide sufficient discrimination. Furthermore, in cases of
intrinsic heterogeneity or impurity of cell cultures, co-culture setups, microsatellite instability,
phenotype shifts, or viral or mycoplasma infections, STR analysis can provide ambiguous
results, or, in the best case, allow only a qualitative assessment of cell identity without any
information on the extent of contamination or heterogeneity in cell populations. Techniques
that can complement STR authentication, such as identification of phenotype- or genotype-
related markers, e.g. karyotype, isoenzymes, surface markers, or single nucleotide polymor-
phisms (SNPs) [8,9], are nevertheless dependent on preceding knowledge of the biological
background of the model system used. Optimization of high-resolution methods common in
physical and analytical chemistry and advanced mathematical modeling can circumvent the
need for specific markers by analysis of global cellular or tissue patterns. Spectral techniques,
such as Raman near-infrared or mass spectrometry were recently demonstrated to provide
global fingerprints with sufficient capacity to distinguish diseased and normal tissues in models
of metabolic disorders, or even individual states of cell differentiation or metabolism [10–13].

Matrix-assisted laser desorption/ionization–time of flight mass spectrometry (MALDI-TOF
MS) has recently been used in fields beyond analytical and structural chemistry, such as bio-
medical research or clinical practice, and has been adapted for characterization of complex bio-
logical samples by peptide-mass-fingerprinting or peptide sequence tagging. Biotyping of non-
fractioned intact microorganisms by MS is now a fast, routine, and cheap technique in clinical
microbiology. Similarly, the concept of biotyping eukaryotic cells by intact cell (IC) MALDI-
TOF MS has been suggested to allow identification of cell lines [13–18] or to characterize of
physiological events occurring in the cells, such as terminal differentiation or programmed cell
death [19]. The IC MALDI-TOF MS technique allows for recording the characteristic profiles
of eukaryotic cells in quality sufficient for detailed analyses ranging from ultrastructural molec-
ular cytology, to deep cell phenotyping and tissue analyses [13,15,18–22], to species recognition
[23] and ecotoxicology [24,25].

However, a simple visual inspection of mass spectra is often not sufficient to establish an
unambiguous cell line-specific set of biomarker peaks. Moreover, specific signal intensity and
analytic concentration are not linear except in a narrow concentration range due to various sto-
chastic“MALDI effects,” such as variability in matrix/analyte interactions and energy dissipa-
tion or quenching or enhancing of ionization [26]. Mathematical methods that are successfully
used in chemometrics, such as bivariate regression, polynomial fitting, multiple linear regres-
sion, partial least squares, and artificial intelligence, must therefore be applied in MS analysis of
complex biological samples [27–29]. Artificial neural networks (ANNs) represent a robust and
versatile mathematical tool for many applications in various fields [30]. ANNs mimic the
“learning” and“generalization” abilities of human neural structures. ANNs are able to model
highly complex non-linear systems and are used for classification, pattern recognition, model-
ing, and multivariate data analysis [31]. The basic units of ANNs are“nodes” or “neurons.”
They are organized in one“input” layer, in one or more“hidden” layers, and in one“output”
layer. Each of thei-th neurons in a layer is linked to all thej-th neurons in the next layer. Each
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connection is weighted with a weightwij. The role of the neurons in the input layer is to receive
input data and transfer it to the neurons in the hidden layer through the weighted connections.
The neurons in the hidden layer(s) perform mathematical operations on the incoming data
(summation, addition of a“bias” term, and transformation by a suitable mathematical func-
tion). The result is then transferred to the neurons in the output layer where the ANN output is
calculated.

Here we study the possibility of using ANNs to determine a quantity of cells of a particular
cell line and/or type in two-component mixtures, mimicking a scenario of cell line cross-con-
tamination. To create such situations, we used: a) line CCTL14 of human embryonic stem cells
(hESCs), b) mouse embryonic fibroblasts (MEFs), and c) line R1 of mouse embryonic stem cell
(mESCs). The cells were arranged into two-component calibration mixtures of hESCs + MEFs
and hESCs + mESCs in various ratios. Line CCTL14 of hESCs has previously been thoroughly
characterized [32]. MEFs freshly isolated from connective tissue of 11.5 days old mouse
embryos are commonly used as a supportive feeder layer for hESCs in a routine co-culture
mode. Mouse ESCs [33] represent pluripotent and self-renewing cells that are developmentally
and functionally similar to hESCs.

The two-component cell suspensions were analyzed by ANN-coupled IC MALDI-TOF MS
in a multivariate calibration approach. We demonstrate that mass spectra contain sufficient
information to identify the presence of individual cell types in mixtures, and we report for the
first time that ANN analysis of mass spectra from two-component mixtures can correctly pre-
dict the level of cell cross-contamination in very complex microenvironment.

Material and Methods

Chemicals
Knockout Dulbecco’s modified Eagle’s medium (DMEM), DMEM/F12, knockout serum
replacement, fetal bovine serum, L-glutamine, minimum essential medium non-essential
amino acids, penicillin-streptomycin, and TrypLETM Select were purchased from Gibco, Life
Technologies Czech Republic Ltd. (Prague, Czech Republic). Ammonium bicarbonate, sinapi-
nic acid, trifluoroacetic acid, DMEM, 2-mercaptoethanol, phosphate buffered saline (PBS), and
gelatin were purchased from Sigma-Aldrich Ltd. (Prague, Czech Republic). MatrigelTM was
purchased from BD Bioscience, I.T.A.-Intertact Ltd. (Prague, Czech Republic). Fibroblast
growth factor-2 was purchased from PeproTech, Baria Ltd. (Prague, Czech Republic). Leuke-
mia Inhibitory Factor Protein was purchased from Chemicon, Merck Millipore (Prague, Czech
Republic). Acetonitrile was purchased from J.T. Baker, VWR International Ltd. (Prague, Czech
Republic). PepMix standard was purchased from Laser BioLabs (Sophia-Antipolis, France).
Tissue culture dishes were purchased from TPP (Trasadingen, Switzerland).

Cell cultures
Mouse embryonic fibroblasts derived from CF1-mouse embryos were cultured in tissue culture
dishes in medium consisting of Knockout DMEM supplemented with 10% fetal bovine serum,
2 mM L-glutamine, 1% minimum essential medium non-essential amino acids, 1% penicillin-
streptomycin, and 0.1 mM 2-mercaptoethanol as described previously [34,35]. Human embry-
onic stem cells [36,37] were cultured in the undifferentiated state in tissue culture dishes coated
with MatrigelTM in culture media conditioned by MEFs consisting of DMEM/F12 supple-
mented with 15% knockout serum replacement, 2 mM L-glutamine, 1% minimum essential
medium non-essential amino acids, 0.5% penicillin-streptomycin, 0.1 mM 2-mercaptoethanol,
and 4 ng/ml fibroblast growth factor-2. Mouse embryonic stem cells [33] were cultured in tis-
sue culture dishes coated with 0.1% gelatin in medium consisting of DMEM supplemented
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with 20% fetal bovine serum, 1% minimum essential medium non-essential amino acids, 1%
penicillin-streptomycin, 1 mM 2-mercaptoethanol and 5.5� g/ml leukemia inhibitory factor
(LIF). All cell lines were maintained in an incubator at 37°C with a humidified atmosphere
containing 5% CO2, with daily media exchange.

Sample preparation
Cultured cells were washed with 1×PBS and enzymatically disaggregated to single cell suspen-
sion using TrypLE™Select. After 2 min, the enzymatic activity was stopped by the respective
culture medium. Detached cells were pelleted by centrifugation at 200 g for 5 min and washed
once again with 1×PBS. Cell number was determined by CEDEX XS cell counter operated with
CEDEX Control Center software v. 1.0.3. from Innovatis AG, Roche Life Sciences (Prague,
Czech Republic).

Preparation of cell mixtures for MS analysis
hESCs + MEFs mixture.Cell suspensions containing a total of 1×106 hESCs and MEFs in

1×PBS in defined ratios were pelleted by centrifugation at 200 g for 5 min at 4°C and washed
three times with an aqueous solution of 150 mM ammonium bicarbonate. Then, the cell pellets
were resuspended in 10� l of 150 mM ammonium bicarbonate and mixed with 5� l of freshly
prepared sinapinic acid matrix (30 mg/ml in 70% acetonitrile and 7.5% trifluoroacetic acid).
Two microliters of sample/matrix mixture were immediately spotted in pentaplicates onto the
MALDI target and dried at room temperature.

hESCs + mESCs mixture.Aliquots of 1×106 mESCs or hESCs in 1×PBS were pelleted by
centrifugation at 200 g for 5 min at 4°C. Supernatant was discarded and pelleted cells were
washed three times with 150 mM ammonium bicarbonate solution. Resulting cell pellets were
then snap-frozen and stored until further processing. At the time of analysis, both mESCs and
hESCs aliquots were quickly thawed and reconstituted in 20� l of 150 mM ammonium bicar-
bonate solution and sonicated briefly in a water ultrasound bath. Then, MEFs and hESCs were
mixed in given ratios to a total of 0.5×106 cells per sample and total volume was adjusted to
15� l with 150 mM ammonium bicarbonate. Each cell suspension was mixed with 7.5� l of
freshly prepared sinapinic acid matrix solution. Two microliters of sample/matrix mixture
were immediately spotted onto the MALDI target and dried at room temperature. Each sample
was spotted in five technical replicates.

Mass spectrometry
Mass spectra were recorded on an AXIMA CFR mass spectrometer from Kratos Analytical
(Manchester, UK) in linear positive ion mode. The instrument was equipped with a nitrogen
laser (337 nm) and delayed extraction was used. The laser energy was expressed in arbitrary
units from 0 to 180 a.u. The power of the laser at 180 a.u. was 6 mW, while the irradiated spot
size was approximately 150� m in diameter. External mass calibration was done using the Pep-
Mix4 standard. The laser repetition rate was 5 Hz with a pulse time width of 3 ns. Each mass
spectrum was obtained by the accumulation of at least 5000 shots. In order to decrease the con-
tribution of chemical noise and possible errors on the baseline and in calibration, the raw mass
spectra were pre-processed, cleaned, transformed, and reduced in dimensionality before the
data analysis, as described elsewhere [38].

Mass spectra were analyzed using Launchpad Software (Kompact version 2.9.3, 2011) from
Kratos Analytical Ltd. Pre-processing of mass spectra and ANN computation were performed
using MATLAB 8.6. 2015 from The MathWorks Inc. (Natick, Massachusetts, USA) and Trajan
Neural Network Simulator, Release 3.0 D 1996–1998, from Trajan Software Ltd. (Durham, U.
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K.). Partial least squares projection to latent structures regression was performed with“leave-
one-out” cross-validated prediction in program R (www.r-project.org) using the externalpls
library [39].

Artificial neural networks
We constructed an artificial neural network containing four neurons in one hidden layer. The
intensities of processed mass spectra served as the input, while the number of contaminating
cells in the two-component mixtures was the output. The“learning” of the ANN was per-
formed using the back-propagation training algorithm as described elsewhere [40,41]. The
back-propagation was achieved by iteratively adjusting the values of connection weights in
order to minimize the difference between the ANN calculated output value (o�

pk) and the
experimental one (opk). After each iteration, the root mean square of the sum of (opk -o�

pk)
2

residuals (RMS) was calculated according toEq 1:

RMS¼

�������������������������������������������P N
p¼1

P M
k¼1ðopk � o�

pkÞ
2

N � M

s

ð1Þ

whereN is the number of mass spectra,M is the number of outputs,o�
pk is the ANN calcu-

lated, andopk is the experimental output value. The optimal ANN architecture was con� rmed
by plotting the RMS value against the number of neurons in the hidden layer(s) and number of
training cycles (epochs).

Results And Discussion

Preparation of two-component mixtures of different cell types and intact
cell MALDI-TOF mass spectrometry
We prepared calibration datasets consisting of twenty-eight defined two-component mixtures
of hESCs + MEFs, thirty-four mixtures of hESCs + mESCs (Fig 1A and 1D), and pure cell pop-
ulations, with total cell numbers of 1×106 (Fig 1B and 1E). We then recorded the mass spectra
of two-component cell mixtures and pure cell populations in the 2000–20000 m/z range with-
out previous fractionation or extraction. We pre-processed the mass spectra by(i) resampling
to 30000 m/z values (homogenizing in a chosen range and reducing the number of m/z values),
(ii) aligning (removing the systematic shifts in mass spectra of repeated experiments),(iii)
baseline subtraction,(iv) smoothing, and(v) normalization to a vector of unit length(SXi = 1),
whereXi are the intensities of the peaks of the mass spectrum) [42] (Fig 1C and 1F, S1 Fig).
Next, we organized the spectral data into a matrix with dimensionsm × n, wherem represents
the number of the mass spectrum of the particular cell mixture andn are the m/z values. Thei-
th row of the matrix represents the mass spectrometric fingerprint of thei-th mixture. In order
to decrease the latent noise in pre-processed mass spectra, we selected only the peaks with
intensity higher than an arbitrarily set threshold (1×10� 3) for further analysis. Thus, the data
matrices of hESCs + MEFs and hESCs + mESCs were reduced from the originaln × 30000 to
n × 84 andn × 122, respectively. Next, we identified peaks with the highest intrinsic variability
in the datasets, as described elsewhere [43–46]. In brief, we selected informative peaks by
comparative determination of standard deviations of individual peaks normalized to the total
variance of the dataset, Lasso regression, and sparse partial least squares regression. The infor-
mative peaks are visualized inS3 Fig. That allowed us to finally reduce the data matrices of
hESCs + MEFs and hESCs + mESCs ton × 10 andn × 30, respectively (S1 Table).

Then, we used these datasets to perform principal component analysis aiming to discrimi-
nate the pure hESC and MEF cell populations and the cell mixtures containing 50% of each cell
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type. Eigenvalue analysis showed the presence of three factors contributing up to 94% of the
overall variability. Plotting the principal components revealed three clearly separated clusters
and provided proof of principle for the discriminative information of the MEF and hESC mass
spectra (Fig 2A and 2B). Similar discrimination was achieved for mESCs and hESCs (data not
shown).

Next, we visually compared mass spectra obtained from the pure hESCs and MEFs, and
their two-component mixtures. Despite the high similarity of the mass spectra, we identified
peaks unique to hESCs and MEFs (m/z 3992 and 9908) (Fig 2C) appearing reproducibly over
various mixtures. We presumed that if these two marker peaks are informative for MEFs, their
intensities should be proportional to the content of MEFs in the two-component mixtures.
However, we did not identify any linear trend between the normalized intensities of these two
marker peaks and the percentage of MEFs, especially in two-component mixtures with low
concentrations of MEFs (Fig 2D). In the case of highly similar pluripotent cell types, the mass
spectra of hESCs + mESCs mixtures lacked any spectral patterns specific for individual pure
cell lines (Fig 1F). Therefore, assessment of the individual biomarker peaks was not suitable for
precise and unambiguous quantification.

Fig 1. (A) Colony of human embryonic stem cells (hESCs) cultured on a feeder layer of mouse embryonic fibroblasts. (B) Experimental ratios of two-
component mixtures of hESCs + MEFs. (C) Representative mass spectra of selected two-component mixtures of hESCs + MEFs. (D) Colony of mouse
embryonic stem cells (mESCs) in a feeder-free culture. (E) Experimental ratios of two-component mixtures of hESCs + mESCs. (F) Representative mass
spectra of selected two-component mixtures of hESCs + mESCs.

doi:10.1371/journal.pone.0147414.g001
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Quantitative determination of contamination levels
Because of the data complexity, it was difficult to handle the mass spectral datasets by simple
linear analyses. We first examined the data by a method of partial least squares with projection
to latent structures regression (PLS) on the full data matrix of the complete mass spectra. PLS
has been developed and extended by Herman and Svante Wold, respectively, [47] for quantita-
tive analysis of highly complex multivariate data and is used preferentially in chemometrics.
Despite a correlation between predicted and actual cell percentages in the two-component mix-
tures, the prediction precision by PLS was rather low, with substantial root mean square error

Fig 2. (A) Principal component analysis of mass spectra dataset containing intensities of 84 m/z for pure MEF and hESC populations and their 1:1 mixture.
(B) Scree plot documenting the presence of three factors contributing predominantly to the overall variability in the analyzed dataset. (C) Pre-processed
MALDI-TOF mass spectra for pure hESCs and MEFs and a hESCs + MEFs two-component mixture containing 99% hESCs and 1% MEFs. The spectra were
normalized to vector of unit length (a.u.). Asterisks indicate peaks at m/z 3992 and 9908. (D) Surface plot of intensities of peaks at m/z 3992 and 9908 versus
the number of MEFs in hESCs + MEFs two-component mixtures.

doi:10.1371/journal.pone.0147414.g002
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(RMS) showing signs of systematic trends (Table 1, S3 Fig). Therefore, we asked whether non-
linear approaches and artificial intelligence methods, such as ANNs, could make predictions
with more precision. ANNs were previously reported to provide effective analysis and classifi-
cation of biological, clinical or bioanalytical, and chemometric non-linear data (for review see
[30]), and were found particularly suitable for analysis of MS data [28].

In our analysis the intensities of the selected peaks comprised the ANN-input data and the
number of MEFs and/or mESCs cells in the hESC calibration mixtures was the ANN-output
data. For the training step of the ANN, we tested several algorithms and found the back-propa-
gation algorithm to be the most suitable (data not shown). We determined the optimal archi-
tecture containing four neurons in one hidden layer (Fig 3A) by plotting the RMS against the
number of nodes (data not shown) and we validated over 100000 training cycles (epochs),
without overfitting the model (Fig 3B). We used the leave-one-out cross-validation method to
test the“generalization” ability of the designed network to predict the single cases excluded

Table 1. Values of RMS calculated as differences between predicted and observed values, k (regression coefficients), and R2 (determination
coefficient).

hESCs: MEFs hESCs: mESCs

PLS ANN PLS ANN

RMS 51.7×103 3.16×103 96.6×103 7.1×103

k 0.976 0.996 0.601 0.975

R2 0.9759 0.9992 0.6010 0.9822

doi:10.1371/journal.pone.0147414.t001

Fig 3. (A) Optimal ANN architecture (one Input layer, one Hidden layer with four neurons, and one Output
layer). (B) Training and leave-one-out verification plot of the RMS versus the number of training cycles
(epochs). First 50 000 iterations are shown. The inset shows a detailed plot for the first 10 000 training cycles.

doi:10.1371/journal.pone.0147414.g003
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from the training data set. We used the RMS as a measure of the prediction accuracy. The net-
work was able to evaluate the input data and correctly predict the number of MEFs (Fig 4A)
and mESCs (Fig 4C) in the hESC suspensions over the whole range of evaluated ratios.
Prediction by ANN was correct even at low percentages of contaminating cells in suspension.
To validate the model, the RMS was calculated as the differences between the predicted and
experimental values. The residuals reached significantly lower values than in PLS predictions
(Table 1). Moreover, the residual values were randomly distributed, and the absence of any sys-
tematic error or trend in residuals demonstrated correctness of the model (Fig 4B and 4D). To
perform further validation of the method, we analyzed an independent dataset of fifty hESCs
+ MEFs mixtures. Using a training set described above, the ANN correctly determined the
numbers of MEFs in hESCs suspension with high correlation between predicted and experi-
mental values(S4 Fig). In summary, multivariate calibration coupled with a correctly trained
ANN was able to determine the ratio of cell numbers in two-component mixtures.

We have identified the conditions and developed a step-by-step protocol for successful
quantitation of two distinct cell types in a single two-component mixture by a multivariate cali-
bration approach based on an ANN-coupled IC MALDI-TOF MS analysis. The major steps of
the method include:

1. a priori knowledge or identification of the contaminating cell line

2. construction of two-component calibration mixtures of the given cell lines

3. mass spectra pre-processing and m/z selection

4. parallel recording of mass spectra of pure cell populations and calibration mixtures and
building a library of spectral datasets for multivariate calibration

Fig 4. (A) Correlation between ANN-predicted number of cells and the experimental number of MEFs in two-
component mixtures of hESCs + MEFs. The inset shows the correlation between experimental and predicted
values in low concentration ranges of MEFs up to the 50×103 cells in the two-component mixtures. (B)
Overview of Residuals (difference between ANN-predicted number of cells and the experimental values)
versus the experimental number of MEF cells in two-component mixtures of hESCs + MEFs. (C) Correlation
between ANN-predicted number of cells and the experimental number of mESCs in two-component mixtures
of hESCs + mESCs. (D) Overview of Residuals (difference between ANN-predicted number of cells and the
experimental values) versus the experimental number of mESC cells in the two-component mixtures of
hESCs + mESCs.

doi:10.1371/journal.pone.0147414.g004
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5. estimation of the contamination levels in unknown samples using an ANN model trained
on the calibration datasets

The application of ANNs allowed us to overcome the unwanted inconsistency and non-lin-
earity of IC MALDI-TOF MS spectra and reveal hidden patterns in mass spectra to unambigu-
ously identify and quantify MEFs or mESCs in the hESC culture. However,a priori knowledge
of the contaminating cell line is a prerequisite for correct prediction and selection of the train-
ing dataset. The multivariate calibration-based ANN approach can be easily adapted to routine
protocols for quantitative determination of cell culture homogeneity and consistency and for
thorough MS analyses of cell parameters in various culture platforms, with all steps adaptable
for any experimental, routine, or high-throughput culture setup [48,49] (Figs5 and6). Cur-
rently, methods involving assessment of cell quality in clinical grade cultures, biomedical
research or bio-industry involve either genetic authentication confirming the cell identity or
functional assays documenting the phenotype. The intact cell mass spectrometry coupled with
ANN can reveal inconsistencies occurring in high-throughput or long-term cultures or co-cul-
tures, by monitoring spectral patterns and their alterations.

In conclusion, we demonstrated for the first time that the multivariate calibration approach
based on ANN-coupled IC MALDI-TOF MS analysis can provide quantitative information on

Fig 5. Overview for quantitative ANN-coupled MS-based analysis of cross-contamination.

doi:10.1371/journal.pone.0147414.g005
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cell culture heterogeneity and authenticity and thus complement the portfolio of techniques
that are available for characterization of mammalian cell cultures.

Supporting Information
S1 Fig. Comparison of raw (a) and pre-processed (b) mass spectra (five replicates) charac-
terizing human embryonic stem cells (hESCs).The pre-processed mass spectra were normal-
ized to a vector of unit length (SXi = 1), whereXi are the intensities of the peaks of the mass
spectrum).
(TIF)

S2 Fig. Standard deviations of the mean intensity of peaks of the particular m/z in the data-
set normalized to the standard deviation of the mean intensity of the hESCs + MEFs (a)
and hESCs + mESCs dataset (b).Peaks used in the further analyses are indicated by respective
m/z values.
(TIF)

S3 Fig. Correlation between PLS-predicted number of cells and the experimental number
of MEFs in two-component mixtures of (a) hESCs + MEFs and (b) hESCs + mESCs. Over-
view of Residuals (difference between PLS-predicted number of cells and the experimental
values) versus the experimental number of cells in the two-component mixtures of (c)
hESCs + MEFs and (d) hESCs + mESCs.
(TIF)

S4 Fig. Training and verification plot for an independent dataset of 50 cases of hESCs +
MEFs mixtures (a).Correlation between experimental and ANN-predicted numbers of MEFs
in hESCs suspension.
(TIF)

Fig 6. Experimental schematic of the multivariate calibration-based ANN spectral analysis.

doi:10.1371/journal.pone.0147414.g006
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S1 Table. Overview of normalized mass-to-charge ratios (m/z) of informative peaks used
for analysis.
(TIF)
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Intact Cell Mass Spectrometry as a Quality Control
Tool for Revealing Minute Phenotypic Changes of
Cultured Human Embryonic Stem Cells

PETRVA�NHARA ,a,b LUḰA�SKUC� ERA,a,b LUBOḾšR PROKE�S,c LUCIEJUREC� KOV́A,a

ELADIAMAŔšA PE�NA-MÉNDEZ,d JOSEFHAVEL,c ALE�SHAMPLa,b
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ABSTRACT

The stability of in vitro cell cultures is an important issue for any clinical, bio-industrial, or pharma-
cological use. Embryonic stem cells are pluripotent; consequently, they possess the ability to differ-
entiate into all three germ layers and are inherently prone to respond to differentiation stimuli.
However, long-term culture inevitably yields clones that are best adapted to the culture conditions,
passaging regimes, or differentiation sensitivity. This cellular plasticity is a major obstacle in the
development of bio-industrial or clinical-grade cultures. At present, the quality control of cell cul-
tures is limited by the lack of reliable (epi)genetic or molecular markers or by the focus on a partic-
ular type of instability such as karyotype abnormalities or adverse phenotypic traits. Therefore,
there is an ongoing need for robust, feasible, and sensitive methods of determining or con“rming
cell status and for revealing potential divergences from the optimal state. We modeled both intrin-
sic and extrinsic changes in human embryonic stem cell (hESC) states using different experimental
strategies and addressed the changes in cell status by intact cell mass spectrometry “ngerprinting.
The analysis of spectral “ngerprints by methods routinely used in analytical chemistry clearly dis-
tinguished the morphologically and biochemically similar populations of hESCs and provided a
biomarker-independent tool for the quality control of cell culture.STEM CELLS TRANSLATIONAL

MEDICINE 2018;7:109…114

SIGNIFICANCESTATEMENT

Safe biomedical applications of cells require predictable and well-defined cell populations. This
study describes intact cell mass spectrometry combined with chemometric and artificial intelli-
gence approaches as a simple, robust, and hypothesis-free quality control tool for determining
induced and spontaneous alterations in genetically and morphologically uniform embryonic
stem cell populations in routine cell cultures.

INTRODUCTION

Cell-based applications are dependent on rigorous
conditions including predictable and stable cell
populations. Human embryonic stem cells (hESCs)
paved the road for the development of state-of-
the-art technologies for regenerative medicine
and bio-industry applications. Derived from the
pluripotent inner cell mass of a pre-implantation
blastocyst, hESCs are inherently unstable and
prone to rapid, spontaneous differentiation in
vitro. Current culture protocols are focused on
maintaining the pluripotent character of hESCs by
repressing their differentiation and supporting
sustained self-renewal. In culture, hESCs cumula-
tively acquire various alterations on both the
genetic and non-genetic levels [1] and despite
sophisticated culture techniques, culture-adapted
clones are inevitably selected during long-term in

vitro cultures [2]. However, these changes could
remain unnoticed until they substantially alter the
cell karyotype or cell phenotype, even in case of
the stable expression of stemness-associated tran-
scription factors including c-Myc, Sox-2, Klf4,
Nanog, or Oct3/4, or their differentiation capacity
or typical morphology. Further, molecular, genetic,
and/or light-microscopy analyses can fail in the
case of the genetically or karyotypically silent
changes that arise in cultured cells.

Matrix-assisted laser desorption/ionization
time-of-”ight mass spectrometry (MALDI-TOF MS)
and its derivatives have diverse applications in
classic analytical and structural chemistry and,
thanks to their universality, have been adapted
for analysis and determination of complex biologi-
cal samples, including bacteria, yeasts, or mam-
malian cells [3, 4]. For monitoring of cell cultures,
two possible approaches for analyzing mass
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spectra are available. The •top-downŽ approach is based on
revealing and identifying individual unique peaks and their use as
biomarkers that are correlated with phenotypes or cell states,
such as pluripotency, reprogramming events, or differentiation
cues [5]. However, despite the precise identi“cation of speci“c
biomarkers that could be statistically associated with cell parame-
ters, their applicability is often based on a random correlation
among myriads of other dynamically changing molecules in a cell-
or culture-dependent context. Also, we have recently documented
that using one or two dominant peaks for quantitative analysis of
a cell type reveals non-linear relationships that can be easily in”u-
enced by the technical or biological variability in the measurement
or the sample itself [6]. The alternative approach assumes that a
full spectral “ngerprint is suf“ciently robust to eliminate any
undesired variability but contains enough information to discrimi-
nate species, cell types, or even cell states differing in chemical
composition, even without the identi“cation of individual mole-
cules. Thus, the analysis without a preceding subjective reduction
to several major peaks and their identi“cation can eliminate the
bias of the random correlation of individual molecules to a pheno-
typic change or a cell status and avoid potential misinterpretation.
Avoiding the fractionation of cells also helps to reduce the
unwanted variability while improving the overall consistency of
the mass spectra and their reproducibility.

In addition to MS-based quantitative cell line authentication
that we reported recently [6], here we demonstrate that the
whole mass spectrum acquired from intact hESCs contains suf“-
cient information to provide an unambiguous “ngerprint also of a
cell state in an otherwise uniform cell population and offers a sim-
ple tool for the monitoring and quality control of pluripotent stem
cells in culture.

MATERIALS ANDMETHODS

Cell Culture
Undifferentiated CCTL-14 hESCs (hPSCreg: MUNIe007-A, RRID:
CVCL_C860), passage numbers 29, 72, and 269) were maintained
in 6-cm Petri dishes (TPP, Trasadingen, Switzerland) on mitotically
inactivated mouse embryonic “broblasts (MEFs) in Dulbecco•s
modi“ed Eagle•s medium/F12 supplemented with 15% knockout
serum replacement (both from Invitrogen, Life Technologies,
Carlsbad, CA),L-glutamine, minimum essential medium, nones-
sential amino acids, 0.5% penicillin-streptomycin (both from PAA
Laboratories, Pasching, Austria), 2-mercaptoethanol (Sigma-
Aldrich, Prague, Czech Republic), and 10 ng/ml “broblast growth
factor-2 (PeproTech, Rocky Hill, NJ). The hESCs were maintained in
an incubator at 378C in a humidi“ed atmosphere containing 5%
CO2 and the media was exchanged daily. Retinoic acid was pur-
chased from Sigma-Aldrich (Prague, Czech Republic) and added to
the fresh culture medium to the “nal concentration of 102 8 M.

Isolation of RNA, Reverse Transcription, and
Quantitative PCR
Total RNA from hESCs was extracted using an RNeasy Mini Kit
(Qiagen) and quanti“ed using a NanoDrop (Thermo Scienti“c).
cDNA was synthesized from 1mg DNase I-treated total RNA using
a First Strand Reverse Transcription Kit (Roche, Prague, Czech
republic). Relative expression was quanti“ed using exon-spanning
primers and UPL probes speci“c forSOX2, NANOG, OCT4, PAX6,
SOX1, GATA4, and BRACHYURY. Glyceraldehyde 3-phosphate

dehydrogenase was used as the housekeeping gene control
(Roche, Prague, Czech Republic). Results were expressed as rela-
tive ratio units. All PCR reactions were performed in triplicate
from three independent experiments, and reverse transcriptase-
negative and template-negative controls were included.

Immunofluorescent Microscopy
The hESC colonies were manually harvested under visual control,
washed in 13 phosphate-buffered saline (PBS), “xed in 4% form-
aldehyde for 15 minutes, washed three times in 13 PBS, perme-
abilized in 0.1% Triton-X100 in PBS for 10 minutes/RT, blocked in
3% BSA in PBS for 1 hour. Then, cells were incubated with anti-
Sox2 (AB5603, Merck Millipore, Prague, Czech Republic, dilution
1:500) or anti-Oct3/4 (sc-5279, Santa Cruz Biotechnology, Heidel-
berg, Germany, dilution 1:100) primary antibodies overnight at
48C. The cells were then washed three times in 13 PBS and incu-
bated for 60 minutes room temperature with secondary antibody
conjugated with AlexaFluor 568 (Sox2) or 488 (Oct3/4) and diluted
1:1,000 (Life Technologies/ThermoFisher Scienti“c, Prague, Czech
Republic, A11004 or A11008, respectively), followed by additional
wash in 13 PBS. Hoechst 33342 stain was added to the “nal con-
centration 5mg/ml. Images were acquired using an automated
microscope with3 10 objective (Image Xpress MicroXL, Molecular
Devices).

Flow Cytometry
The hESC colonies were manually harvested under visual control,
disaggregated using TryPLE Express (13 ) for 2 minutes at 378C,
cells counted and resuspended in FACS buffer (5 mM EDTA, 2%
FBS in 13 PBS). Prior staining of intracellular Sox2, cells were “xed
using 3.7% formaldehyde in 13 PBS and permeabilized in BD
Phos”ow Perm Buffer III (BD Biosciences, Prague, Czech Republic).
For blocking, 10% mouse serum in 13 PBS was used. Sox2 was
stained using anti-Sox2 antibody (Abcam, Cambridge, UK,
Ab97959), diluted 1:200 and incubated at 48C/overnight and anti-
rabbit IgG conjugated with Alexa Fluor 488 (Life Technologies/
ThermoFisher Scienti“c, Prague, Czech Republic, A11008).

Sample Preparation for Mass Spectrometry
The hESC colonies were manually harvested under visual control,
disaggregated using TryPLE Express (13 ) for 2 minutes at 378C,
washed in 13 PBS and cells counted. To eliminate traces of PBS,
the cells were centrifuged (200g, 2 minutes) and washed three
times in 1 ml of 150 mM ammonium bicarbonate buffer. The cell
numbers were determined using a Cedex XS cell counter operated
with Cedex Control Center software v. 1.0.3. (Innovatis AG, Roche
Life Sciences, Prague, Czech Republic). Finally, the cells were resus-
pended in 150 mM ammonium bicarbonate buffer to the “nal
concentration of 1003 106 cells per ml. The cell suspension was
then mixed with an acidi“ed matrix containing sinapinic acid
(30 mg ml2 1) and 2,2,2-tri”uoroacetic acid (7.5% vol/vol) in a 2:1
sample to matrix ratio and applied to a target plate that was puri-
“ed in an ultrasonic bath before spotting the samples.

Mass Spectrometry
The mass spectra were recorded in linear positive ion mode over
the 2,000…12,000 m/z range using an AXIMA-CFR mass spectrom-
eter from Shimadzu Biotech (Kratos, U.K.) equipped with a nitro-
gen laser (337 nm). The time pulse length of the laser was 3 ns.
The maximum laser ”uency was 60 mJ per pulse. The full laser
power was indicated on the instrument as 180 arbitrary units
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(a.u.; 6 mW). The irradiated spot size was approximately 150l m
in diameter. An external calibration was performed using standard
mixtures of peptides and proteins (TofMix, PepMix, LaserBio,
France) and standard bacterial extracts (BTS standard) from Bruker
BioSpin AG (F allanden, Switzerland).

Processing of Mass Spectra
The spectral data (Supporting Information Figs. S1, S4) were
exported using Launchpad software and imported into MATLAB
2014 Student edition from The MathWorks Inc. (Natick, Massa-
chusetts, USA). The mass spectra in the complete data matrix
were reduced to a uniform distribution of the 10,000 data points
over the 2,000…12,000 m/z range and aligned using the peak
alignment by the fast Fourier transform method. The baseline was
subtracted, negative values were set to zero, and an average spec-
trum was calculated. Afterward, the normalization to the area
under the curve or to the total ion count was performed.

Statistical Analysis
Pearson•s correlation and principal component analysis (PCA)
were performed in STATISTICA 12 (StatSoft Inc., Tulsa). For the arti-
“cial neural network (ANN) analysis, Trajan Neural Network Simu-
lator, Release 3.0 D 1996…1998 from Trajan Software Ltd.
(Durham, U.K.) was used. We constructed an ANN containing four
neurons in one hidden layer. The intensities of the processed mass
spectra served as the input, whereas the sample categories repre-
sented the output. The •learningŽ of the ANN was performed
using the back-propagation training algorithm as previously
described [7, 8]. The back-propagation was achieved by iteratively
adjusting the values of the connection weights in order to mini-
mize the difference between the ANN calculated output value and
the experimental value. The optimal ANN architecture was con-
“rmed by plotting the root mean square of the sum of residuals
value against the number of neurons in the hidden layer(s) and
the number of training cycles (epochs). The ANN input variables
(peaks) were selected upon PCA analysis as the peaks covering
more than 95% of the variability in the dataset.

RESULTS

First, we investigated if intact cell MALDI-TOF MS, without any
previous sample fractionation or identi“cation of dominant peaks,
could discriminate between morphologically uniform, but inher-
ently different hESCs. As a well characterized model, we employed
hESC line CCTL-14 cultured on CF-1 MEFs [9]. During long-term
culture, CCTL-14 line developed chromosomal abnormalities and
also showed increased expression of CD44 and CD30 surface
markers (Supporting Information Fig. S2), previously associated
with culture adaptation and genomic instability, respectively
[10, 11]. In parallel, expression of Sox2, marker associated with
undifferentiated phenotype, remained constant (data not
shown). To test our hypothesis, low (P29), medium (P72), and
high (P269) passage number CCTL-14 hESCs were cultured
under identical conditions, harvested 48 hours after seeding,
and processed immediately for MS. The “nal normalized spectral
dataset contained 255 m/z values with assigned peak intensities,
which were subjected to statistical analyses. Pearson•s correlation
of the average mass spectra obtained from the low, medium, and
high passage hESCs indicated disparities in the spectral “ngerprints
(Fig. 1A). Using PCA, the correctly clustered P29-hESC and P269-
hESC populations were clearly identi“ed, with the p72-hESCs

represented a transition population (Fig. 1B). To exclude potential
contribution of MEFs to overall spectral heterogeneity, otherwise
identical hESCs were seeded on different MEF batches and had
their mass spectra recorded. No signi“cant alterations in their mass
spectra were detected due to this manipulation, documenting no
distortion due to MEFs (data not shown). Thus, the complex mass
spectral “ngerprint based on a large number of non-dominant
peaks provided suf“cient information to discriminate the hidden
phenotypes associated with long-term culture adaptation.

Next, we were curious if we could determine shifts in the
hESC phenotypes shortly after induction of differentiation. We
designed a hESC model using retinoic acid (RA) as a potent
inducer of differentiation. It has been well documented in vitro
that RA induces the differentiation of hESCs to the ectodermal
phenotype, including neural lineages and keratinocytes or extra-
embryonic tissues [12…14]. Thus, we picked the RA-driven differ-
entiation model to evaluate the subtle changes that occur in hESC
populations during early differentiation. We stimulated the CCTL-
14 hESCs with 102 8 M RA for a period of 12, 24, or 48 hours (Sup-
porting Information Fig. S3A).

We found that the mass spectra from the RA-treated and con-
trol cells were highly correlated and lacked obvious speci“c peaks
that would allow a straightforward search for biomarkers (Fig. 2A).
Interestingly, the Pearson•s correlation matrix obtained from the
average mass spectra revealed a decreased correlation within RA-
treated P269-hESCs when compared to RA-treated P29-hESCs and
P72-hESCs (Fig. 2B). We then performed the PCA of the control
and RA-treated P29-hESCs and compared them with the P269-
hESCs. The results revealed that the hESCs without any apparent
morphological or molecular alterations were clearly clustered
based only on the mass spectral “ngerprint (Fig. 2C). Although the
cluster analysis only allows for the analysis of an enclosed dataset,
we wanted to test whether MS data could be used to predict and
correctly categorize an unknown spectral sample. Thus, we con-
structed and trained a back-propagation ANN [7] based on a
reduced dataset containing 23 peak intensities revealed by vari-
able selection approaches (Fig. 2D). Critically, within these time
intervals, the hESCs that were induced by RA to differentiate still
possessed a typical uniform morphology, maintained high levels
of Sox-2, Oct-4, and Nanog, and were completely indistinguishable
from the untreated controls. Still, increased level of neuroectoder-
mal determinant Pax6 and downregulation of mesodermal marker
Brachyury, as determined by qRT-PCR, clearly spoke for RA-driven
entry into differentiation pathway (Fig. 2E, Supporting Information
Fig. S3B). The ANN correctly assigned the unknown spectrum to
the appropriate sample. On the other hand, using the intensities
of only 23 input peaks, the PCA failed to correctly cluster the sam-
ples (data not shown). This suggests that non-linear, self-learning
approaches are suitable for handling complex data, allowing sim-
ple application for the monitoring of routine cultures or for quality
control in current good manufacturing practice (CGMP) facilities.

DISCUSSION

The quality of stem cell cultures is an essential prerequisite for
applications in which the product variability, lot-to-lot consistency,
composition, contamination, or phenotype stability are signi“cant.
Here, we present a quality control tool based on the combination
of intact cell MS (MALDI-TOF MS) and sophisticated statistical
analysis that revealed the hidden variability in hESCs. Current
approaches for routine cell identi“cation or characterization use
either DNA-based techniques, such as short tandem repeat (STR)
pro“ling or the analysis of the expression of a de“ned set of
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marker genes [15], or molecular and functional characterization of
phenotype alterations [16]. However, both approaches focus on a
limited set of variables (e.g., gene expression or STR pro“ling), or
in theory do not cover unknown or uncharacterized parameters.
The identi“cation of individual biomarkers in large, high-
dimensional datasets can also be biased by the formulation of an
initial hypothesis, the biological background, or the selection of
candidate biomarkers, or can be limited to a particular experimen-
tal scenario. For instance, a recent comparison of mouse induced

pluripotent cells (miPSCs) and mouse ESCs using high-throughput
lectin arrays coupled with surface plasmon resonance imaging
revealed speci“c metabolomic pro“les unique to miPSCs and
mESCs, indicating differences in the global metabolism of cultured
stem cells [17].

Recently, multiple reaction monitoring-mass spectrometry
(MRM-MS) was introduced by Baud et al. for the rapid determina-
tion and quantitation of pluripotency markers in iPSCs [18]. MRM-
MS precisely determined proteotypic peptides generated by

Figure 1. (A):Matrix-assisted laser desorption/ionization time-of-”ight mass spectrometry mass spectra obtained from intact hESCs of dif-
ferent passage numbers (P29, P72, and P269). The inset shows the Pearson•s correlation of the peak intensities in the average spectra
between the P29, P72, and P269 experimental groups.(B):PCA of spectral datasets. Each point in the PCA plot represents a unique biological
sample. Abbreviations: hESCs, human embryonic stem cell; PCA, principal component analysis.
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Figure 2. (A):Representative matrix-assisted laser desorption/ionization time-of-”ight mass spectrometry mass spectra recorded from
intact hESCs (P72) treated with RA for 12, 24, or 48 hours.(B):Heat map depicting the Pearson•s correlation matrix of the peak intensities
obtained from the average mass spectra.(C):PCA plots of the control and RA-treated P29 or P269 hESCs. Scree plots documenting the contri-
bution of individual factors to the overall variability.(D):Training and leave-one-out veri“cation plots of the RMS versus the number of train-
ing cycles (epochs). The “rst 50,000 iterations are shown. The inset shows the architecture of the arti“cial neural network used for the
prediction of the sample category.(E):Relative normalized expression of stemness (Sox-2, Nanog, Oct-4), neuroectoderm (Pax-6, Sox-1),
endoderm (GATA-4), and mesoderm markers (Brachyury) as determined by qRT-PCR. hESCs were cultured with 102 8M RA for 48 hours, or
left untreated. The asterisk indicates statistically signi“cant changes in gene expression (p< .05). Abbreviations: hESCs, human embryonic
stem cell; PC, principal component; PCA, principal component analysis; RA, retinoic acid; RMS, root mean square.
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tryptic digestion of 15 marker proteins associated with self-
renewal of reprogrammed cells constituting a pluripotency “nger-
print. The intact cell MS approach we propose, employs rather a
global mass spectrum as the classi“cation input instead of search-
ing for individual biomarkers, and might represent an independent
technique that re”ects the rational scale of the intrinsic heteroge-
neity of the cells and is likewise sensitive enough to reveal small
changes that are below the detection limits of other techniques.
Interestingly, using this technique we visualized the potential phe-
notypic drifts that occurred during long-term culture that might
contribute to the phenomena of culture adaptation [19]. The
intact cell MS, followed by the straightforward multivariate analy-
sis, could therefore discriminate unapparent but critical alterations
in stem/progenitor cells that are not detected by other techni-
ques, which has clear application for quality control in routine cell
cultures or CGMP.

CONCLUSION

In summary, we introduced a simple, robust, and hypothesis-free
quality control tool for determining induced and spontaneous
alterations in genetically and morphologically uniform embryonic
stem cell populations in routine cell cultures.
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Soluble Cripto-1 Induces Accumulation of Supernumerary
Centrosomes and Formation of Aberrant Mitoses

in Human Embryonic Stem Cells

Volodymyr Porokh,1,* Petr Vanÿhara,1,2,* Toma«sÿ Ba«rta,1 Lucie Jurecÿkova« ,1 Da«sÿa Bohacÿiakova« ,1

Veronika Pospõ«sÿilova« ,1 Daniela Mina«rikova« ,1 Zuzana Holubcova« ,1 Vendula Pelkova« ,1

Karel Soucÿek,2,3 and Alesÿ Hampl1,2

Chromosomal instability evoked by abnormalities in centrosome numbers has been traditionally considered as
a hallmark of aberrant, typically cancerous or senescent cells. We have reported previously that pristine human
embryonic stem cells (hESC) suffer from high frequency of supernumerary centrosomes and hence may
be prone to undergo abnormal mitotic divisions. We have also unraveled that this phenomenon of multi-
centrosomal mitoses vanishes with prolonged time in culture and with initiation of differentiation, and it is
strongly affected by the culture substratum. In this study, we report for the Þrst time that Cripto-1 protein
(teratocarcinoma-derived growth factor 1, epidermal growth factor-Cripto/FRL-1/Cryptic) produced by hESC
represents a factor capable of inducing formation of supernumerary centrosomes in cultured hESC. Elimination of
Cripto-1 signaling on the other hand restores the normal number of centrosomes in hESC. Linking the secretory
phenotype of hESC to the centrosomal metabolism may help to develop better strategies for propagation of stable
and safe bioindustrial and clinical grade cultures of hESC. From a broader point of view, it may lead to unravelling
Cripto-1 as a micro-environmental factor contributing to adverse cell behaviors in vivo.

Keywords: embryonic stem cells, centrosomes, multipolar mitoses, Cripto-1, culture adaptation

Introduction

Human embryonic stem cells (hESC) are self-renewing
pluripotent cells that originate from ephemeral cells

constituting the embryoblast of the human blastocyst. Al-
though hESC can be indeÞnitely propagated in culture
without losing their deÞning properties, they still suffer from
various forms of cell stress affecting their pristine phenotype.
A likely reason is an absence of unique embryoblast micro-
environment that inevitably results in a disturbance of Þne
regulatory networks normally coordinating cell behaviors. In
accordance with this fact, culture propagation of hESC often
leads to harboring of structural and numerical chromosomal
abnormalities, such as aneuploidy or chromatin rearrange-
ments [1]; expression of atypical surface markers, such as
CD30 [2]; and/or acquisition of a phenotype best adapted to
in vitro conditions [3].

We have previously reported the unusually high incidence
of supernumerary centrosomes in pristine early passage
hESC, which may represent a risk factor contributing to

chromosomal instability [4]. Frequency of mitoses with
supernumerary centrosomes decreased in culture-adapted
hESC and/or after induction of differentiation, and it was
also strongly affected by culture substratum. Our Þndings
suggested that increased number of centrosomes is an in-
herent hallmark of pristine hESC restricted to their plu-
ripotent state, as documentedon several independent hESC
lines. Gu et al. [5] also reported supernumerary centrosomes
in developing human zygotes, early embryos, and hESC;
however, the mechanism that drives over-ampliÞcation of
centrosomes remains unexplained.

Centrosomes are small unbound organelles that provide
cells with two microtubule organizing centers (MTOC),
typically during assembly of the bipolar mitotic spindle.
Deregulation of centrosome numbers may thus produce ab-
normal spindle, leading to unequal distribution of chromo-
somes during mitosis, and Þnally to structural or numerical
abnormalities of chromosomes. Abnormalities in centrosome
number or structure are linked to various pathological states,
including cancer, ciliopathies, and developmental disorders
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[6]. Generally, supernumerary centrosomes may develop by:
(1) inordinate cycles of centrosomal duplication, (2) failure of
cytokinesis but not karyokinesis, (3) disintegration of cen-
triolar pair and breaking up of the centrosome, or (4) devel-
opment of foci of pericentriolar matrix (PCM), providing the
cell surrogate MTOC [6].

We have shown in our initial study that in hESC, high
frequency of supernumerary centrosomes was not associated
with detectable structural defects to centrioles and/or PCM
[4]. Also, on average, 40% of cells with supernumerary
centrosomes contained the proper number of kinetochores
documenting euploidy of such cells [4]. Rather, activities of
cell cycle regulators CDK2 and Aurora A were linked to the
over-ampliÞcation of centrosomes. In hESC, cell cycle
regulating machinery undergoes changes as the cells adapt
to culture conditions (reviewed in Ref. [7]), and these
changes may possibly imprint into regulation of centrosomal
cycle. Still, this is only hypothetical since no speciÞc mol-
ecules or circuitries involved in development of supernu-
merary centrosomes in hESC were unraveled.

In this study, we searched for factors that are responsible
for induction of the multicentrosomal phenotype observed in
hESC. We found that hESC secrete Cripto-1 protein, with low-
passage cells producing more Cripto-1 than high-passage cells.
Inhibition of Cripto-1 signaling either by blocking antibody
or by chemical disruption signiÞcantly decreased frequency
of supernumerary centrosomesin hESC. Taken together, we
revealed Cripto-1 as the candidate factor affecting genomic
stability of cultured hESC.

Materials and Methods

Cell lines, cell culture, and treatments

Two independent lines of hESC, both derived in our
laboratory, were used: (1) well established line CCTL14
(hPSCreg: MUNIe007-A, RRID: CVCL_C860 [8]) and (2)
newly derived line MUES1 (registered under no. 23 by
Ministry of Education, Youth and Sport of the Czech Re-
public, MSMT-15983/2017-3, June 6, 2017). The Faculty of
Medicine of Masaryk University and its Department of
Histology and Embryology are fully accredited for experi-
menting with hESC (No. MSMT-14648/2016-5). The cells
were maintained undifferentiated by culturing in 6-cm Petri
dishes (TPP, Trasadingen, Switzerland) on mitotically in-
activated mouse embryonic Þbroblasts (MEFs) in Dulbec-
coÕs modiÞed EagleÕs medium/F12 supplemented with 15%
KnockOut Serum Replacement (Invitrogen, Life Technolo-
gies, Carlsbad, CA), 1%l -glutamine, 1% minimum essential
medium (MEM) nonessential amino acids, 0.5% penicillinÐ
streptomycin (all from Invitrogen, Life Technologies),
100mM b-mercaptoethanol (Sigma-Aldrich, Prague, Czech
Republic) and 4 ng/mL Þbroblast growth factor (FGF)-2
(PeproTech, Rocky Hill, NJ).

Cells were maintained in an incubator at 37�C in a hu-
midiÞed atmosphere containing 5% CO2 and the media was
exchanged daily. Recombinant human Cripto-1 (R&D Sys-
tems, Minneapolis, MN; cat. no. 145-CR) was reconstituted at
10mg/mL in sterile phosphate buffered saline (PBS) con-
taining 0.1% bovine serum albumin and added directly to the
culture media at the Þnal concentration of 100 ng/mL. Anti-
Cripto-1 polyclonal antibody at the Þnal concentration of

10mg/mL (Novus Biologicals, Littleton, CO; cat. no.
NB100-1598) and alantolactone at the Þnal concentration
of 5mM (Sigma-Aldrich; cat. no. SML0415), respectively,
were added directly to the culture media.

SpeciÞcity of Cripto-1 protein and anti-Cripto-1 antibody
was validated by treatment of hESC with different concentra-
tions of Cripto-1 (Supplementary Fig. S1A; Supplementary
Data are available online at www.liebertpub.com/scd), and by
neutralization of Cripto-1 by anti-Cripto-1 antibody for 30 min.
at 37�C in vitrobefore adding to culture medium, respectively
(Supplementary Fig. S1B). The Aurora A chemical inhibi-
tor, MLN8054 (Selleckchem, Munich, Germany; cat. no.
S1100), and the CDK2 inhibitor olomoucine II (provided
by Dr. Miroslav Strnad, Palacky« University Olomouc, Olo-
mouc, Czech Republic), were prepared as 1,000· stocks in
dimethyl sulfoxide (DMSO) and were directly added to the
culture media at the Þnal concentration 1mM, with DMSO
(0.1%) serving as vehicle control.

Indirect immunoßuorescence and microscopy

For assessing centrosome numbers, hESC were cultured
on MEF feeders on ibidimDish (ibidi GmbH, Martinsried,
Germany; cat. no. 81156) coated with 0.1% gelatin (Sigma-
Aldrich; cat. no. G1890). For immunoßuorescence, hESC
were Þxed with 4% paraformaldehyde at room temperature
for 10 min and then they were permeabilized with PBS/
Triton 0.1% solution for 5 min. Then the cells were incubated
overnight at 4�C with a rabbit polyclonal antibody against
human pericentrin (Abcam, Cambridge, UK; cat. no. A11008)
diluted 1:10,000 in PBS/Tween 0.05% pH 7.4. Finally, they
were incubated for 1 h at room temperature with goat anti-
rabbit secondary antibody conjugated with AlexaFluor 488
(ThermoFisher ScientiÞc, Rockford, IL; cat. no. A-11034)
diluted 1:1,000 in PBS pH 7.4. Cell nuclei were counterstained
with 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI;
Sigma-Aldrich). Cells were then mounted in Mowiol (Sigma-
Aldrich). Images were acquired using Olympus FluoView
500 laser scanning microscope (Olympus C&S Ltd., Prague,
Czech Republic) with a 60· objective. Sequential excitation
at 488 and 405 nm was provided by argon gas laser and laser
diode, respectively.

Isolation of RNA, reverse transcription,
and quantitative PCR

Total RNA was isolated from hESC using an RNeasy
Mini Kit (Qiagen, Germany; cat. no. 74106) and quantiÞed
using a NanoDrop (Thermo ScientiÞc). Complementary
DNA was synthesized from 1mg DNase I-treated total RNA
using a First Strand Reverse Transcription Kit (Roche,
Basel, Switzerland). Relative expression ofCRIPTO-1gene
was quantiÞed using exon-spanning primers (forward: CTT
CAGAGATGACAGCATTTGG, reverse: CAGCAGGTTC
TGTTTAGCTCCT) and UPL probe no. 79 (Roche, Prague,
Czech Republic). Glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) was used as the housekeeping gene control
(forward: CCCCGGTTTCTATAAATTGAGC, reverse:
CACCTTCCCCATGGTGTCT, UPL probe no. 63). Results
were expressed as normalized relative ratio units. All PCR
reactions were performed in triplicate from three independent
experiments, and reverse transcriptaseÐnegative and template-
negative controls were included.
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Flow cytometry

Colonies of hESC were manually harvested under visual
control and disaggregated using TryPLE� Express (1· ) for
2 min at 37� C. The cells were then counted and resuspended
in ßuorescent activated cell sorting (FACS) buffer (0.5 mM
ethylenediaminetetraacetic acid, 0.5% fetal bovine serum in
PBS pH 7.4). To detect Cripto-1, 500· 103 cells were in-
cubated for 30 min at 4� C with anti-Cripto-1 antibody
(Novus Biologicals; cat. no. NB100-1589) diluted 1:500 in
FACS buffer. After washing twice in FACS buffer, the cells
were incubated for 30 min at 4� C with anti-rabbit secondary
immunoglobulin G conjugated with Alexa Fluor 488 (Life
Technologies/ThermoFisher ScientiÞc, Prague, Czech Re-
public; cat. no. A11008) diluted 1:100 in FACS buffer. After
washing twice in FACS buffer, the cells were measured using
BD FACSCanto II (BD Biosciences) with negative control
included. Fluorescence data were analyzed using FlowJo X
(FlowJo, LLC, Ashland, OR) and the expression expressed as
median ßuorescence intensity relative to a negative control.

ImmunoafÞnity analysis of cytokines
in conditioned medium

The presence and quantity of cytokines and chemokines
secreted by hESC into culture media were determined using
a membrane-based sandwich immunoassay (Proteome Pro-
Þler Human XL Cytokine Array Kit; Bio-Techne R&D
Systems, Prague, Czech Republic; cat. no. ARY022B) ac-
cording to manufacturerÕs instructions. Brießy, culture me-
dia conditioned for 24 h were collected from cells of high
and low passage, Þltered through 0.22mm low protein bind-
ing Þlter (TPP; cat. no. #99722), concentrated using Amicon
Ultra-4 Centrifugal Filter with 10 kDa cutoff (Merck,
Darmstadt, Germany; cat. no. UFC801096), diluted to total
protein concentration 30 mg/mL, and analyzed by the given
immunoassay. Chemiluminescent signals were recorded on
Þlm, scanned and analyzed using ImageJ software [9].

QuantiÞcation of Cripto-1 by enzyme-linked
immunosorbent assay

Culture media conditioned for 24 h were collected as
described above for immunoafÞnity analysis of cytokines.
Cripto-1 protein was then quantiÞed using Human Cripto-1
DuoSet ELISA (enzyme-linked immunosorbent assay) (R&D
Systems; cat. no. DY145) according to manufacturerÕs
instruction.

Statistical analysis

Where applicable, data were analyzed using StudentÕst-test.

Results and Discussion

Previously, we have shown on a large sample of inde-
pendent lines of hESC (12 lines in total) that in vitro cul-
tured hESC suffer from increased centrosome numbers and
develop aberrant multipolar mitoses [4]. Interestingly, pro-
longed passaging of hESC, entry into differentiation, ÔÔim-
provedÕÕ culture substratum, and downregulation of CDK2
and Aurora A, all have led to cessation of these centrosome
over-ampliÞcations, indicating nonrandom basis of such
abnormal centrosome behavior.

Here we have accomplished a series of experiments
aimed at unravelling the molecular mechanisms underlying
these phenomena. We have built on the well-characterized
line of hESCÐCCTL-14 that we also used in our original
study by Holubcova et al. [4]. In the current study, the cells
in passage P21-60 represented low-passage cells, while the
cells in passage P280-310 represented high-passage cells.
As shown in Figure 1, cultured hESC followed the scenario
described by Holubcova et al. [4] and produced supernu-
merary centrosomes (with multipolar mitoses) as determined
by visualization of centrosomal protein pericentrin. Also,
as expected, the frequency of mitoses with supernumerary
centrosomes was higher in low-passage cells (* 11.4%)
and lower in high-passage cells (* 5.4%). Based on these
Þndings we were conÞdent about the functionality of the
cellular system to be used here.

First, we tested whether some soluble factor, differently
produced by low- and high-passage hESC, may contribute to
deregulation of numbers of centrosomes. To address this
question, we simply exposed, for 24 h, low-passage hESC to
media conditioned by high-passage hESC andvice versa
and then determined the number of centrosomes by standard
pericentrin staining (schematized in Fig. 2A). As shown in
Figure 2B, while adding high-passage conditioned media to
low-passage hESC did not cause signiÞcant change in the
frequency of multicentrosomal mitoses, adding low-passage
conditioned media to the high-passage hESC dramatically
increased the frequency of multicentrosomal mitoses to al-
most the level typical for low-passage cells. This Þnding
indicated that low-passage hESC produce in the media some

FIG. 1. Examples of hESC (CCTL14 line of hESC) with
normal (two) and supernumerary centrosomes (three, four,
six), as observed at metaphase. Chromatin was stained with
DAPI (blue) and centrosomes were labeled with anti-
pericentrin antibody (green). Scale bar 150mm. DAPI, 2-
(4-amidinophenyl)-1H-indole-6-carboxamidine; hESC, human
embryonic stem cell. Color images available online at www
.liebertpub.com/scd

CRIPTO-1 INDUCES SUPERNUMERARY CENTROSOMES IN HESC 1079



FIG. 2. (A) Schematic showing the experimental design for testing the effect of media conditioned by low- and high-
passage hESC on the frequency of multicentrosomal mitoses.(B) The effect of CM harvested from low- and high-passage
hESC on the percentage of multicentrosomal mitoses. Low-passage hESC were exposed for 24 h to high-passage CM and
vice versa. The numbers of centrosomes were counted as visualized by anti-pericentrin antibody. Data are expressed as
mean…SD. *P<0.05. (C) Expression of signaling molecules in conditioned media collected from low- and high-passage
hESC, as determined by Proteome ProÞler� immunoaÞnity array. Media collected from only MEF is included for com-
parison.Red rectanglesindicate spots representing Cripto-1. Density of Cripto-1 spots are normalized to the reference spot.
The array is representative to two independent experiments.(D) The quantity of Cripto-1 protein in media conditioned by
low- and high-passage hESC. Both complete and concentrated media were measured. Media collected from only MEF are
included for comparison. Data are expressed as mean…SD. *P<0.05. (E) Expression ofCRIPTO-1mRNA in low- and
high-passage hESC as determined by quantitative real-time PCR. Expression of Cripto-1 was normalized to GAPDH. Data
are expressed as mean…SD.Asteriskindicates statistical signiÞcance atP<0.05.(F) Expression of Cripto-1 protein in low-
and high-passage hESC as determined by ßow cytometry. Data are expressed as the mean…SD. *P<0.05. CM, conditioned
media; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MEF, mouse embryonic Þbroblast; mRNA, messenger RNA;
SD, standard deviation. Color images available online at www.liebertpub.com/scd
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soluble factor that contributes to deregulation of centrosome
numbers. To identify this factor (or factors) we started by
fractionating the culture media collected from low-passage
hESC using columns with cutoffs of 5 and 50 kDa, which
separated the media into three molecular weight (MW)
fractions: (1) MW <5 kDa, (2) MW 5Ð50 kDa, (3) MW
>50 kDa. Importantly, from all these three media fractions,
only the second fraction containing molecules with MW
ranging from 5 to 50 kDa produced signiÞcant increase in
the frequency of multicentrosomal mitoses when applied
onto high-passage hESC (data not shown). This effect was
similar to that of relevant complete conditioned media and
suggested that molecule(s) of a protein nature, rather than
low mass compound(s), are responsible for the centrosome
over-ampliÞcation.

The above-described Þndings draw our attention to cy-
tokines and chemokines; therefore, we applied commer-
cially available immunoassay to screen for the presence
and quantity of 102 different signaling molecules. For
such screening we have used ÔÔactive fractionÕÕ (MW 5Ð
50 kDa) prepared from conditioned media harvested from
both low- and high-passage hESC. The media harvested from
only feeder cells (MEF) was used to discriminate between
hESC-speciÞc and MEF-speciÞc molecules. As shown in
Figure 2C and Supplementary Table S1, out of 120 mol-
ecules assayed, 18 molecules that were speciÞcally pro-
duced by hESC (and not by MEF) were produced at higher
levels by low-passage hESC, and 7 molecules were produced
at higher levels by high-passage hESC. Among these mole-
cules, there were some offering tangible logic for their in-
volvement in modulation of centrosomal metabolism.

We have focused our attention to Cripto-1 that is linked
by multiple means to processes taking place in early de-
velopment [10]. To conÞrm and more precisely determine
the levels of Cripto-1 in culture media, we applied ELISA
on complete (unfractionated) media and also on media
concentrates, which we obtained using spin columns with
10 kDa cutoff. Measurements on both complete media and
their concentrated counterparts documented over 10-fold
higher levels of soluble Cripto-1 in ÔÔlow-passage conditioned
mediaÕÕ compared with ÔÔhigh-passage conditioned mediaÕÕ
(Fig. 2D). We have also used quantitative real-time PCR and
ßow cytometry to conÞrm the decrease of Cripto-1 production
that takes place during prolonged culture of hESC. As shown
in Figure 2E and F, bothCRIPTO-1messenger RNA (mRNA)
and Cripto-1 protein become downregulated by at least two-
fold in high-passage hESC compared with their low-passage
counterparts.

To further investigate the link between Cripto-1 and oc-
currence of supernumerary centrosomes, we have increased
and decreased Cripto-1 signaling by recombinant Cripto-1
protein and by anti-Cripto-1 blocking antibody, respec-
tively, with each one being separately added to both low-
and high-passage hESC. In accordance with our hypothesis,
increased Cripto-1 signaling resulted in a dramatically in-
creased percentage of multicentrosomal mitoses (Fig. 3A).
SpeciÞcally, this increase was about 1.6-fold in low-passage
hESC and about 2.0-fold in high-passage hESC. Corre-
spondingly, inhibition of Cripto-1 signaling decreased the
percentage of multicentrosomal mitoses by about 1.5-fold in
low-passage hESC. No signiÞcant decrease was observed in
high-passage hESC, most likely because these cells already

reached the basal level of multicentrosomal mitoses typical
for this hESC line. Still, when the multicentrosomal mitoses
were induced in high-passage hESC by conditioned media
harvested from low-passage hESC, then such increase could
be eliminated by blocking of Cripto-1 (Fig. 3A). This
Þnding further points to Cripto-1 as the molecule that is
responsible for centrosome over-ampliÞcation in hESC.

We have demonstrated in our previous study [4] that
chemical inhibition of activities of Aurora A and CDK2,
which are typically high in pristine hESC, decreases the
frequency of supernumerary centrosomes. Here, we observed
analogous suppression of multicentrosomal mitoses by in-
hibitor of Aurora A (MLN8059) and CDK2 (olomoucine II),
respectively, in hESC that were driven to produce supernu-
merary centrosomes by their exposure to Cripto-1 protein
(Fig. 3B). This Þnding, applicable to both low- and high-
passage hESC, further strengthens a functional relevance of
centrosomal ampliÞcations induced in hESC by recombinant
Cripto-1.

Cripto-1 is known to interact with activin receptor type
IIA [11]. This interaction, and possibly also interaction of
Cripto-1 with other major canonical signaling pathways
(Nodal, Notch, Wnt/b-catenin), can be disrupted by alan-
tolactone [12]. When hESC were here exposed to this che-
mical, in case of low-passage hESC but not high passage
hESC, it has led to a dramatic dose-dependent decrease of
the percentage of multicentrosomal mitoses (Fig. 3C). We
attempted to support the role of transforming growth factor-
b signaling in this phenomenon by demonstrating changes to
phosphorylation status of downstream molecules, but we did
not Þnd any substantial changes to Smad2/3, PI3K p110
gamma, PI3K p110 alpha, PI3K beta, PI3K p85, and p-
AKT, respectively (data not shown). Still, although at this
stage we were not able to position Cripto-1 into deÞned a
signaling pathway, the effects of alantolactone has further
supported the notion that Cripto-1 signaling is essential for
development of a multicentrosomal phenotype.

All of the experiments described above were accom-
plished on the CCTL14 line of hESC that is being routinely
used in our lab as the gold standard, mainly because of its
detailed characterization in the worldwide comparative
studies [1,8]. Still, to exclude cell line-speciÞc bias, we have
conÞrmed the validity of the data on low-passage cells (P35)
using newly a established line of hESCÐMUES1. As shown
in Figure 4A, the given hESC produced high quantities of
Cripto-1 protein in culture media, similar to that produced
by the low-passage hESC of CCTL14 line (see Fig. 2D for
comparison). Furthermore, these cells produced supernu-
merary centrosomes with a frequency of about 5% that be-
came (1) signiÞcantly increased by recombinant Cripto-1
protein and (2) reduced by antibody- and alantolactone-
mediated blocking of Cripto-1 signaling to 1% and 2%,
respectively (Fig. 4B).

Cripto-1, a member of the epidermal growth factor-
cripto-1-FRL-1-cryptic family of cytokines, functions in
early embryonic development by mediating major signaling
pathways that are involved in maintenance of pluripotency
and stem-like phenotype, as well as in driving differentia-
tion to principal germ layers [13,14]. Cripto-1 was reported
as a noncompetitive activin antagonist [15], interacting with
activin type II (ActRII and ActRIIB) and type I (ALK4)
receptors. Moreover, Cripto-1 is capable of interacting with
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also other ligands of AcrRI/II, such as Nodal, growth dif-
ferentiation factor (GDF)-1, or GDF-3 [16]. When binding
of Cripto-1 to ActRII was disrupted in human colon ade-
nocarcinoma HCT-8 cells by alantolactone, the activin/
SMAD3 signaling became activated and the cells stopped
dividing [11]. In our study on hESC, exposure of cells to
alantolactone as well as blocking of Cripto-1 by neutraliz-
ing antibody caused reduction of supernumerary centro-
somes. Based on this we may conclude that Cripto-1
inßuences certain molecular circuitry (or circuitries) that,

at least in hESC, coregulate metabolism of centrosomes,
although the detailed mechanism remains unresolved. In-
deed, since activin signaling in itself integrates both ex-
tracellular signaling cues (eg, Wnts [17]), and intracellular
regulators (eg, p53-p21Waf1/Cip1 [18]), the effect of Cripto-
1 observed here on hESC may involve a variety of different
molecular pathways.

Initiation of centrosome duplication requires phosphory-
lation of nucleophosmin/B23 by CDK2/cyclin E complex
[19]. We have previously demonstrated that inhibition of

FIG. 3. (A) The effect of recombinant Cripto-1 protein and anti-Cripto-1 blocking antibody, respectively, on the per-
centage of multicentrosomal mitoses in low- and high-passage hESC. The two columns on far right represent high-passage
hESC that were exposed to low-passage CM at the time of treatment with anti-Cripto-1 antibody. The numbers of
centrosomes were counted as visualized by anti-pericentrin antibody. Data are expressed as mean…SD. *P<0.05.(B) The
effect of inhibitors of Aurora A (MLN 8054) and CDK2 (olomoucine), respectively, on the percentage of multicentrosomal
mitoses in low- and high-passage hESC. The cells were exposed for 24 h to either inhibitor, with or without simultaneous
exposure to Cripto-1. The numbers of centrosomes were counted as visualized by anti-pericentrin antibody. Data are
expressed as mean…SD. *P<0.05.(C) The effect of alantolactone on the percentage of multicentrosomal mitoses in low-
and high-passage hESC. The cells were exposed for 24 h to alantolactone at concentration of 1.0, 2.5, and 5.0mM,
respectively. The numbers of centrosomes were counted as visualized by anti-pericentrin antibody. Data are expressed as
mean…SD.
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CDK2 and Aurora A by small molecule inhibitors resulted
in decreased frequency of supernumerary centrosomes in
hESC [4]. Here, we have observed the same effect of Aurora
A and CDK2 inhibition in hESC, in which the frequency of
supernumerary centrosomes was elevated by their exposure
to Cripto-1 protein. In somatic cells, signaling via activin
leads to inhibition of G1-speciÞc CDK that then produces
arrest of cell cycle progression. In hESC, instead, activin
signaling, together with signaling by Nodal and FGF, seem
to be indispensable for their self-renewal at pluripotent state
[20]. Thus, one may speculate that occurrence of supernu-
merary centrosomes in hESC results ÔÔsimplyÕÕ from inad-
equate intracellular integration of Cripto-1 signals.

Here we show that abnormal metabolism of centrosomes is
typical for pristine hESC in their low passage and becomes
eliminated as these cell cultures progress into higher passage.
This may sound contradictory with the fact that hESC tend to
harbor chromosomal abnormalities with prolonged cultiva-
tion. This controversy, however, is only seeming. In reality,
prolonged culture leads to a selection of cells that are best
proÞcient (due to genetic and/or metabolic modiÞcations) in
realizing their vital functions. We think that normal karyo-
kinesis supported by ÔÔbi-centrosomalÕÕ spindles observed
here in hESC is also reached by such selection process, ir-
respective of the karyotype status of the cells.

Taken together, although we may only hypothesize about
underlying molecular mechanisms, this study still for the
Þrst time reveals Cripto-1 as the signaling molecule that (1)
is produced by hESC, (2) is active constituent of the hESC
culture microenvironment, (3) undergoes changes during
propagation of hESC, and (4) mediates behaviors of hESC,
which are highly relevant from both a biological and the
practical points of view. Based on this, we propose that

manipulating Cripto-1 signaling may contribute to de-
velopment of more effective and safer clinical application
scenarios involving hESC. From the broader perspective,
we hypothesize that the link between Cripto-1 signaling
and the regulation of mitotic events, demonstrated here in
vitro on hESC, may be operative also in vivo and Cripto-1
thus may act as oncogenic factor emanating from tissue
microenvironment.
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