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Chapter 1
General introduction to the thesis

Chapter 1

Ovarian cancer has the highest mortality rate among all gynecological malignancies with a 5-year survival rate
of 20-25% for advanced stage patients1. The main reasons for such high mortality rate in ovarian can cer

1

include late stage presentation of disease and ultimate failure of standard platinum-based chemotherapy due
to development of drug resistance2. Current poor prognosis warrants on the one hand efforts to improve early
detection and deeper understanding of biology behind chemotherapy resistance at cellular and molecular level
on the other. Due to advancements in genomic sequencing technologies in the past decade, much progress has
been made in our understanding of molecular complexity of ovarian cancer. In this introduction we will review
the recent literature on genomics and epigenomics focusing on high-grade serous ovarian cancer (HGSOC) with
an emphasis on chemotherapy resistance. We would also describe epigenetic models of chemotherapy resistance
in HGSOC along with epigenetic therapy strategies.

Histological and molecular characterization of ovarian cancer
It has been widely accepted that ovarian cancer is not a single disease, but can be divided into multiple
histological subtypes. Although all these histological subtypes share some common clinical features such as
frequent loco-regional dissemination to the ovary and related pelvic organs, yet a considerable proportion of
tumors probably do not arise from ovarian tissue1. From a histological point of view, there are five common
subtypes of ovarian cancer: HGSOC, low-grade serous, endometrioid, mucinous and clear cell carcinoma3. At
the molecular level HGSOC is different from other histological subtypes of ovarian cancer. Ubiquitous presence
of TP53 mutations is found in up to 96% of HGSOC tumors. In addition, germline and somatic mutations
in BRCA1 or BRCA2 account for 20% of HGSOC cases4. BRCA1 and BRCA2 are both important players in
homologous recombination (HR) and have predictive value for response to platinum containing chemotherapy in
HGSOC patients5–8. Unlike slow growing histological subtypes such as low-grade serous, endometrioid, mucinous
and clear cell carcinomas, HGSOC do not harbor mutations in ARID1A, KRAS, BRAF, PTEN, CTNNB1 and
TGFBR

9–12

.

HGSOC can be molecularly sub-classified based on gene expression profiling. Initially, Tothill et al. showed 6
molecular subtypes (C1 to C6) of HGSOC by applying K-means clustering on gene expression data13. Later, TCGA
(the cancer genome atlas) expression profiling of 496 HGSOC patients identified four gene expression ‘clusters’
or subtypes of HGSOC, namely differentiated, immunoreactive, mesenchymal, and proliferative4. Remarkably,
these four subtypes from TCGA were highly correlated with four out of 6 subtypes (C1, C2, C4 and C5) of Tothill
et al. and could be validated in other independent datasets4,14. Initially, although these clusters did not show
association with survival, after addition of gene set enrichment and copy number information, these subtypes
were highly associated with patient survival. Among these subtypes, the mesenchymal subtype represented the
patient group with the worst prognosis15,16.

Platinum-based chemoresistance in HGSOC
One of the major reasons for poor clinical outcome of HGSOC is late presentation of disease at diagnosis,
because of lack of specific symptoms. Another crucial reason for high mortality of HGSOC is the development
of drug resistance against platinum-based chemotherapy. The standard treatment of advanced stage patients
consists of debulking surgery with (neo)adjuvant platinum-paclitaxel-based chemotherapy. In patients with tumor
recurrence, second-or more line chemotherapy is used to delay disease progression17. Residual disease status
after primary debulking surgery has proven to be a strong prognostic factor in HGSOC patients18. Incomplete
surgical debulking followed by chemotherapy to eradicate residual disease often leads to an acquired resistance
phenotype. Although 75-80% of HGSOC patients initially show response to platinum-based chemotherapy,
10
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majority of patients show relapse with a drug resistance phenotype1,19. The Gynecologic Oncology Group (GOG)
adopted the following definition of sensitivity to platinum-based chemotherapy in ovarian cancer20: besides
platinum refractory patients who have progression during initial chemotherapy, patients with initial response to
platinum-based therapy are classified into resistant [progression free survival (PFS) <6 months], partial sensitive
(PFS 6-12 months) and sensitive patients (PFS >12 months), which is significantly an important predictor of
response to second-line chemotherapy2,21.

Genomic alterations associated with chemoresistance in ovarian cancer
Many genetic factors are involved in platinum-based chemotherapy resistance and many of these have been
studied extensively. The cytotoxic effects of platinum chemotherapy primarily occur through binding to DNA
as DNA adducts, resulting in the formation of inter- or intrastrand DNA crosslinks and subsequently lead to
single- or double strand DNA breaks. Ultimately, this DNA damage causes activation of apoptosis cascade and
cell death. Hence, acquired resistance mechanisms can be classified into two major categories: 1) those that
inhibit cellular uptake and formation of platinum-DNA adducts and 2) those that prevent cell death after DNA
damage due to platinum-DNA adduct formation. The first type of chemoresistance mechanism includes reduced
intracellular platinum accumulation via alterations in cellular transporters, inactivation by detoxification systems
and reduced endocytosis of cisplatin. The second type includes genomic alterations in DNA damage repair
pathways like nucleotide excision repair (NER), mismatch repair (MMR) and homologous recombination (HR).
For instance genetic alterations in BRCA1/2 are known to affect more than 30% of HGSOC patients4 and to
predict response to chemotherapy8.
Recent genome-wide integrated characterization of HGSOC identified major genomic events related to
chemoresistance4,22. Patch et al. analyzed 92 HGSOC patients including patients with primary refractory disease
(13%), resistant disease (40%) and primary chemosensitive disease (47%) of which 28% patients had acquired
resistant disease22. Like TCGA, they found alterations in DNA-repair genes like BRCA1/2 (>30 %) and RAD51B
(3%)4,22. A novel gene-breakage analysis revealed high frequency of NF1 and RB1 mutations (20% and 18%,
respectively) in acquired platinum-resistant patients22. Besides these alterations, other known alterations like
PTEN (7.5%), and CCNE1 (22.5 %) seem to account for the primary refractory and resistance phenotype in
HGSOC4,22,23.

Epigenetic alterations in ovarian cancer
In addition to few genomic mutations, HGSOC is characterized by many epigenomic alterations. Epigenetic
alterations are defined as changes in gene activity and expression that occur without alterations in the DNA
sequence. DNA methylation (covalent chemical addition of methyl group at cytosine bases), histone modifications
[e.g. methylation, (de)acetylation] and microRNAs (miRNAs) are epigenetic mechanisms that regulate expression
of genes24. Among them, DNA methylation is the most studied mechanism of epigenetic regulation and is
regarded as the hallmark of epigenetic modification. DNA methylation occurs on cytosine that precedes guanine
(known as CpG dinucleotide). CpGs have a predicted frequency of around 8.4% in the genome of which >70%
are methylated25. Dense regions of CpG sites, termed as CpG Islands, are mostly located at the promoter region
of many genes and can regulate transcription of these genes based on the methylation status of CpG islands26.
The addition of methyl groups is an endogenous cellular process assisted by a family of enzymes known as
DNA methyltransferases (DNMTs). Initially, it was assumed that DNMT3A and 3B were responsible for de novo
DNA methylation and DNMT1 maintained this methylation during cell division27,28. However, recent evidence
suggests that DNMT3A and 3B also play a role in maintenance of methylation29. Epigenetic gene silencing
11

1

Chapter 1

by DNA methylation may be caused by prevention of direct binding of transcription factors. Alternatively,
methyl-binding domain (MBD) proteins bind to methylated DNA and hence block the recruitment of other

1

histone-related complexes, this then leads to packaging of chromatin into heterochromatin (closed chromatin).
Heterochromatin prevents exposure of transcription start sites by constricting the nucleosomes, a phenomenon
known as nucleosome remodelling. DNA methylation-mediated gene silencing is a mechanism to regulate gene
expression and occurs in all normal mammalian cells26. However, in cancer cells it represents a mutationindependent mechanism of tumor suppressor gene inactivation and many other genes that contribute to the
hallmarks of cancer30,31.
Carcinogenesis is characterized by aberrant DNA methylation patterns including global hypomethylation and
gene-specific hypermethylation31,32. Hypomethylation of the cancer genome indicates loss of methylation at CpGpoor regions27,33. Majority of DNA hypomethylation are found at highly repeated DNA sequences like satellite
DNAs, LINEs and ALU, which are associated with oncogenic processes34. Furthermore, chromosomal instability
is induced by destabilization of pericentromeric regions of certain chromosomes contributing to neoplastic
transformation. Like other cancers, hypomethylation has been found ubiquitously in all histological subtypes
of ovarian cancer35–37. Promoter CpG islands of tumor suppressor genes are mainly unmethylated in normal
tissues, however may become methylated in human cancers causing transcriptional silencing33,38. This gene
specific hypermethylation pattern was found to be distinct among different ovarian cancer progression stages and
disease grades35,39. Moreover, hypermethylation patterns were highly associated with ovarian cancer histological
subtypes39. These histological subtype specific DNA methylation patterns were not only found in primary tumors
of patients, but also in ovarian cancer cell lines39–41.
Several attempts have been made to characterize HGSOC at the DNA methylation level. Genome-wide
DNA methylation analysis of HGSOC performed by TCGA using commercial methylation arrays (Infinium
27K) resulted into 4 main methylation-based clusters, namely M1, M2, M3 and M44. These clusters were
based on differential hypermethylation of 168 genes in HGSOC and showed significant correlation with
survival and other metrics such as age and functional BRCA inactivation. However, due to modest stability
of methylation clusters, these clusters could not always be validated in independent datasets. Furthermore,
several types of cancers including colorectal, breast and gastric cancer are characterized by a unique widespread CpG island methylation; often referred to as the CpG island methylation phenotype (CIMP)42,43.
CIMP has been reported useful in predicting treatment outcome and prognosis in various cancers43.
Based on the CIMP related profiles, ovarian clear cell carcinoma (70%) and endometrioid ovarian cancer
(16-21%) are found to be highly hypermethylated, with unmethylated CIMP being found in mucinous ovarian
cancer and HGSOC (1%)41. Nevertheless, many DNA methylation-based studies focusing on serous ovarian
cancer showed that HGSOC tumors have a distinct hypermethylation pattern that differs from normal tissue,
borderline and low-grade serous tumors39,44,45. Moreover, these methylation profiles are associated with tumor
progression, poor prognosis, and relapse44,45. However, these studies included only a small number of primary
tumor samples (n≤20 for each sub-class comparison) and were performed on a low density CpG sites based
array platforms. Recently, Huang et al. performed an epigenome-wide analysis using DNA methylation enriched
next generation sequencing (MethylCap-seq) on larger series of ovarian tumor samples (75 malignant, 20 benign
and 6 normal). Similar to other studies, they also found enriched hypermethylation profiles in malignant tumors
as compared to benign and normal tissue, which were also associated with PFS of HGSOC patients46.
12
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Epigenomic profiling for HGSOC chemoresponse markers and targets
HGSOC is known to have many epigenomic changes that are related to acquired drug resistance. Table 1
summarizes the studies up to date that have investigated DNA methylation in association with platinum
chemoresistance in ovarian cancer. Initial studies focussed on acquired chemoresistance in ovarian cancer
following single candidate gene based methodology. Promoter hypermethylation of hMLH1 was found in platinum
resistant cell lines (all were A2780 cisplatin resistant clones) compared to platinum sensitive A2780 ovarian
cancer cell line as well as in relapsed ovarian cancer patients after platinum-based chemotherapy47. Similarly,
BRCA1 hypermethylation was found to be associated with a favorable clinical response of ovarian cancer patients
treated with chemotherapy48. In addition, several studies with platinum resistant and sensitive cell lines reveal
that hypermethylation of DNAJ (MCJ), TGFBI, p57kip2, FANCF and ASS was related to platinum resistance in
ovarian cancer (Table 1)49. In addition to single candidate genes, the combined methylation status of genes like
BRCA1, GSTP1 and MGMT was proposed to have predictive value for good platinum chemotherapy response50.
These initial studies are limited by lack of clear segregation of ovarian cancer histological subtypes and variable
use of chemoresponse definitions51.
The recent advances in DNA methylation technologies enable the genome-wide analysis of differential DNA
methylation in relation to chemoresistance. An initial study included custom-made differentially methylated
hybridization (DMH) arrays to compare the methylation profile of A2780 with its isogenic cisplatin resistant
clones52. This study demonstrated an increase in number of hypermethylated genes after exposure to cisplatin
in all models. In addition, a significant positive correlation was observed between the total number of
hypermethylated genes and the GI50 values of the cisplatin resistant clones, after cisplatin treatment52. Moreover,
DNMT3A and DNMT3B levels were higher in resistant clones as compared with A2780 cells. In later studies,
the genome-wide methylation status of A2780 sensitive and resistant clones was analyzed using Infinium
human methylation 27K arrays and MethylCap-seq53,54. Using different technologies, these studies resulted in
long lists of differentially methylated regions (DMRs) with hardly any overlap among studies and no functional
validation of genes, although they all used A2780 and its resistant sub-clones. Over the last years, it has been
shown that the A2780-based model is not an appropriate model of HGSOC, neither at the molecular level nor
at the epigenomic level39,55,56. Therefore, the relevance of A2780-based studies of platinum resistance in ovarian
cancer is more broad and not subtype specific.
Only few studies report analyses of DNA methylation in tumors from ovarian cancer patients. The first report
using genome-wide DMH arrays on tumor DNA isolated from 36 advanced stage HGSOC patients found 746
loci to be differentially methylated between chemotherapy refractory/resistant and sensitive patients57. After
integration of expression data, 296 candidate genes that were differentially methylated as well as differentially
expressed in chemoresponse-defined patient groups were selected. A short hairpin (sh)RNA screen was used
to validate these 296 genes in carboplatin-resistant ovarian cancer cell lines that resulted in 19 functionally
validated genes including DOK2 (tumor suppressor gene), FZD1 of the Wnt signaling pathway and EMT
related genes like ZIC1, SOX9 and TWIST157. In another study, methylation analysis was performed on tumor
DNA from 120 HGSOC patients using DMH arrays comprising Wnt pathway genes. This study showed that
increased methylation of DVL1 and NFATC3 was significantly associated with poor chemotherapy response58.
These findings were confirmed in an independent methylation dataset from TCGA. Until now, only one study
has performed MethylCap-seq on a larger series of ovarian tumor samples (75 malignant, 20 benign and 6
normal)46. Distinct hypermethylation sites in genes were found that were associated with ovarian cancer patient
survival, especially in genes of the hedgehog pathway (ZIC1 and ZIC4). Furthermore, ZIC1 and ZIC4 genes were
functionally validated for their role in proliferation, migration and invasion in ovarian cancer cell lines. Moreover,
13
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Table 1. Summary of studies investigating DNA methylation for platinum chemotherapy resistance in ovarian cancer

1

Gene Symbol

Methylation status
in relation to chemoresistance/ poor survival

hMLH1

Hypermethylation

Tissue source (N)

Histology type

Ref.

Single gene methylation-based studies
Cell lines (A2780 and resistant
clones)

NA
NA

62

Hsulf-1

Hypermethylation

Cell lines (OV207, SKOV3)

ABCG2

Hypermethylation

Cell lines (IGROV1, IGROV1/T8)

98

Plk2

Hypermethylation

Cell lines (SKOV3, A2780 and
resistant clones)

NA

100

TGFBI

Hypermethylation

Cell lines (SKOV3, A2780 and
resistant clones)

NA

101

p57kip2

Hypermethylation

Cell lines (PEO1 and resistant
clones)

NA

102

RGS10-1

Hypermethylation

Cell lines (A2780 and resistant
clones)

NA

103

ASS1

Hypermethylation

Cell lines (A2780 and resistant
clones) and Tumor tissue

Heterogeneous
(80% serous)

104

99

hMLH1

Hypermethylation

Plasma

Heterogeneous

105

MCJ

Hypermethylation

Tumor tissue

Heterogeneous

106

At least one of BRCA1,
GSTP1, MGMT

Hypomethylation

Tumor tissue

Heterogeneous

50

hMLH1

Hypermethylation

Tumor tissue

Heterogeneous,
paired samples

107

SFRP5

Hypermethylation

Tumor tissue

Heterogeneous

108

BRCA1

Hypomethylation

Tumor tissue

Heterogeneous
(86% serous)

109

HERV-K

Hypermethylation

Tumor tissue

Clear cell

110

Global methylation-based studies
Hypermethylation

Cell lines (A2780
and resistant clones)

NA

52

PTK6, PRKCE, BCL2L1

Hypermethylation

Cell lines (A2780 and resistant
clones)

NA

54

ARMCX2, COL1A1, MDK,
MEST,

Hypermethylation

Cell lines (A2780 and resistant
clones); IGROV1 and its side
population; PEA1/2, PEO1/4,
PEO14/23; and Pre-post
treatment tumor tissue

Tumor tissue are
paired (7 pairs)
and HGSOC

53

Hypermethylation

Tumor tissue and Cell lines
(HOSE, SKOV3 and CaOV1)

Heterogeneous
(95% serous)

57

Hypermethylation

Tumor tissue and Cell lines
(IOSE, A2780, Cp70, SKOV3
and TOV112D)

Heterogeneous
(95% serous)

46

CLDN11, NEO1, CDH2
PPP2R4, INADL
CPT1A,

hMLH1
DOK2,
FZD1, ZIC1, SOX9,
TWIST1
ZIC1,
ZIC4,
GLI2,
GLI3
DVL1, NFATC3

Hypermethylation

Tumor tissue

Heterogeneous

58

HOTAIR associated
methylation signature

Hypermethylation-based
signature

Tumor tissue

Heterogeneous

111

MSX1

Hypomethylation

Tumor tissue

HGSOC

112

Abbreviations: NA – Not applicable, HGSOC – High-grade serous ovarian cancer
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ZIC1 methylation was significantly associated with poor prognosis of ovarian cancer patients46. A recent genomewide analysis of chemoresistant ovarian cancer patient tumors by Patch et al. found BRCA1 methylation in 11%
HGSOC patients22. Notably, they found BRCA1 hypomethylation and enhanced BRCA1 expression in relapsed
patient tumors as compared to their corresponding primary tumors.

Epigenetic demethylation therapy in ovarian cancer patients
An advantage of epigenetic alterations is their reversibility. Therefore, targeting DNA methylation is considered
to be a promising strategy. FDA approved demethylation agents, e.g. azacytidine [5-azacytidine (AZA)] and
decitabine [5-aza-2′-deoxycytidine (DAC)], are currently used in clinical practice for myelodysplastic syndrome
(MDS) and cutaneous T cell lymphoma59,60. These drugs target all three biologically active forms of DNMTs
(DNMT1, DNMT3a and DNMT3b) and are classified as DNMT inhibitors (DNMTi). AZA and DAC are pyrimidine
analogues that inhibit DNMTs61. AZA is predominantly incorporated into RNA, while DAC is incorporated into
newly synthesized DNA strands during S-phase. AZA can be converted into DAC and thus incorporated into
DNA. The DNMTi exert their demethylating activity by getting incorporated into the DNA followed by covalently
binding to DNMTs that thus become inactive. As a result, cellular DNMT activity is rapidly depleted, resulting in
demethylated DNA61.
Numerous in vitro and in vivo studies have demonstrated the reversal of acquired drug resistance in ovarian
cancer by the addition of DNMTi. Initially, Strathdee et al. demonstrated reversibility of hypermethylation profiles
of ovarian cancer cell lines and re-sensitization to cisplatin using demethylating agents in vivo62,63. Recently, a
new DNMTi SGI-110, a dinucleotide combining DAC and deoxyguanosine (by Astex Pharmaceuticals, Inc.), has
been introduced showing improved stability in aqueous solution, more efficacy and a larger chemosensitizing
effect in ovarian cancer cells, particularly cancer stem cell like cells64,65. The encouraging preclinical results with
these epigenetic drugs in ovarian cancer and other solid tumors have been translated into the clinical setting.
Several phase 1 and (randomized) phase 2 trials for patients with resistant disease have been performed in solid
malignancies including ovarian cancer (Table 2). Phase 1 studies with DAC demonstrated DNA demethylation
effects at clinically acceptable doses in PBMCs, circulating plasma DNA and tumor biopsies66,67. Until now, three
phase 2 studies have been published using demethylating agents in combination with conventional platinumbased chemotherapy in ovarian cancer patients (Table 2). The first study randomized ovarian cancer patients
with relapse within 6–12 months after platinum treatment to six cycles of either carboplatin or a combination
of DAC on day 1 and carboplatin on day 868. However, due to dose-related grade 3–4 hypersensitivity reactions
and neutropenia in DAC treated patients, without any responses according to RESIST, the trial was terminated
prematurely. Another study (phase 1b–2a) recruited HGSOC patients with platinum-refractory or resistant disease
(PFS <6 months) to receive subcutaneous AZA daily for 5 days and carboplatin on day 269. In 29 evaluable
patients no dose-limiting toxicities or treatment-related deaths were observed, while one patient had a complete
response, 3 patients had partial response, and 10 patients had stable disease. These results are particularly
encouraging for patients with refractory disease. In another study with 17 platinum-refractory HGSOC patients
treatment consisted of low dose DAC for 5 days and carboplatin on day 870. Among 17 patients, a complete
response was observed in one patient and partial response in 5 patients with median overall survival of 13.8
months. The authors concluded improved side effect profile compared to previous studies68,69, was mainly
due to the lower dose of DAC and the routinely use of recombinant human granulocyte colony-stimulating
factor (peg-filgastrim) to prevent prolonged myelosuppression. In conclusion, the current generation of aspecific
demethylating agent showed efficacy in combination with chemotherapy in ovarian cancer.
15

1

Chapter 1
Table 2. Clinical trials of epigenetic therapy on ovarian cancer

1

Regimen
Decitabine +
carboplatin66

Decitabine +
carboplatin67

Azacitidine +
erlotinib113

Study
design

Inclusion
criteria

Phase 1

Patients with 35
advanced
(5 EOC)
stage solid
tumors

Phase 1

Phase 1

n

10
Platinum
refractory
or platinum
resistant
EOC patients

Patients with 30
advanced
(7 EOC)
stage solid
tumors

Dosage

Decitabine: dose
NA
escalation (45-135
mg/m2 and i.v. on day
1 of a 28-day cycle
Carboplatin: AUC
5-6 i.v. on day 8 of a
28-day cycle
Decitabine: dose
Total: 10
escalation 10 or 20
CR: 0
2
mg/m i.v. on days
PR:1
1–5 of a 28-day cycle
SD: 6
Carboplatin: AUC
PD: 3
5 i.v. on day 8 of a
28-day cycle
NE: 0
Decitabine: Dose
escalation (75-100
mg/m2 per 2-week
cycle. i.v. or s.c
Erlotinib: 150 mg
daily

Decitabine +
carboplatin68

Phase 2

Decitabine +
carboplatin70

Phase 2

Azacitidine +
carboplatin69

Phase
1b/2

EOC patients 29
relapse 6-12
months after
last platinum
treatment

17
Platinum
refractory
or platinum
resistant
EOC patients

30
Platinum
refractory
or platinum
resistant
EOC patients

Clinical
response*

Total: 30
CR: 0
PR:2
SD: 11

Survival benefit or other
results
Dose limiting
myelosuppression toxicities
Demethylation effects in
PBMCs, buccal cells, and
tumor biopsies

Median survival of
8.5 months with 40%
progression-free at 6 months
Dose limiting
myelosuppression toxicities
Demethylation effects in
PBMCs, and plasma
PFS: 2 months OS: 7.5
months
Dose limiting
myelosuppression toxicities

PD: 13

NE: 4
Decitabine: 90 mg/m2 Total: 12
and subsequently 50 CR: 0
mg/m2 i.v. on day 1 of
PR:1
a 28-day cycle
SD: 5
Carboplatin: AUC
PD: 2
6 i.v. on day 8 of a
28-day cycle
NE: 1
Decitabine: 10 mg/
Total: 17
m2 i.v. on days 1–5
CR: 1
of a 28-day cycle
PR:5
Carboplatin: AUC
SD: 6
5 i.v. on day 8 of a
28-day cycle
PD: 2
Pegfilgrastim: on
NE: 1
day 9
Azacitidine: 75 mg/
Total: 30
m2 s.c. daily for days CR: 1
1–5 of a 28-day cycle
PR:3
Carboplatin: AUC 4
or 5 i.v. on day 2 of a SD: 10
28-day cycle
PD: 15

Trial terminated
early due to lack of efficacy
and grade 3/4 toxicities

PFS:10.2 months
with 53% progression-free at
6 months
OS: 13.8 months

7.5 months as duration of
benefit,
PFS: 5.6 months OS: 23
months

NE: 1
Abbreviations: EOC = Epithelial ovarian cancer, LMP = Low malignant potential or borderline ovarian cancer * RECIST
response criteria, # WHO response criteria, i.v. = Intravenously, s.c. = Subcutaneously, AUC = Area under the curve,
CR = Complete response, PR = Partial response, SD = Stable disease, PD = Progressive disease, NE = Not evaluable,
NA = Not available, PBMCs = Peripheral blood mononuclear cells, PFS = Progression free survival, OS = Overall survival
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Models for studying epigenomics of chemoresistance in ovarian cancer
Although many studies have been conducted to evaluate the current preclinical models like cell lines, genetically
engineered mouse models (GEMMs), cell line-based xenografts and patient-derived xenograft (PDX), suitability of
these models for studying ovarian cancer (epi)genomics remains elusive. Currently, we have a limited number of
well-defined ovarian cancer cell lines for specific histological subtypes that have been extensively characterized
at the molecular but not at the epigenomic level56,71. These studies indicate that most commonly used ovarian
cancer cell lines A2780 and SKOV3 are least likely to adequately represent HGSOC. Studies that are investigating
epigenome or particularly DNA methylation in ovarian cancer cell lines are sparse. Large scale DNA methylation
analysis of NCI-60 panel of human cancer cell lines including 7 ovarian cancer cell lines, revealed that after
unsupervised clustering only a small number of ovarian cell lines group together (n=3), whereas the others
are spread across the other cancer types72. Furthermore, in a study performed by Houshdaran et al., global
DNA methylation patterns of 15 ovarian cancer cell lines and 27 primary ovarian cancer tumors of different
histological subtypes were analyzed39. In this study, significantly higher and more frequent hypermethylation
patterns were found in previously established ovarian cancer cell lines that were in culture for decades as
compared to primary cancer samples. Hence, a caution was issued against the use of these cell lines as models
of ovarian cancer for studying epigenomics. Recently, two studies on the establishment and characterization of
773 and 2555 patient-derived primary ovarian cancer cell lines of different histological subtypes, demonstrated
that primary cell lines could serve as better models than previously established cell lines in terms of comparable
genomics profile, histopathological features and in vitro drug response to the primary patients. Therefore,
future epigenetic analysis of these primary patient-derived cell lines would be of great interest for finding better
epigenomic models of ovarian cancer.
GEMMs have been known as a representative model for studying carcinogenesis, recapitulating gene specific
pathogenesis. Furthermore, these models have been used for investigating resistance mechanisms to conventional
chemotherapy and targeted drugs, however not in ovarian cancer yet. Unlike cell lines based xenograft models,
GEMMs are immunocompetent, and therefore the involvement of the immune system in response and resistance
to treatment can be taken into account. Many gene specific and global analyses of DNA methylation have been
performed with GEMMs reflecting various tumor types other than ovarian cancer74–77. HGSOC GEMMs were
developed from fallopian tube after manipulating genes like p53, BRCA1/2, PAX8, PTEN and DICER78–81. These
models showed high recapitulation of the pathogenesis of HGSOC. Therefore, it would be interesting to study
DNA methylation patterns in such models in future research. Since GEMMS recapitulate only few genomic
alterations with limited intra-tumor heterogeneity, more representative models of ovarian cancer are still needed
for epigenomic studies.
Recently, patient tumor tissues transplanted directly into immune-deficient mice, so-called patient-derived
xenografts (PDX) have been proposed as more authentic preclinical model82,83. PDXs not only recapitulate
the histological characteristics, they also retain genomic features and the reminiscent heterogeneity of the
corresponding patient’s primary tumor84–86. Moreover, treatment results of ovarian cancer PDXs have a good
predictive value for standard platinum-based chemotherapy and other more novel therapeutic agents87–89.
Although several comparative gene expression and mutational studies have been reported for HGSOC PDXs,
no data is available at the epigenomic level. Until now, only a few small studies in other tumor types have
compared genome-wide DNA methylation of PDXs with their corresponding solid patient tumors90–92. In addition,
since in next generation PDXs human stromal cells and blood vessels surrounding the tumor cells are gradually
replaced by corresponding cells from mice85,88, a unique opportunity exists to study the agreement between the
human cancer epigenome and its alterations in patient resembling PDX tumors. Finally, PDXs are considered to
17
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recapitulate both intrinsic and acquired platinum resistance in a representative way83,88, and therefore studying
the epigenetics of these PDXs appears to be of great interest.

1

The aim of this thesis was to investigate the integrated (epi)genomics aspects of HGSOC in relation to
resistance against platinum-based chemotherapy using advanced (epi)genomics analysis. We sought to identify
and functionally validate robust chemoresponse markers and putative therapeutic targets, using global DNA
methylome pattern, gene expression profiles and pathway-based immunohistochemistry methods. In addition, we
aimed to establish PDX models for ovarian cancer, assess them for resembling the features of their corresponding
patients at histology and (epi)genomic level, and assess their utility for novel target identification and treatment
options.

Content of this thesis
In Chapter 2, we performed genome-wide next-generation sequencing with methylation-enriched genomic DNA
(MethylCap-seq) of primary tumors from clinically well-defined patient subsets that represent extreme responder
(PFS≥18 months) and non-responder (PFS≤6 months) HGSOC patients. After integration of expression data
from the same patients, we identified FZD10 as a putative novel epigenetically regulated gene that was
validated on various independent external patient cohorts and evaluated for its prognostic value. Furthermore,
this candidate gene was functionally validated in different ovarian cancer cell lines to demonstrate its role in
platinum sensitivity.
The DNA damage response (DDR) pathway not only plays an important role in cytotoxicity induced by
conventional chemotherapies, but is also crucial to protect tumor cells from DNA damage-induced cell death
as chemoresistance mechanism. As part of the DDR, the Ataxia Telangiectasia Mutated (ATM) signaling axis
has drawn attention as a possible new target in enhancing the cytotoxic effectiveness of radiotherapy and
chemotherapy. In Chapter 3, immunohistochemistry was performed to analyze the expression of several
downstream targets in the ATM signaling pathway, using tumor tissue from a well-defined subset of advanced
stage HGSOC patients. To explore the cell biological basis for high Chk2 expression being related to a good
response to therapy, we subsequently studied the effects of modulating Chk2 levels in vitro and investigated its
effects on cisplatin sensitivity in two ovarian cancer cell lines.
PDXs are increasingly considered as more genuine preclinical models for studying ovarian cancer than cell lines
as they reflect heterogeneity of the original tumor and preserve response to therapy. However, using PDXs for
preclinical cancer research demands proper storage of tumor material to facilitate logistics and to reduce the
number of animals needed. In Chapter 4, we present our panel of 45 ovarian cancer PDXs. Furthermore,
we carefully compared two methods for biobanking of PDX tumor material: A fetal calf serum (FCS)-based
“FCS/DMSO” freezing protocol and a low serum-based “vitrification” protocol. We analyzed and compared both
methods in terms of take and growth rate and resemblance to the parental tumor from the patient, using
immunohistochemistry and copy number alterations.
In addition, PDXs have been characterized for their resemblance with corresponding patients at histology,
genomic level and for treatment response. However, HGSOC PDXs have not been characterized for their global
DNA methylation status in terms of proving their suitability for future epigenetic studies. In Chapter 5, we
compared the DNA methylome of HGSOC patients with their corresponding PDXs to explore how representative
HGSOC PDXs are for their corresponding patient tumors methylome and to evaluate the effect of epigenetic
therapy and cisplatin on putative epigenetically regulated genes and their related pathways in PDXs.
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The success of many targeted therapies relies, apart from whether the drug reaches its target, on the expression
(level) of these specific growth factors [like vascular endothelial growth factor (VEGF) and Insulin growth
factor-1 (IGF-1)] and their receptors in the patient’s tumor. Further, these expression levels can change during
chemotherapy and/or targeted therapy, thereby affecting treatment efficacy. In agreement to this, both elevated
VEGF and IGF-1R levels have been documented to be involved in chemoresistance in ovarian cancer

93,94

.

The VEGF-A antibody bevacizumab is currently part of standard care in combination with platinum-based
chemotherapy

. Similarly, IGF-1R-targeting antibodies, like AMG-479, and IGF-1R tyrosine kinase inhibitors

94,95

such as OSI-906 have been evaluated in clinical trials, either alone or in combination with chemotherapy in
ovarian cancer. Hence, development of non-invasive methods for detection of multiple tumor-related proteins
in patients would certainly assist the selection of targeted therapies and allow monitoring of early responses in
individual patients. Near-infrared fluorescence (NIRF) molecular imaging is evolving as a promising superior noninvasive, real time and high-resolution method for the simultaneous, repeated detection of multiple molecular
targets in tumors using tracers labelled with different fluorescent dyes96. Therefore, in Chapter 6, taking
advantage of our ovarian cancer PDX model, we test the feasibility of dual wavelength near-infrared fluorescence
(NIRF) imaging in multiple ovarian cancer PDXs, using the monoclonal antibodies bevacizumab (anti-VEGF) and
MAB391 (anti-IGF-1R) coupled to the NIRF dyes IRDye-800CW and IRDye-680RD, respectively. Furthermore,
using this technique, we monitor the in vivo expression of VEGF and IGF-1R during treatment with cisplatin.
To identify key genes that modulate platinum-response, we took the advantage of publicly available HGSOC
expression datasets that include clinical information of patients. In Chapter 7, we applied functional genomic
mRNA (FGmRNA) profiling, a tool to filter out the non-genetic from gene expression data97, on a large set of
HGSOC patients (n=422, all stage III-IV) to identify genes that were associated with PFS, as a surrogate marker
for chemoresponse in HGSOC patients. We identified 358 probes (representing 303 unique genes) and major
biologic al processes that were significantly associated with either worse PFS and better PFS of HGSOC patients.
Finally, a summary of the results described in this thesis is presented in Chapter 8, along with a general
discussion and future perspectives.
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Abstract
Aberrant epigenetic alterations are common in high-grade serous ovarian cancer (HGSOC). Comparing these
alterations in chemosensitive and chemoresistant HGSOC could enable the identification of key epigeneticallyregulated and chemoresponse-related genes. We performed genome-wide next-generation sequencing on
methylation-enriched genomic DNA of HGSOC patient tissues from extreme responders and non-responders to

2

platinum-based chemotherapy. After integrating expression data available from the same group of patients, we
identified FZD10 as a novel epigenetically regulated gene. Higher FZD10 DNA methylation and lower FZD10
gene expression were found in the responder patient group relative to the non-responder group. The predictive
value of FZD10 methylation and gene expression was confirmed in independent external patient cohorts.
Functional studies in ovarian cancer cell lines confirmed the epigenetic regulation of FZD10 and demonstrated
that FZD10 silencing sensitized cells to cisplatin. In conclusion, methylome analysis of extreme chemoresponse
patients indicates that FZD10 is a novel platinum response marker for HGSOC patients.
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Introduction
Epithelial ovarian cancer is the most lethal gynecologic malignancy1. High grade serous ovarian cancer (HGSOC),
the most abundant histological subtype of ovarian cancer, is generally diagnosed at an advanced stage. Standard
care of advanced stage patients includes debulking surgery in combination with platinum-based chemotherapy
in an adjuvant or neoadjuvant setting. Unlike many other epithelial cancers, HGSOC is initially hypersensitive
to platinum chemotherapy. However, up to 75% of responding patients relapse with platinum-resistant disease,
resulting in a 5-year survival rate of below 40%2,3. Furthermore, if a relapse occurs within 6 months after initial
treatment [progression-free survival (PFS) ≤6 months], the patient is regarded as ‘platinum-resistant’4,5. Based
on clinicopathological parameters, it is difficult to identify patients who will respond to platinum chemotherapy.
As a surrogate indicator for platinum sensitivity, robust biomarkers associated with very short PFS might help to
identify relapse-prone patients. Instead of undergoing platinum-based chemotherapy, they could be selected for
other novel treatment regimes.
HGSOC differs from other malignancies in the prevalence of somatic gene mutations. Except for the frequent
inactivating mutation of tumor suppressor TP53 (96%), and mutations of the BRCA1/2 (20%) from DNA
damage repair pathway, mutations in other genes are rare6,7. However, progression of HGSOC involves
abundant epigenetic alterations, mainly DNA methylation redistribution, which is characterized by global
genomic hypomethylation and localized hypermethylation6,8. Besides the relative stability of DNA methylation,
hypermethylation is functionally related with gene expression and can be easily analyzed in body fluids9,10.
Therefore, DNA methylation can be used as a clinical biomarker.
To date, several studies have been conducted to find robust DNA methylation biomarkers for ovarian cancer.
Many specific hypermethylated genes were reported that could potentially be used for diagnosis, prognosis
and/or sometimes for chemoresponse11–13. However, most of these studies included all histological subtypes of
ovarian cancer and were predominantly based on a single candidate gene approach. Only a few studies have
described the identification of platinum chemoresponse methylation markers in HGSOC14–16. These studies were
based on customized or commercially available methylation array-based platforms, which were limited by the
number of CpG sites or limited to genes of specific pathways.
The aim of the present study was to identify putative methylation markers for chemoresponse in HSGOC.
We took an unbiased genome-wide approach and determined the methylation status of PFS-based extreme
chemoresponder and non-responder HGSOC patients by performing enrichment of methylated DNA using the
methyl-CpG binding domain of MeCP2 protein followed by next generation-sequencing (MethylCap-seq). We
identified a differentially methylated profile between extreme responders and non-responders and integrated
this with microarray expression data to identify putative methylation markers for chemoresponse in HSGOC. In
addition, we validated our findings in an independent patient cohort of responders and non-responders. Further
evaluation of the predictive value of the newly identified gene, FZD10 methylation and gene expression was
performed in silico on large independent patient series. Finally, we functionally validated FZD10 as our putative
chemoresponse methylation marker using in vitro models.

Results
Discovery of differentially methylated regions in extreme chemoresponsive HGSOC patients
In order to identify differentially methylated regions (DMRs) in relation to platinum-based chemotherapy,
we performed MethylCap-seq on primary tumor DNA of extreme responder (R = 8, PFS ≥ 18 months) and
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Table 1. Patient characteristics of DNA methylation analysis

Characteristic

Discovery set (n=18)
(Set 1)

Category or Measure

n or value

2

Validation set (n=52)
(Set 3)

Percentage

n or value

Percentage

Age
(years)

Median

61

(range)

(38-72)

62.25
(39.7-75.7)

Progression-free
survival
(days)

Median

360

653

(range)

(0-1350)

≤180 days

n = 10

55.6

n = 31

59.6

≥540 days

n=8

44.4

n = 21

40.4

Stage
(FIGO)

Early (I-II)

0

0

0

0

Advanced (III-IV)

18

100

52

100

Grade

Well differentiated

0

0.0

0

0

Moderately differentiated

0

0.0

0

0

Poorly differentiated or
undifferentiated

18

100.0

52

100

Optimal

0

0

0

0

Sub-optimal

18

100

52

100

Platinum-based

18

100

52

100

Adjuvant

18

100

52

100

Neo-adjuvant

0

0

0

0

Debulking status
Chemotherapy

(0-5291)

non-responder (NR = 10, PFS ≤ 6 months) HGSOC patients (Set 1) (Table 1 and Figure 1A). Upon normalization
and bioinformatics analysis (see Methods), 4541 candidate DMRs comprising 3491 genes were identified
(p < 0.05). Putative differences between the extreme responder and non-responder groups were not due to
changes in global methylation, as demonstrated with the global methylation markers LINE-1 and ALU-Yb6
(Figure 1 B-C). The putative DMR data (3491 genes) was integrated with available RNA expression microarray
data from 11 patients (Set 2 : 6 responders and 5 non-responders) out of 18 that were used for MethylCapseq. We found 560 genes that were putatively differentially expressed between the 2 extreme groups, of which
60 genes were both significantly differentially methylated and differentially expressed. To make sure that only
the most relevant genes were selected, a DMR had to be methylated (e.g. ≥ 4 reads) in at least 4 samples
in either the responder or the non-responder group. This resulted in 49 candidate DMRs comprising 45 genes.
Figure 1D shows clustering of these selected markers into two major sub-groups for chemoresponse with 29
hypomethylated DMRs and 20 hypermethylated in extreme responders in comparison with non-responders.

FZD10 was identified as the most differentially methylated gene between two chemoresponse
related groups
Forty-five candidate genes were verified on the same samples used for MethylCap-seq by bisulfite pyrosequencing,
as this assay was quantitative and analyzed individual CpG sites. Pyrosequencing resulted in 9 significantly
differentially methylated genes: FZD10, FAM3A, MYO18B, MKX, GLI3, TMIG2, TMEM40, NEUROG3 and
HOMER3 (Table 2) of which FZD10 exhibited the clearest effect. FZD10 was more methylated in extreme
chemoresponsive patients (significant (p<0.05) in 5 of 8 CpG sites) (Figure 2A and B). In addition, the
methylation levels as quantified by bisulfite pyrosequencing significantly correlated with the reads of MethylCapseq [r=0.598, p=0.013 (Suppl. Figure 1A)].
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Figure 1. Identification of novel DNA methylation genes by using MethylCap-seq between extreme responder and nonresponder HGSOC patients. A) Experimental strategy to evaluate differentially DNA methylation regions (DMRs) between
extreme chemoresponse patient groups and their subsequent validation. B) and C) Bisulfite pyrosequencing for global
methylation marker LINE-1 and ALU Yb8 in responder and non-responder groups showing similar global methylation level.
Each bar represents average methylation in % ± SD of either responder (n=8) or non-responder (n=10) at a specific CpG
site. D) Hierarchical clustering of significant DMRs (49) in responders (n=8) and non-responders (n=10) discovery set.
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The 9 selected genes were then validated by bisulfite pyrosequencing in an external patient cohort of 21
responders and 31 non-responders (Set 3) with similar clinicopathologic characteristics as the discovery patient
cohort (Set 1) (see Table 1). This resulted in a final list of 4 candidate genes (FZD10, FAM83A, MYO18B and
MKX) with at least one significant CpG site in the external patient cohort (Table 2). Among these 4 candidate
genes, FZD10 was the most methylated gene followed by FAM83A, MYO18B and MKX. In agreement with the
verification results, the same 4 CpGs in FZD10 were significantly (p<0.05) differentially methylated (Figure 2B

2

and 2C) in the responder group. Therefore, FZD10 was selected for further functional validation.

FZD10 is an epigenetically regulated gene
To validate the impact of DNA methylation on expression of FZD10, we determined the mRNA expression
of available patient RNA samples for Set 3 using RT-qPCR. FZD10 gene expression was significantly lower
in the extreme responder patients group compared to the non-responder group of patients (Figure 3A). The
methylation levels were significantly inversely correlated with gene expression (FZD10 (r=-0.49, p=0.007)
(Figure 3B). Subsequently, we obtained similar results in a panel of 11 ovarian cancer cell lines, showing that
high DNA methylation was related to low gene expression and vice versa (Figure 3C). Moreover, after treatment
with demethylating agent 5-aza-2’-deoxycytidine (DAC), the DNA methylation level decreased with subsequent
upregulation of FZD10 gene expression in most cases (Figure 3C, Suppl. Figure 1B). These results indicate that
expression of FZD10 is epigenetically regulated in both ovarian cancer patients and cell lines.

Predictive and prognostic impact of FZD10 methylation and expression
After establishing the relationship between FZD10 epigenetic silencing and its expression, we investigated the
potential predictive and prognostic value of FZD10, methylation as well as expression. We used publicly available
methylation and expression datasets (Sets 4 and 5) with similar clinicopathological characteristics and treatment
regimen as our discovery (Set 1) and validation cohort (Set 3). After performing Cox regression analysis, we
found that high methylation of FZD10 was associated with better response to platinum containing chemotherapy
of HGSOC patients as indicated by PFS (hazard ratio=0.43 (0.27-0.65), p=0.0002) and improved OS (hazard
ratio=0.45 (0.29-0.74), p=0.0014) (Figure 4A-B), whereas high FZD10 gene expression was associated with a
worse response and prognosis (PFS: hazard ratio=1.36 (0.99-1.88), p=0.058; OS: hazard ratio=1.345 [1.022.05), p=0.037 (Figure 4C-D)].
In conclusion, these results demonstrate the predictive and prognostic value of FZD10 methylation and expression as
markers for response to platinum chemotherapy in HGSOC patients.

Downregulation of FZD10 enhances cisplatin-induced cell growth inhibition and apoptosis in
ovarian cancer cell lines
FZD10

has

been

described

as

a

functionally

relevant

WNT

pathway

receptor

in

several

cancer

types17–20. FZD10 expression has not been related to cisplatin sensitivity previously. To study the functional role
of FZD10 in ovarian cancer, FZD10 gene expression was transiently downregulated in SKOV3 and OVCAR3 cells
using two independent FZD10 targeted siRNAs. We found 70-80% down-regulation of mRNA levels in SKOV3 and
50-60% down-regulation in OVCAR3 (Figure 5A-B). Transient silencing of FZD10 did not affect the proliferation
rate of cell lines when compared to scrambled siRNA controls (Figure 5C-D). However, we found significant
reduction (p<0.001) in the migratory potential of FZD10 siRNA treated cells as compared with scrambled and
mock controls (Figure 5E and Suppl. Figure 2A).
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Figure 2. Bisulfite pyrosequencing verification and validation of MethylCap-seq data. A) Schematic representation of the
genomic region around the FZD10 gene (chr12: q24.33, 130,647,000–130,650,400) as extracted from the UCSC browser
(GRCh37/hg19;60 (top of figure). The FZD10 MethylCap-Seq region (middle of figure) located 130,647,308-130,647,889
(308–889 bp downstream of the FZD10 TSS), as retrieved from the map of the human methylome (BIOBIX, Dept.
Mathematical Modelling, Statistics and Bioinformatics, Ghent, University of Ghent, Belgium, 2012, http://www. biobix.be).
The reads retrieved by MethylCap-seq analysis comparing 2 normal control leucocytes (black color), 8 responders (blue color)
and 10 non-responders (red color) HGSOC in this region. The known Infinium 450k probes (pink color) and CpG Island
(green color) location as retrieved from the GSE42409 database61. The genomic region within the FZD10 as sequenced by
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bisulfite pyrosequencing (orange color) (bottom of figure). B) Verification of candidate chemoresponse methylation marker
FZD10 by bisulfite pyrosequencing in responder (blue bars, n=8) and non-responder groups (red bars, n=10) of discovery
set showing significant higher methylation in responder for FZD10 compared to non-responder chemoresponse group. C)
Validation of FZD10 in an independent external cohort of responder (blue bars, n=21) and non-responders (red bar, n=31).
Each bar represents average methylation in % ± SD of either responder or non-responder at specific CpG sites. MannWhitney U test was performed, * p<0.05, ** p<0.01.
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Figure 3. FZD10 is an epigenetically regulated gene by DNA methylation A) RT-qPCR of FZD10 was performed to determine
relative mRNA level in responder and non-responder HGSOC patient groups. B) Correlation analysis of average methylation
as determined by bisulfite pyrosequencing and relative mRNA level of FZD10 in external cohort patients showed significant
inverse correlation between methylation and their correspondent expression using Pearson correlation testing. Heat maps
showed average methylation percentage C) and relative mRNA expression D) of FZD10 in various OC cell lines (n=11),
treated with or without decitabine for 72 hrs (DAC + or -) showing demethylation (from blue to yellow) in most of the
cell lines with subsequent upregulation of mRNA (from black to green). E) Correlation analysis of average methylation as
determined by bisulfite pyrosequencing and relative mRNA level of FZD10 in ovarian cancer cell lines (n=11) showed
significant inverse correlation between methylation and their correspondent expression using Pearson correlation testing.
These results conclusively show epigenetic regulation of FZD10.
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Table 2. Top genes that were verified using bisulfite pyrosequencing
Significant CpGs*
Rank

Gene symbol

Gene Name

Total CpGs
analyzed

Discovery
(Set 1)

(Set 3)

Presence
of CpG
island

Correlation
with mRNA
expression

Validation

1

FZD10

Frizzled-homologue 10
(CD350 antigen)

8

5

4

Yes

Inverse

2

FAM83A

Family with sequence
similarity 83, Member A
(Tumor Antigen BJ-TSA-9)

7

5

4

No

Inverse

3

MYO18B

Myosin-XVIIIb

3

3

2

No

Inverse

4

MKX

Homeobox protein Mohawk

4

4

1

Yes

Inverse

5

GLI3

GLI Family Zinc Finger 3

6

5

0

Yes

Direct

6

TMIGD2

Transmembrane and
immunoglobulin domaincontaining 2 (CD28
homologue)

5

4

0

No

Direct

7

TMEM40

Transmembrane protein 40

6

6

0

No

Direct

8

NEUROG3

Neurogenin-3

16

13

0

Yes

Inverse

9

HOMER3

Homer protein homolog 3

7

6

0

No

Direct

2

* p<0.05

Short-term survival assays of four days showed 2 to 2.5 times greater sensitivity (p<0.05) to cisplatin in FZD10
siRNAs treated cells (SKOV3, OVCAR3, C-30 and PEA2) compared to the scrambled siRNA or non-transfected
control counterparts (Figure 6A, Suppl. Figure 2B-C). Furthermore, similar significant cisplatin sensitizing effects of
transient silencing of FZD10 were observed in long-term survival assays of 10 days in SKOV3 cell line (Figure 6B).
To gain more insight into the cisplatin sensitizing effect of FZD10 downregulation, we performed apoptosis
staining and analyzed the early apoptotic markers PARP and caspase 3. A significant increment in apoptosis
with 15-40% (p<0.001) after exposure for 48 hours to various concentrations of cisplatin was observed in
FZD10 silenced SKOV3 cells compared to scrambled siRNA and control cells (Figure 6C). Apoptosis results
were confirmed by an increase in cleaved PARP and cleaved caspase 3 protein levels (Figure 6D). Likewise,
downregulation of FZD10 in OVCAR3 cells resulted in cisplatin sensitization in comparison to cisplatin-treated
scrambled siRNA and mock controls (Suppl. Figure 2D).
Taken towgether, these results prove that FZD10 is a determinant of cisp latin sensitivity of ovarian cancer cells.

Discussion
Despite increased understanding of the molecular characteristics of ovarian cancers, no validated clinically
relevant markers for platinum chemoresponse in ovarian cancer are currently available. In this study, we
identified novel epigenetically-regulated chemoresponse markers for extreme HGSOC platinum responder and nonresponder patients by genome-wide DNA methylation enriched sequencing (MethylCap-seq). We discovered that
the FZD10 gene is differentially methylated and expressed between responders and non-responders. Furthermore,
in independent patient cohorts’ high methylation and low expression were related with improved response to
platinum-containing chemotherapy (as reflected by the PFS). Functional analyses of FZD10 established its clear
role in cisplatin sensitivity and migration of ovarian cancer cells.
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Figure 4. Predictive and prognostic evaluation of FZD10 gene methylation and expression in HGSOC patients. A-B)
Kaplan–Meier plots showing PFS (A) and OS (B) for the two patient groups defined based on FZD10 methylation using
univariate Mantel-Cox log-rank survival analysis in HGSOC cohorts (n=89 and n=91, respectively). C-D) Kaplan–Meier
plots showing PFS (C) and OS (D) for the two patient clusters based on FZD10 expression using univariate Mantel-Cox
log-rank survival analysis in HGSOC cohorts (n=200 and n=208, respectively).

Previously, the identification of epigenetic platinum chemoresponse markers in HGSOC was performed on
customized or commercially available methylation array-based platforms with limited number of CpG probes14–16.
In the current study, the overall genome-wide DNA methylation profile information was obtained using
MethylCap-seq. A recent study showed that MethylCap-seq technology could be a promising unbiased approach
for genome-wide DNA methylation profiling which outperforms other methylated DNA capturing techniques21.
Moreover, MethylCap-seq has been shown to be sensitive in various cancer types including head and neck,
non-small cell lung cancer and cervical cancer22–26. So far, only one study reported a comprehensive analysis on
a large ovarian cancer patient cohort (n=101; 75 malignant, 20 benign and 6 normal) using MethylCap-seq27.
The DMRs of malignant tumors were compared to benign or normal samples. However, platinum chemotherapy
response was not included in the analysis.
By combining the genome-wide methylation and expression data of HGSOC patients and subsequent validations,
we identified four novel candidate genes (FZD10, FAM83A, MYO18B, and MKX) that were not only differentially
methylated between extreme responders and non-responders, but also exhibited inverse correlation between
methylation and mRNA expression (Figure 3B and Suppl. Figure 1C). While this study focused on FZD10, it is
possible that the other genes also play a role in platinum chemoresponse in HGSOC. FAM83A, also known as
BJ-TSA-9, is highly expressed in lung cancer28 and is highly amplified in many cancer types including breast,
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Figure 5. FZD10 silencing shows less migratory phenotype in the ovarian cancer cell lines. A-B) Relative mRNA expression
of FZD10 in SKOV3 and OVCAR3 cells treated with non-targeted scrambled siRNA (siScrambled) or two FZD10 targeted
siRNAs (siFZD10-I and siFZD10-II), after 48 hrs of transfection. C-D) Growth curve of SKOV3 and OVCAR3 cells after
treatment with siFZD10 in comparison to siScrambled or mock control over 6 days. E) Representative microphotographs
(4x magnification) for wound healing assay on FZD10 siRNAs treated SKOV3 cells for T=0 and T=24 hrs, along with
the quantification of relative wound. Each bar represents % of wound closed ± SD from 3 independent experiments.
*** p<0.001 for FZD10 siRNAs treated cells in comparison to the siScrambled, by student t-test.
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ovarian, lung, liver, prostate and pancreas29. Recently, FAM83A has been found as key mediator for resistance
to many EGFR tyrosine-kinase inhibitors in breast cancer by causing phosphorylation of c-RAF and PI3K p85
and hence promoting proliferation of and invasion by breast cancer cells30. MYO18B has been reported to be
hypermethylated in ovarian cancer and is important for carcinogenesis11. MKX (IRXL1) is known for its role
in muscle development31. Recently, it has been identified as an epigenetically regulated gene by microRNA
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662 in ovarian cancer32, but its role in ovarian cancer is unknown. Interestingly, we previously identified MKX
hypermethylation as an early detection biomarker for cervical cancer26. None of these four genes has been
associated with chemo-resistance or sensitivity in HGSOC, indicating that all four might be novel chemoresponse
markers for platinum-based chemotherapy.
FZD10 is a member of the Frizzled family of seven-transmembrane WNT-signaling receptors33. FZD10
overexpression has been reported in primary cancers such as colon, sarcomas, endometrioid, gliomas and
ovarian cancer17–20,29,34 (Suppl. Figure 3). FZD10 is assumed to play a role in invasion and metastasis via
either canonical (in colon and endometrial cancer) or non-canonical Wnt pathway (in sarcomas) in a cancer
type-dependent manner18,20,35,36. In the present study, we showed that downregulation of FZD10 causes a less
migratory phenotype in ovarian cancer cell lines. Moreover, using a FZD10 silencing approach, we showed that
FZD10 expression is causally related to cisplatin resistance of ovarian cancer cells, indicating that FZD10 is not
only involved in promoting migration, but also in platinum resistance. In agreement with these in vitro results,
we found that high FZD10 expressing HGSOC tumors were worse responders to platinum-based chemotherapy.
Since FZD10 expression is absent or hardly detectable in any normal organs except placenta37 and highly
expressed in ovarian cancer (Suppl. Figure 3), our results indicate that FZD10 could be an interesting therapeutic
target in ovarian cancer. FZD10 has been shown to be a therapeutic target in synovial sarcomas; these sarcomas
displayed attenuated growth when targeted by a polyclonal FZD10 antibody35. In addition, a radiation-labeled
humanized monoclonal antibody against FZD10 (OTSA101) has been developed recently, which is currently in
phase I clinical trials for synovial sarcoma38. This approach might be interesting in the context of chemoresistant
ovarian cancer as well.
Although HGSOC among other cancer types is known for bearing mutations in a limited number of genes,
aberrant DNA methylation has been found which might have effect on platinum-based chemotherapy
response27,39,40. In addition to the four novel epigenetically regulated genes, we also found other known genes
that were reported for chemoresponse in ovarian cancer or other cancer types. For instance, Survivin (BIRC5)
was among the top 45 gene list from our analysis and has been reported to be involved in platinum sensitivity
in HGSOC41. Another gene from our analysis, GLI3 (a gene of Hedgehog signaling) has been mentioned as being
epigenetically regulated and linked with platinum response in HGSOC27. However, GLI3 could only be verified
with pyrosequencing but failed during further validation in our study (Table 2). Previous reports described several
hypermethylated genes that we also found in our initial MethylCap-seq analysis list (4541 DMRs) (Figure 1A). For
instance, BRCA1 hypermethylation was found to be positively associated with chemosensitvity6,40,42. Furthermore,
hypermethylation of other DNA damage repair pathway related genes like GSTP1, FANCF and MGMT has been
described positively associated with chemosensitivity in ovarian cancer patients13,43. Hypermethylation of genes
like ASS1, MLH1 and Wnt pathway related genes including DVL1, NFATC3 and SFRP5 was related to poor
outcome of ovarian cancer patient treated with platinum-based chemotherapy13,14,44. These genes were omitted
from the gene list, since we included only genes that were also significantly differentially expressed between
responders and non-responders. This is a limitation of our current study.
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Taken together, this work provides new insights into the relationship between gene-specific DNA methylation
and clinical response to platinum-based chemotherapy in HGSOC patients using an unbiased genome-wide
integrated epigenomics approach. Resulting candidate genes were successfully validated in an independent
patient cohort. Consequently, we found FZD10 as functionally validated novel methylated gene for platinumbased chemoresponse in HGSOC patients. However, the molecular mechanisms behind this role of platinum
chemoresponse remain elusive. Exploring these mechanisms in future research may help to develop novel

2

potential therapeutic strategies to overcome platinum resistance in HGSOC. In conclusion, methylome analysis of
extreme chemoresponse patients indicates that FZD10 is a novel platinum response marker for HGSOC patients.

Material and Methods
Synopsis of Analyses
This retroprospective study was conducted in agreement with the REMARK criteria for reporting tumor biomarker
prognostic studies5. To identify genes regulated by DNA methylation and related to platinum-based chemotherapy
response, we analyzed the genome-wide DNA methylation using methylation-enriched next generation sequencing
(MethylCap-seq) of extreme responder (PFS ≥18 months, n=8) and non-responder (PFS ≤6 months, n=10)
HGSOC patients tissue (Set 1, UMCG). We took an integrative epigenome approach by also adding expression
data from the same patients (Set 2, UMCG) to identify key novel genes for chemoresponse regulation. The top
49 DMRs comprising 45 genes as identified by MethylCap-seq were verified in the same samples (Set 1, UMCG)
using quantitative bisulfite pyrosequencing. Verification led to a selection of 9 genes, which were further validated
in an independent external cohort (Set 3, UMCG+Innsbruck+Leuven). The relationship between methylation and
expression of candidate genes was also analyzed by bisulfite pyrosequencing and RT-qPCR in an external validation
cohort (Set 3, UMCG only). In silico validation was performed in external publicly available datasets for methylation
(Set 4, Patch, et al.40) and expression (Set 5, Gyorffy, et al.46). The top candidate gene was functionally analyzed
in a large panel of ovarian cancer cell lines (n=11) together with its methylation and expression status.

Patient population involved
Set 1 (frozen tissue; UMCG)
The discovery set consisted of prospectively collected chemo-naïve frozen tumor tissue of 18 patients with
advanced-stage HGSOC operated by a gynecologic oncologist from the UMCG (Groningen, the Netherlands)
during 1990–2008. All patients were staged according to the International Federation of Gynecology and
Obstetrics (FIGO) guidelines. Standard treatment included debulking surgery followed by adjuvant chemotherapy
consisting of platinum-based treatment regimens. After chemotherapy, patients were followed up to 10 years
with gradually increasing intervals. All the clinicopathological data and follow-up data have been registered in
an anonymous, password-protected database, in compliance with the Dutch law. All patients gave informed
consent. The responder group consisted of patients with advanced stage HGSOC, residual disease after primary
surgery (>2 cm), treated with adjuvant platinum-based chemotherapy and a PFS of more than 18 months. The
non-responder group consisted of patients with advanced stage HGSOC, residual disease after primary surgery
(>2 cm), treated with adjuvant platinum-based chemotherapy and a PFS of less than 6 months.

Set 2 (mRNA dataset, UMCG)
This previously published gene expression data included 157 consecutive advanced-stage HGSOC patient samples
from UMCG profiled using two-color oligonucleotide microarrays (35,000 Operon v3.0 probes), manufactured
by The Netherlands Cancer Institute (Amsterdam, the Netherlands, http://microarrays.nki.nl, GSE 13876) as
described by Crijns, et al.47
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Set 3 (frozen tissue; UMCG+Innsbruck+Leuven)
The external validation cohort consisted of HGSOC patient tumors from 21 responders and 31 non-responders
obtained from the UMCG, the Medical University of Innsbruck (Austria) and University Hospital Leuven
(Belgium). All patients were selected based on the same inclusion criteria as the discovery set (Set 1). Detailed
clinicopathological features are described in Table 1.
Informed consent was obtained for all UMCG samples (see Set 1 for more details). For Leuven samples, written
informed consent for the use of tumor tissue and prospective clinical data collection was obtained from all
patients and approved by the Leuven Ethics Committee. For Innsbruck patients, the study was reviewed and
approved by the Ethics committee of the Medical University of Innsbruck (reference number: AN2014-0041;
334/4.6) in accordance with the Austrian law.

Set 4 and 5 (Publicly available external cohort data)
For in silico validation of our findings, we used publicly available datasets of methylation and expression for
ovarian cancer. For methylation data, Infinium 450K methylation array data of AOCS study group (http://www.
aocstudy.org) from NCBI GEO portal using GEO accession no. GSE6582040 (http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE65820) was extracted and normalized using a beta-mixture quantile (BMIQ) normalization
as described previously48. The clinical data of patients was downloaded from the ICGC data portal (https://dcc.
icgc.org). The methylation probe (cg23054883) related to identified region of FZD10 (Figure 2A) has been used
for univariate Mantel-Cox log-rank survival analysis to generate Figure 4A and 4B.
Gene expression data on tumors, with carefully curated clinical annotations, available in the curated ovarian
cancer database (Gyorffy B, et al. database, http://kmplot.com)46, were extracted on the 28th of December
2015. We restricted our analysis to primary, high-grade (3), advanced stage (3+4), serous ovarian tumors,
residual disease after surgery or suboptimal debulking, and platinum containing therapy with available PFS and
OS. For FZD10, we used the expression data of probe ‘219764_at’ for using univariate Mantel-Cox log-rank
survival analysis to generate Figure 4C and 4D.

DNA Methylation Assays
DNA extraction and bisulfite modification
Histologic slides of patients were reviewed to confirm the diagnosis by an experienced gynecologic-pathologist.
Representative frozen blocks of each patient tumor were retrieved for DNA extraction. Frozen sections of 10 μm
were cut with periodic 4 μm sections prior to hematoxylin & eosin (H&E) staining for checking vital tumor cells
percentage. For some samples, slides were macro-dissected to obtain >85% neoplastic cells. DNA was isolated
using standard salt-chloroform extraction and isopropanol precipitation. Precipitated DNA was re-suspended in
Tris-EDTA buffer (10 mM Tris; 1 mM EDTA, pH=8.0). Genomic DNA was amplified in a multiplex PCR according to the BIOMED-2 protocol to check the DNA’s structural integrity49. DNA quantity was measured using
Quant-iT™ PicoGreen® dsDNA Assay kit according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA,
USA). For DNA isolation from cell lines, the same standard method was followed. Bisulfite conversion were done
using EZ DNA MethylationTM Kit (Zymo Research, Orange, CA, USA) according to the manufacturer’s protocol
using 1 μg of DNA. However, bisulfite-treated DNA was eluted from the column with 100 μL of elution buffer.
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MethylCap-seq
MethylCap-seq was performed as described previously26,50. Briefly, methylated DNA fragments were captured
with methyl binding domains using the MethylCap kit according to manufacturers instructions (Diagenode,
Liège, Belgium). The kit consisted of the methyl binding domain (MBD) of human MeCP2, as a C-terminal
fusion with Glutathione-S-transferase containing an N-terminal His6-tag. Before capturing, DNA samples
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(500 ng) were sheared to a size range of 300-1000 bps using a Bioruptor™ UCD-200 (Diagenode, Liège,
Belgium) and fragments of ~300 bp were isolated. Captured DNA was paired-end-sequenced on the Illumina
Genome Analyzer II platform according to protocol (Illumina, San Diego, CA, USA). Results were mapped on
the nucleotide sequence using Bowtie software51, visualized using BioBix’ H2G2 browser (http://h2g2.ugent.be/
biobix.html) and processed using the human reference genome (NCBI build 37). The paired-end fragments were
unique and located within 400 bp of each other.

Bisulfite pyrosequencing
Based on the next-generation sequencing results of the discovery set (Set 1), all pyrosequencing primers were
designed for the selected candidate DMRs using PyroMark Assay Design software (Qiagen, Hilden, Germany).
Bisulfite pyrosequencing was performed as described previously50. Briefly, bisulfite treated DNA was amplified
using PyroMark PCR kit (Qiagen). PCR reaction and cycling conditions were according to the kit manual. For
generating PCR product from bisulfite-converted DNA, we adopted the amplification protocol using a universal
primer approach as described by Collela, et al52. The biotinylated PCR products were captured using 1 μl
streptavidin-coated sepharose high-performance beads (GE Healthcare, Little Chalfont, UK). The immobilized
products were washed with 70% alcohol, denatured with PyroMark denaturation solution (Qiagen) and washed
with PyroMark wash buffer (Qiagen). The purified PCR product was then added to 25 μl PyroMark annealing
buffer (Qiagen) containing 0.3 μM sequencing primers for specific genes (primers and their sequences are
available on request). Finally, pyrosequencing™ reactions were performed in a PyroMark Q24 MD System
(Qiagen) according to the manufacturer’s instructions using the PyroGold Q24™ Reagent Kit (Qiagen). CpG site
methylation quantification was performed using the methylation Software Pyro Q24 2.06 Version (Qiagen).

Methylation specific PCR (MSP)
1.5 μL (~15 ng) of bisulfite-modified genomic DNA was added to a 96-well plate containing 28.5 μL of
PCR mixture. The PCR mixture contained MgCl2 (1.5 mM, Roche, Indianapolis, IN), 1x PCR buffer (Roche),
dNTPs (1.25 mM, Invitrogen, Grand Island, NY), methylation/unmethylation specific primers, and Amplitaq
(5 U/μL, Invitrogen). MSP primers (Invitrogen, Grand Island, NY) were custom designed to correspond with
the bisulfite sequenced region. Primer sequences would be made available upon request. Heat activation
started at 95°C for 10 minutes. Amplification reaction was performed (GeneAmp®, PCR-system 9700,
Applied Biosystems, Foster City, CA) for 40 cycles using the following conditions: 95°C for 1 min, 60°C
for 1 min, 72°C for 1 min, followed by a final 7 min extension step at 72°C. Subsequently, PCR product
was loaded onto a 2-2.5% agarose gel (UltrapureTM agarose, Invitrogen), with ethidium bromide (Invitrogen)
(5 μL/100 ml), and visualized under UV light.

Cell lines culturing
A panel of human ovarian cancer cell lines, A2780, C30, Cp70, SKOV3, OVCAR3, IGROV1, PEA1, PEA2,
PEO14 and PEO23, was used for in vitro validation and functional analysis. The source, media and culture
conditions for cell lines are shown in Supplementary Table 1. Cell lines were supplemented with 10% fetal
calf serum (FCS, Bodinco, Alkmaar, the Netherlands) and 1% L-glutamine, while for OVCAR3 20% FCS was
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used. All cells were grown at 37˚C in a humidified atmosphere with 5% CO2 and were detached with 0.05%
trypsin in phosphate-buffered saline (PBS, 0.14 mM NaCl, 2.7 mM KCl, 6.4 mM Na2HPO4, 1.5 mM KH2PO4,
pH=7.4). Authenticity of all cell lines was verified by DNA short tandem repeat analysis (Baseclear, Leiden, the
Netherlands) and mycoplasma testing was performed using in-house developed PCR-based method with specific
primers (Invitrogen, NY) against various mycoplasma species.

Total RNA isolation and Reverse transcriptase quantitative PCR (RT-qPCR)
Total RNA was isolated using RNeasy mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. RNA was analyzed quantitatively using Nanodrop (Nanodrop Technologies, Rockland, DE): 1 μg of
total RNA was used for cDNA synthesis by a RNase H+ reverse transcriptase (RT) using iScript cDNA synthesis
kit (BioRad, Hercules, CA) according to the manufacturer’s instructions. RT-qPCR was performed in an ABI
PRISM 7900HT Sequence Detector (Applied Biosystems, Foster City, CA) with the iTaq SYBR Green Supermix
with Rox dye (Biorad) and amplification was performed with the following cycling conditions: 5 min at 95°C,
and 40 two-step cycles of 15 sec at 95°C and 25 sec at 60°C. The reactions were analyzed with SDS software
(Version 2.4, Applied Biosystems). The threshold cycles (Ct) were calculated and relative gene expression (∆Ct)
was analyzed with GAPDH as housekeeping gene (∆Ct = Ctgene – CtGAPDH). The RT-qPCR primers used are
available upon request. For final analysis, data was imported to R to perform clustering and output as heat map
visualization using ggplot2 (http://ggplot2.org).

siRNA mediated silencing for in vitro experiments
Cells (1-3 × 105) were plated in a 6-well plate and grown overnight. FZD10 trisilencer-27 siRNAs (Origene
Technologies, Rockville, MD) were used for transient knock-down using 20 nM of final concentration of siRNA.
Scrambled and FZD10 targeted siRNAs were transfected using Oligofectamine (Invitrogen, NY) for 4 hours
with reduced growth factor serum-free opti-MEM media (Gibco, Life technologies, CA). Subsequently, cell line
associated media (Supple. Table) with 30% FCS was added to make final FCS concentration of 10% for 48
hours.

Short and long-term survival assays
Short-term cellular viability was meas ured by micro-culture tetrazolium assay (MTT) as described previously53.
Briefly, in a 96-well culture plate, approximately 7,500; 7,500 SKOV3 cells; 15,000 OVCAR3 cells; 10,000
PEA2 cells and 12,000 C-30 cells; either control or siRNA transfected, were seeded in 200 μl culture medium
with or without cisplatin treatment. After 96 hours, 20 ml of 3-(4,5-dimethythiazol-2-yl) 2,5-diphenyltetrazolium
bromide (MTT, Sigma-Aldrich, St. Louis, MO, 5 mg/ml in PBS) was added and formazan production was
measured colorimetrically using a Biorad iMark microplate reader at 520 nm wavelength. Cell survival was
defined as the growth of treated cells compared to untreated cells. Results shown are mean with standard
deviations of three independent experiments with conditions plated in quadruplicate.
For long-term assay, depending on the concentration of cisplatin, cells were seeded in 96-well plates at
approximately 2000 cells per well for SKOV3 and 4000 cells per well for OVCAR3. After 8-10 hours, indicated
doses of cisplatin were added and allowed to grow for indicated days. Finally, cells were fixed and stained in
staining buffer [methanol (50%), acetic acid (20%) and 0.01% Coomassie brilliant blue)], washed with water
and dried, after which the plates were scanned. For quantification, 200 μl of 10% acetic acid was added to
each well and left on a shaker for 30-60 mins. Plates were read using a Biorad iMark microplate reader at 520
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nm wavelength. Results are shown as relative survival fraction after background correction for three independent
experiments.

Wound healing assays
For the wound healing assays, cells were seeded in a 6-well plate at a density of 2 × 105 cells/well and
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grown overnight until confluency. A wound was created by manually scraping the cell monolayer with a 10 μL
pipette tip and the medium was aspirated to remove detached cells. Cells were then incubated with medium
supplemented only with 10% FCS, and wound closure was observed within 24 hours. Images were acquired
with a Leica camera mounted on an inverted microscope and were processed using image J software (NIH,
Bethesda, MD; http://rsb.info.nih.gov/ij). The distance migrated by cells was determined by measuring the
wound area at different time points and then corrected it from the wound area at time 0 hr. The values obtained
were expressed as a migration percentage, setting the gap width at 0 hr as 0%.

Western Blot analysis
Various proteins in ovarian cancer cell lines were detected by the Western blotting method as described
previously53. Cells were harvested and lyzed in M-PER Mammalian Protein Extraction Reagent (Thermo Scientific,
Rockford, IL) supplemented with 1x Protease Inhibitor Cocktail, EDTA-Free (Thermo Scientific, Rockford, IL) and
1x Halt Phosphatase Inhibitor Cocktail (Thermo Scientific, Rockford, IL) for 1.5 hours on ice with intermittent
vortexing. Protein concentrations were determined using a Bradford assay (Biorad, Hercules, CA). Equal amounts
(20-30 μg) of protein of each sample were loaded on SDS gels and transferred to 0.45 μM Immobilon-P PVDF
membranes (Millipore, Billerica, MA). Subsequently, the membranes were blocked for 1 hr in 5% skimmed milk
in Tris-buffered saline (TBS)-0.01% Tween-20 (Sigma-Aldrich, St. Louis, MO) solution at room temperature.
Western Blot membranes were probed overnight at 4°C with primary antibodies (PARP, cell signalling, #9532,
Cleaved Caspase-3, cell signalling, #9661). Afterwards, HRP-conjugated secondary antibodies (DAKO, Glostrup,
Denmark) were used for detection using Lumi-LightPLUS Western Blotting Substrate (Roche diagnostics, Hilden,
Germany). Membranes were probed with β-actin antibody (mouse, A5441; Sigma-Aldrich, St. Louis, MO) to
confirm equal loading.

Statistical analysis
MethylCap-seq
All methylation read data were extracted using BioBix’ H2G2 browser (http://h2g2.ugent.be/biobix.html) for the
broad promoter region (2000 bp upstream and 500 bp downstream of the Transcription Start Site). Read counts
were statistically compared between responder and non-responder groups using R/Bioconductor54 package
EdgeR,55 which assumes that the data follow a negative binomial distribution, and ranked on p-value.
Subsequently, integration of expression data was also done using R-package LIMMA to find differentially expressed
genes56. As an additional filter for further analysis, each candidate DMR had to be methylated (≥4 reads) in
at least 4 samples of a specific response group. Given the fact that putatively relevant loci were selected based
on both differential methylation and expression, and that several rounds of subsequent independent biological
validation were performed, a relatively permissive error rate control cut-off (p=0.05) was used for expression as
well as validation.
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Bisulfite pyrosequencing
Methylation percentage results were analyzed using statistical software IBM SPSS 21 (SPSS Inc., Chicago, IL),
and a non-parametric statistical test (Mann Whitney U) was performed to find differences between responder
and non-responder groups. P values <0.05 were assumed as statistically significant for all tests. For presenting
data as a heat map, all methylation percentage data was imported to Genesis software (Graz University of
technology, genome.tugraz.at/genesis) for clustering and heat map visualization.
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In silico validation of FZD10
For prognostic validation of FZD10 gene methylation, methylation data of ASOC study group was extracted and
normalized as mentioned in ‘patient population involved’ Set 4. Low and high methylation cut-offs were based
on median beta value of 0.10 (range 0.04-0.28). This resulted in 89 patients (31 high methylation and 58 low
methylation) for PFS analysis (proxy for sensitivity to platinum containing chemotherapy) and 91 patients (31
high methylation and 60 low methylation) for OS analysis.
For FZD10 expression, data was derived for analysis using KM plotter46 in November, 2015, in which we
selected only advanced stage (3 and 4) HGSOC cancer patients with suboptimal debulking surgery who all
underwent platinum therapy. This resulted in 200 patients for PFS analysis and 208 patients for OS using
univariate Mantel-Cox log-rank survival analysis with FZD10 probe (Probe ID: 219764_at). With an expression
range of FZD10 probe (5-6664), an auto cut-off value of 336 for PFS analysis and 258 for OS analysis was
used, based on computation of upper and lower quartiles with default settings of portal46.
To review the gene expression of FZD10 in other cancer types, we used the TCGA data from the TCGA
FIREHOSE pipeline (http://gdac.broadinstitute.org)57. For predicting FZD10 expression across 41 tumor types,
we used their functional genomic mRNA (FGmRNA) profiles as described earlier58,59. In this methodology, nongenetic Transcriptional Components’ (TCs) were used as covariates to correct microarray expression data and the
residual expression signal (i.e. FGmRNA profile) was found to capture the downstream consequences of genomic
alterations on gene expression levels

58

. We quantified the percentage of samples across 41 tumor types with a

significantly increased FGM signal (i.e. proxy for underlying gene amplification). For each of the 19,746 tumor
samples, FZD10 was marked as significantly amplified when the FGM signal was above the 97.5th percentile
threshold as defined in the non-cancer samples58. For analysis of FZD10 genomic alterations in other cancer
types, we used the publicly available portal cBioportal with standard settings29.

In vitro experiments
Statistical significance was calculated by 2-sided student’s t-test between two groups, unless otherwise
mentioned in the figure legends. P values <0.05 were defined as statistically significant for all tests.
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Supplementary Information
Supplementary Table 1. Patient characteristics of methylation and expression analysis

Characteristic

mRNA UMCG (n=11)

External Methylation set
(n=91)

External Expression set
(n=208)

(Set 2)

(Set 4)

(Set 5)

Category or Measure

2

n or value
Age
(years)

Progression free
survival (days)

Overall
(days)

Stage
(FIGO)

Grade

Debulking status

Chemotherapy

44

%

n or value

Median

61.7

59.54

(range)

(37.8-74.2)

(45.1-78.4)

%

n or value
NA

Median

690

175

420

(range)

(90-1080)

(18-5975)

(0-3622)

Non-responder

n=6

54.5

n = 58

65

Responder

n=5

45.5

n = 31

35

Median

NA

(range)

%

n = 110

55

n = 90

45

916

896

(133-6139)

(91-4012)

Non-responder

n = 60

66

n = 117

56.2

Responder

n = 31

44

n = 91

43.8

Early (I-II)

0

0

0

0

0

0

Advanced (III-IV)

11

100

91

100

208

100

Well differentiated

0

0

0

0

0

0

Moderately
differentiated

0

0

0

0

0

0

poorly or
undifferentiated

11

100

91

100

208

100

Optimal

0

0

0

0

0

0

Sub-optimal

11

100

91

100

208

100

Platinum-based

100

100

91

100

208

100

Adjuvant

100

100

91

100

208

100

Neo-adjuvant

0

0

0

0

0

0
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Supplemental Table 2. Ovarian cancer cell lines and their culture condition
Description

S.No.

Cell line*

Source

1

SKOV3

ATCC

Mixed, p53 -/-

DMEM-High glucose + 10% FCS

2

OVCAR3

ATCC

HGSOC, p53 -/-

RPMI + 20% FCS

Histology and p53 status

Culturing conditions

3

PEA-1

SIGMA

HGSOC, p53 -/-

RPMI + 10% FCS +
1% calcium Pyruvate (2mM)

4

PEA-2

SIGMA

HGSOC, p53 -/-

RPMI + 10% FCS +
1% calcium Pyruvate (2mM)

5

PEA-14

SIGMA

HGSOC, p53 Mut

RPMI + 10% FCS +
1% calcium Pyruvate (2mM)

6

PEA-23

SIGMA

HGSOC, p53 Mut

RPMI + 10% FCS +
1% calcium Pyruvate (2mM)

7

CaOV3

ATCC

Serous, p53 Mut

DMEM-High glucose + 10% FCS

8

IGROV-1

Prof. R. Brown

Mixed, p53 WT

RPMI + 10% FCS+ 1% L-glutamine

9

A2780

Dr. TC Hamilton

Endometroid, p53 WT

RPMI + 10% FCS+ 1% L-glutamine

10

C-30

Dr. TC Hamilton

Endometroid, p53 WT

RPMI + 10% FCS+ 1% L-glutamine

11

Cp70

Dr. TC Hamilton

Endometroid, p53 WT

RPMI + 10% FCS+ 1% L-glutamine

*
HGSOC
-/Mut
WT

–
–
–
–
–

2

Histology of cell lines is based on Beaufort et al.
High grade serous ovarian cancer
Homozygous deletion
Mutation
Wild type

1
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A

2

B

C

FAM83A

MYO18B

MKX

Supplementary Figure 1. A) Spearman correlation of MethylCap-seq reads and methylation percentage obtained with bisulfite
pyrosequencing for FZD10, showing successful verification of MethylCap-seq data by pyrosequencing. B) Representative
photograph of methylation specific PCR of FZD10 gene on various OC cell lines treated with DMSO control (I); 1 μM
decitabine (II) and 1 μM decitabine with 0.3 μM Trichostatin A (III) for 72 hrs. MSP was performed of bisulfite converted
DNA of cell lines using two pairs of MSP primer, one is methylation-specific (M) and another is unmethylation-specific (U).
Epigenetic drugs induced more unmethylation related band (U) indicating the demethylation in FZD10 gene. C) Correlation
analysis of average methylation as determined by bisulfite pyrosequencing and microarray-based expression levels of FAM83A,
MYO18B and MKX in HGSOC patients showing significant inverse correlation between methylation and their correspondent
expression using Pearson correlation testing.
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A

OVCAR3
siScrambled

siFZD10-I

siFZD10-II

t=0h

Mock

t = 24 h

2

B

D

PEA2

C

C30

OVCAR3

105 kD
89 kD
19 kD
17 kD
42 kD

Supplementary Figure 2. (A) Representative microphotographs (4x magnification) for wound healing assay on FZD10 siRNAs
treated OVCAR3 cells for T=0 and T=24 hrs, along with the quantification of relative wound. Each bar represents % of
wound closed ± SD from 3 independent experiments. *** p<0.001 for FZD10 siRNAs treated cells in comparison to the
siScrambled, by student t-test. B-C) Short term MTT survival assay on siRNA treated PEA-2 (B) and C-30 cells (C) in the
presence of cisplatin at indicated concentration after 96 hrs. * p<0.05; ** p<0.01 for siFZD10-I or siFZD10-II relative
to scrambled control, Student t test. IC50 were calculated and are shown for each group in the inset. (D) Protein levels of
cleaved PARP and caspase 3 in OVCAR3 cells transiently transfected with either FZD10, along with treatment of cisplatin
for 24 hrs for indicated concentrations.
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Supplementary Figure 3. Global relative expression of FZD10 (A) in different types of cancer based on the TCGA data2.
(B) FZD10 predicted high expression level calculated with FGmRNA profiling3 (see Material & Methods for details). The
x-axis represents the percentage of samples per tumor type that show an overexpression of FZD10.
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Abstract
Objective: Platinum-based chemotherapy is the standard treatment in advanced stage high grade serous ovarian
cancer (HGSOC), but the majority of patients will relapse with drug-resistant disease. Platinum induces doublestrand DNA breaks and subsequently activation of the DNA damage response (DDR). Drugs targeting DDR
pathway components have gained major interest to be combined with chemotherapy as they could increase
the therapeutic window. In the present study, we investigated the activation status of the Ataxia Telangiectasia
Mutated (ATM) signalling axis within the DDR in a large, well-defined cohort of advanced stage HGSOC patients.
Methods: Pre-therapy activation status of the ATM signalling axis of the DDR was determined by

3

immunohistochemistry in 125 chemo-naive advanced stage HGSOC patients. Ovarian cancer cell lines with
stable Checkpoint Kinase 2 (Chk2) knock down were used to study cell cycle distribution and survival in longterm clonogenic survival assays.
Results: All ATM signalling axis components showed high expression levels. In two well-defined groups with
the largest contrast in treatment response, high expression of Chk2 was related to good response (OR=0.132;
P=0.014). Chk2 depletion abrogated the cisplatin-induced S-phase cell cycle arrest and caused increased
resistance to cisplatin in long-term clonogenic survival assays.
Conclusions: Chk2 is related to good response to platinum-based chemotherapy in advanced stage HGSOC
patients. Chk2-depleted ovarian cancer cell lines have diminished platinum sensitivity, suggesting that Chk2
should not be considered a therapeutic target along with platinum-based treatment in HGSOC patients.
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Introduction
High grade serous ovarian cancer (HGSOC) patients are commonly treated with platinum-based chemotherapy.
Despite high initial response rates, the majority of the advanced stage patients will relapse with drug-resistant
disease, resulting in a 5-year survival rate of only 19-28%1. The effectiveness of conventional DNA damaging
chemotherapeutics is limited by DNA damage checkpoints and DNA repair mechanisms that protect tumour
cells from DNA damage-induced cell death. Platinum-based chemotherapy results in intra- and inter-strand DNA
crosslinks which induce stalling of DNA replication in proliferating cells2. As a consequence, stalled replication
leads to the accumulation of DNA double-strand breaks (DSBs) which are highly cytotoxic3. In response to
stalled replication and to DSBs, the DNA damage response (DDR) pathway becomes activated, in which the
Ataxia Telangiectasia Mutated (ATM) kinase is the main initiator of the cellular response to DSBs. Once ATM is
activated, it phosphorylates downstream substrates that initiate the complex cascade of DDR network activation.
Checkpoint Kinase 2 (Chk2) is a crucial ATM downstream target and becomes activated by phosphorylation
at Thr-68 by ATM4. Upon activation of these upstream DDR kinases by DNA damaging agents, signals are
subsequently conveyed to the ‘effector’ components including γH2AX, 53BP1 and Cdc25, which are involved in
establishing downstream effects of DDR pathway activation5. Complete activation of the DDR ultimately results
in cell cycle arrest either at the G1/S, intra-S or at the G2/M transition to DNA repair or apoptosis if the levels of
DNA damage are beyond repair6.
It is becoming increasingly clear that targeting DNA repair enzymes as well as DDR pathway components
could offer a therapeutic window in which cytotoxic effects of both radiation therapy and chemotherapy can be
enhanced7,8. Already, inhibitors of DDR components are being implemented in clinical trials9. In HGSOC, with
reported TP53 mutations or p53 pathway dysfunction in almost all cases, abrogation of the G2 checkpoint is
considered to be a potent therapeutic strategy in enhancing responsiveness to genotoxic agents. However, data
concerning the effectiveness of these inhibitors in combination with platinum compounds are controversial10–13.
This complexity is underscored by the conflicting results of DDR proteins as predictive or prognostic markers in
ovarian cancer14,15.
Establishing the relation between pre-therapy activation status of the DDR with respect to chemotherapy
response, will allow a better understanding how DDR activation relates to response-to-therapy. In the present
study we, therefore, investigated the activation status of the ATM signalling axis within the DDR in a large, welldefined cohort of advanced stage HGSOC patients. We found Chk2 expression to be related to a good response
to platinum-based chemotherapy. To explore the cell biological basis for these observations, we studied the
effects of Chk2 depletion on cell cycle regulation, viability and survival in response to cisplatin in ovarian cancer
cell lines.

Materials and Methods
Patients
From April 1988 until May 2006, tissue from all patients diagnosed with ovarian cancer was collected at
surgery by a gynaecologic oncologist from the University Medical Centre Groningen (UMCG). Clinicopathological
and follow-up data were obtained during standard treatment and follow-up, and was stored in an anonymous
database managed by two dedicated data managers. All patients gave informed consent for storage of data
and collection of tumour tissue, and studies were conducted in accordance with institutional review board
policies. For the construction of the tissue microarrays (TMAs), patients were retrospectively included from
whom sufficient paraffin-embedded tissue samples and complete follow-up data were available. Patients were
51
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surgically staged according to FIGO (International Federation of Gynaecology and Obstetrics) criteria and the
histology of all carcinomas was determined by a pathologist. In the current study, only HGSOC patients were
selected for whom chemo-naive tissue was available. Due to the retrospective character of the study population
standardised response to chemotherapy evaluation was not routinely documented. In order to analyze possible
relations of DDR components with response to chemotherapy, we therefore defined two populations with either
an optimal therapy response or a very poor therapy response. The responder group consisted of patients with
advanced stage HGSOC, residual disease after primary surgery (>2cm), treated with adjuvant platinum-based
chemotherapy and a progression free survival (PFS) of more than 18 months. The non-responder group consisted
of patients with advanced stage HGSOC, residual disease after primary surgery (>2cm), treated with adjuvant

3

platinum-based chemotherapy and a PFS of less than 6 months.

TMA construction and immunohistochemistry
Tissue microarrays (TMAs) were constructed as described previously16. In summary, paraffin-embedded tumour
tissue blocks were retrieved from the pathology archives together with matching haematoxylin- and eosin- (H&E)
stained slides. Representative areas of tumour were marked on each H&E-stained slide. Four cores were taken
from representative regions of the paraffin-embedded tumour tissue, and placed in a recipient paraffin block
(TMA) at predefined random locations. For immunohistochemistry, 4 mm sections were cut from the TMA. These
sections were mounted on amino-propyl-ethoxy-silan-coated glass slides. Antigen retrieval methods, primary antibodies and detection methods are presented in Supplemental Table 1. Slides were stained for pATM (Ser-1981),
Chk2, pChk2 (Thr-68), 53BP1, p53BP1 (Ser-25) and γH2AX (Ser-139). Slides were deparaffinised in xylene.
Endogenous peroxidase was blocked by incubation with 0.3% hydrogen peroxidase for 30 minutes. Staining was
visualised by DAB and counterstaining was performed with haematoxylin. In order to validate staining protocols,
paraffin-embedded unirradiated and irradiated (5 Gy) CaSki as well as HeLa cervical cancer cell lines treated
with ATM-inhibitor (KU55933, 1 mM) prior to irradiation were used as controls as described previously17.

Evaluation of staining
Scoring was performed by two independent observers (N.G.A and M.E), without knowledge of clinical data.
Concordance in scores was >90% of the cases. In case of discordant scores, the cases were reviewed by the
two observers and scores were adjusted to consensus. For statistical analysis of TMA data, all cases with less
than 2 evaluable cores were excluded from analysis.
As described previously, staining intensity was semi-quantitatively scored as negative (0), weak positive (1),
positive (2) and strong positive (3)18,19. In addition, percentages of positive cells were scored as 0% cells (0),
<5% (1), 5%-25% (2), 25%-50% (3), 50%-75% (4) and >75% (5). Scores for staining intensity and scores
for percentages were added to obtain a total score (0-8). Stainings were dichotomised in ‘high’ (referred to as
high) versus ‘normal/low/negative’ (referred to as low) expression and were considered high for pATM, p53BP1
and pChk2 in case of a total score ≥2 and cases with a score of 0 were considered as low20,21. Stainings were
considered high for Chk2 in case of a total score of ≥7, for 53BP1 in case of a total score ≥5 and for γH2AX
in case of a total score ≥3, as these scores represented the median of total scores.

Cell lines
The human ovarian cancer cell lines A2780 and SKOV3 were cultured in RPMI medium (Invitrogen, Life
Technologies, Carlsbad, CA) supplemented with 10% fetal calf serum (FCS, Bodinco, Alkmaar, The Netherlands)
and 1% L-glutamine and in Dulbecco’s MEM (DMEM, Invitrogen, Life Technologies, Carlsbad, CA) with 10%
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FCS, respectively. Human embryonic 293T kidney cells (HEK293T) were cultured in DMEM, supplemented with
10% FCS, 100 units/ml penicillin and 100 mg/ml streptomycin. All cells were grown at 37˚C in a humidified
atmosphere with 5% CO2 and were detached with 0.05% trypsin in phosphate-buffered saline (PBS, 0.14 mM
NaCl, 2.7 mM KCl, 6.4 mM Na2HPO4. 2 H2O, 1.5 mM KH2PO4, pH=7.4). Authenticity of all cell lines was
verified by DNA short tandem repeat analysis (Baseclear, Leiden, The Netherlands).

RNA interference
Short-hairpin RNA sequences against human Chk2 were previously described and validated5,22. HEK293T cells were
transfected with either pRetrosuper (pRS) or pRS-Chk2 (targeting sequence #1: 5’-GGGGGAGAGCTGTTTGACA-3’
targeting sequence #2: 5’-GAGGACTGTCTTATAAAGA-3’) along with the packaging plasmids pMDG/P and pMDG
in a 3:2:1 ratio using a calcium phosphate protocol to produce VSV-G pseudotyped retrovirus particles20. Viruscontaining supernatant culture medium was filtered (0.22 μM, Millipore, Billerica, MA), mixed with Polybrene (4
μg/ml) and used for infection for three consecutive 12 hour periods of A2780 and SKOV3 cell lines. Twenty-four
hours after the last infection round, puromycin (1 μg/ml) was added for selection of infected cells.

Viability assay
Cellular viability was measured by micro culture tetrazolium assay. In a 96-well culture plate, approximately
3,000 A2780 cells or 7,500 SKOV3 cells were seeded in 200 μl culture medium. After 96 hours, 20 ml of
3-(4,5-dimethythiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, St. Louis, MO, 5 mg/ml in
PBS) was added and formazan production was measured colorimetrically using a Biorad iMark microplate reader
at 520 nm wavelength as described previously17. Cell survival was defined as the growth of treated cells compared to untreated cells. Results shown are averages of three independent experiments with conditions plated in
quadruplicate.

Clonogenic survival assay
Depending on the concentration of cisplatin, cells were seeded in 6-well plates at approximately 250 (0.5
mM cisplatin), 500 (1 mM cisplatin), 750 (2 mM cisplatin), 1,000 (2 mM cisplatin), 2,000 (3 mM cisplatin)
and 6,000 (4 mM cisplatin) cells per well for SKOV3, or at 1,000 (1 mM cisplatin), 2,000 (2 mM cisplatin),
4,000 (2,5 mM cisplatin), 6,000 (3 mM cisplatin) and 12,000 (4 mM cisplatin) cells per well for A2780.
After 16 hours, indicated doses of cisplatin were added. When colony size reached an approximate minimum
size of 50 cells per colony, cells were fixed and stained in staining buffer (methanol (50%), acetic acid (20%)
and 0.01% Coomassie brilliant blue)). Surviving fractions were calculated by relating plating efficiencies to nontreated controls as a reference. Results shown are averages of three independent experiments with conditions
plated in duplicate.

Immunoblotting
Exponential growing cells were harvested, washed in cold PBS and lysed in Mammalian Protein Extraction
Reagent (MPER, Thermo Scientific, Rockford, IL), supplemented with protease and phosphatase inhibitor
cocktails (Thermo Scientific, Rockford, IL). Lysates were subsequently mixed with SDS sample buffer (4% SDS,
20% glycerol, 0.5 M Tris-HCl, pH=6.8 and 0.002% bromophenol blue) containing 10% 2-β-mercaptoethanol,
and boiled for 5 minutes. Proteins were separated on a SDS-polyacrylamide gel and transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA). Membranes were blocked with 5%
skim milk (Sigma-Aldrich, St. Louis, MO) in Tris-buffered saline (TBS)-0.01% Tween-20 (Sigma-Aldrich, St.
Louis, MO). Immunodetection was done using the following antibodies: Chk2 (mouse, DCS-273; Santa Cruz
53
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Biotechnology, Santa Cruz, CA), phospho-Thr68-Chk2 (rabbit, C13C1; Cell Signaling Technology, Danvers,MA),
CDC25A (mouse, F-6l; Santa Cruz Biotechnology, Santa Cruz, CA) and β-actin (mouse, A5441; Sigma-Aldrich,
St. Louis, MO). Primary antibodies were diluted in TBS-0.01% Tween-20 and washed extensively. Membranes
were subsequently incubated in respective secondary HRP-conjugated antibodies (DAKO, Glostrup, Denmark)
for 30 minutes. Chemiluminescence was detected with Lumi-light-PLUS (Roche diagnostics, Hilden, Germany)
using a Biorad Bioluminescence device (Biorad, Hercules, Ca), equipped with Quantity One/ Chemidoc
XRX software. Intensity of individual bands was quantified using ImageJ densitometry software (http://rsbweb.
nih.gov/ij/).

3

Cell cycle distribution
Cells were harvested at indicated time points after treatment with cisplatin using trypsin (0.05% in PBS).
Cells were fixed in ice-cold 70% ethanol for at least 1 hour. Cells were stained with propidium iodide/RNAse
(Sigma-Aldrich, St. Louis, MO). Cell cycle distribution was analyzed by flow cytometry using a (Becton Dickinson
Biosciences, Franklin Lakes, NJ), equipped with Cell Quest software. At least 20,000 events were analyzed per
sample and indicated results show averages and standard deviations of three independent experiments.

Statistical analysis
For TMAs, all statistical analyses were performed using SPSS 18.0 for Windows (SPSS Inc., Chicago, IL).
Associations between immunostaining were compared with the Pearson’s χ2 test or Fischer’s exact test. Logistic
regression models were used to evaluate high staining and clinicopathological characteristics as well as factors
involved in response to platinum-based chemotherapy. Disease-specific survival (DSS) was defined as time from
primary surgery to death due to ovarian cancer or last follow-up visit alive. Progression free survival (PFS) was
defined as date of primary surgery until progression/relapse of the disease, death or the date of last follow-up.
A Cox regression analysis was used to analyze DSS. In multivariate analyses, variables with a P value of <0.10
in univariate analysis were excluded in a stepwise manner. In the final model, only factors with a P value of
<0.05 were included. For in vitro experiments, the data were presented as the average of three independent
experiments ± SD with the GraphPad version 5.01 (GraphPad Software, http://www.graphpad.com) and
significance was calculated using the Student’s t-test as indicated in figure legends. For all tests, P values
<0.05 were considered statistically significant.

Results
Chk2 is a predictive marker for response to therapy
To investigate the relationship between pre-therapy activation status of DDR components and chemotherapy
response, immunostaining for pATM (Ser-1981), Chk2, pChk2 (Thr-68), 53BP1, p53BP1 (Ser-25) and γH2AX
(Ser-139) was performed on 125 cases of pre-treatment HGSOC tissue. Clinicopathological data from all patients
included in this study are summarised in Supplemental Table 2. In >95% of the patients, staining for the different DDR components was evaluable. Representative low and high immunostainings for each DDR component
are shown in Figure 1. Tumour cells showed predominant nuclear expression of all proteins. High expression was
seen for γH2AX in 85/119 (71%), pATM in 113/122 (93%), for Chk2 in 67/119 (56%), for pChk2 in 72/120
(60%), for 53BP1 in 117/119 (98%) and for p53BP1 in 108/120 (90%) patients. Correlations between the
various stainings are shown in Supplemental Table 3. Notably, whereas significant correlations between activated
DDR components was expected, not all phospho-protein stainings were correlated to each other. Although significant correlations between yH2AX, Chk2, and p-Chk2 were observed, other protein correlations such as between
54

Chk2 supports sensitvity to platinum in HGSOC

3

Figure 1 Immunohistochemical analysis of DNA damage response components. Representative immunostainings for pATM,
Chk2, 53BP1, γH2AX, pChk2 and p53BP1. Inlays show magnifications of stainings.

yH2AX and pATM were absent, suggesting deregulation of the DDR as also observed in other advanced stage
cancers21,23.
In the study population, 97/125 (78%), patients died due to ovarian cancer during follow-up (DSS). Univariate
Cox regression analysis revealed that residual disease after surgery was related to both a worse DSS (HR=1.776;
P=0.014) and PFS (HR=1.581; P=0.038) (Table 1). Furthermore, p53BP1 expression was also related to a
worse PFS (HR=2.113; P=0.046 (Table 1).
To explore the relation between individual DDR components and response to chemotherapy, we identified two
populations of advanced stage HGSOC patients with residual disease > 2 cm and either an optimal therapy
response or a very poor therapy response. Both groups consisted of 15 patients. Logistic regression analysis
between the two groups revealed that high Chk2 expression (OR=0.132; P=0.014) was related to a good
response to platinum-based chemotherapy (Table 2).

Chk2 depletion impairs cisplatin-induced S-phase arrest
Considering that Chk2 expression was related to treatment response in our patient analysis, and since drugs
targeting cell cycle checkpoint kinases, including Chk1 and Chk2, are currently being investigated, we sought to
further investigate the role of Chk2 in response to platinum-based chemotherapy at the molecular level. We stably down-regulated Chk2 expression in the A2780 and SKOV3 ovarian cancer cell lines using retroviral shRNAs,
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Table 1. Results of survival analysis
Disease specific survival
HR

3

95% CI
Lower

Upper

Progression free survival
p-value

HR

95% CI
Lower

Upper

p-value

Age (continuous)

1.083

0.720

1.630

0.701

0.996

0.977

1.016

0.713

Residual disease ≥2cm

1.776

1.125

2.804

0.014

1.581

1.025

2.439

0.038

High γH2AX

0.964

0.617

1.505

0.871

0.879

0.572

1.350

0.556

High pATM

1.583

0.692

3.263

0.277

1.423

0.657

3.079

0.371

High Chk2

0.970

0.644

1.462

0.885

0.957

0.642

1.426

0.829

High pChk2

1.271

0.832

1.940

0.267

1.001

0.670

1.498

0.995

High 53BP1

1.474

0.360

6.043

0.590

0.932

0.229

3.798

0.922

High p53BP1

1.796

0.865

3.728

0.116

2.113

1.014

4.402

0.046

Abbreviations: HR= Hazard ratio; 95% CI= 95% Confidence Interval.

Table 2. Response to therapy: logistic regression analyses for advanced stage high grade serous
ovarian cancer patients with residual disease after primary debulking, treated with platinum-based chemotherapy
and a PFS <6 months (n=15) vs. patients with a PFS >18 months (n=15)
OR

95% CI
Lower

Upper

p-value

Age (continuous)

0.986

0.939

1.036

0.573

High γH2AX

0.273

0.055

1.364

0.114

High pATM

2.308

0.187

28.473

0.514

High Chk2

0.132

0.026

0.667

0.014

High pChk2

0.300

0.069

1.312

0.110

High 53BP1*

—

—

—

—

High p53BP1

1.167

0.142

9.586

0.886

* No statistical analysis could be performed for 53BP1 since all patients showed high expression.
Abbreviations: PFS – progression free survival, OR – odd ratio, 95% CI – 95% confidence interval.

in order to define the functional role of Chk2 in cisplatin sensitivity and resistance in vitro (Figure 2A and 2B).
Chk2-depleted cell lines showed normal proliferation and growth rates when compared to control-transfected
and non-transfected cell lines (data not shown). To study the role of Chk2 in the cellular response to cisplatin,
cell cycle distribution was measured after cisplatin treatment. At 48 hours after treatment with cisplatin, a clear
intra-S-phase arrest was observed in both non-transfected A2780 and SKOV3 cells, when compared to untreated
controls (Figure 2C and 2D), which is consistent with previous reports24,25. In stark contrast, shRNA-mediated
depletion of Chk2 resulted in a shift from cells in S-phase to G2/M phase. Particularly, when the ratio of G2/M
cells to S-phase cells was assessed, a statistically significant 2-fold increase was observed in cisplatin-treated
Chk2 knockdown cells when compared to pRS-control cells (P<0.01 and P<0.05 for A2780 and SKOV3
respectively, Figure 2E and 2F).
Previously, Chk2 was shown to control G1/S cell cycle progression through negative regulation of the Cdc25A
phosphatase protein level26,27. We therefore, analyzed the expression levels of Cdc25A in Chk2-depleted A2780
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Figure 2. Abrogation of the cisplatin-induced S-phase arrest in Chk2 depleted cells. (A,B) A2780 (A) and SKOV3 (B) cells
were infected with pRS control virus or pRS-Chk2 shRNA virus. Whole-cell lysates of puromycin-resistant polyclonal cells
were obtained and analyzed with immunoblotting using indicated antibodies. (C,D) A2780 (C) and SKOV3 (D) cells were
pre-treated with cisplatin for 48h with 10μM and 25μM respectively. Cells were then harvested, fixed and stained for
propidium iodide/RNAse. At least 20.000 events were analyzed per sample and representative DNA plots are shown. (E,F)
A2780 (E) and SKOV3 (F) cells were treated and analyzed as for panel B and depicted as G2-M-phase/S-phase ratio.
Indicated results show standard deviations of three independent experiments. (G) A2780 cells were infected with pRS-control
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virus or pRS-Chk2 shRNA virus. Cells were pre-treated with cisplatin for 48h with 10μM cisplatin. Whole-cell lysates of
puromycin-resistant polyclonal cells were obtained and analyzed with immunoblotting using indicated antibodies. (H) A2780
cells were treated and analyzed as for panel G. Intensity of individual bands for CDC25A was quantified using ImageJ
densitometry software, and expressed relative to β-actin signal. Significance was calculated using the Student’s t-test. *:
p<0.05, **: p<0.01

and SKOV3 cells. We found a 1.8-fold increased level of Cdc25A in the Chk2-depleted A2780 cell line after
48 hours of cisplatin treatment when compared to control cell line (Figure 2G and H), but no effect on Cdc25A
levels in SKOV3 (results not shown). These results suggest that impaired Cdc25A degradation, caused by Chk2

3

depletion in a cell context dependent manner, may facilitate progression from S-phase to G2/M-phase despite the
presence of DNA damage caused by cisplatin.

Chk2 down-regulation results in enhanced clonogenic survival after cisplatin treatment.
We argued that abrogation of the cisplatin-induced intra-S-phase arrest in Chk2-depleted cell lines may likely
affect cell survival after cisplatin treatment. To study the long-term responses of both A2780 and SKOV3 cells
to cisplatin treatment, we performed clonogenic survival assays. Chk2-depletion resulted in a significant survival
benefit (P<0.001) in A2780 cells in comparison to the control-infected cell lines when treated with different
concentrations of cisplatin (1 to 5 μM) (Figure 3A and 3C). Similar observations were found in Chk2-depleted
SKOV3 cells after treatment with cisplatin at indicated doses (Figure 3B and 3D). Particularly, after treatment
with high cisplatin concentrations (4 to 6 μM), we observed a ~10- to 100-fold higher survival fraction in
Chk2-depleted cells as compared to control cells, indicating that Chk2-depletion prevents cisplatin-induced
cytotoxicity.

Discussion
In the present study, we have examined the relation between expression levels and activation status of several DDR
proteins within the ATM signalling pathway and response to chemotherapy in advanced stage HGSOC patient.
High expression of Chk2 is related to a good response to platinum-based chemotherapy. In vitro, we showed
that Chk2-depleted cells displayed impaired cisplatin-induced intra-S-phase arrest, whereas control cells showed
an intra-S-phase arrest after cisplatin treatment. Moreover, we demonstrated that Chk2 depletion prevented
Cdc25A degradation, which might play a role in abrogation of cisplatin-induced intra-S-phase arrest in Chk2deficient cells. The importance of Chk2 in the response to cisplatin was further underscored by a clear reduction
in cisplatin-induced cytotoxicity in Chk2-depleted ovarian cancer cells, supporting our immunohistochemical
findings that Chk2 may play a significant role in promoting platinum-based chemoresponse in ovarian cancer.
To date, only few studies have reported on Chk2 expression in primary patient tissues. Decreased expression
of Chk2 was observed in many solid tumours including breast and lung cancer when compared with their
matched normal tissues28–30. In concordance with our observations in advanced stage HGSOC cancer patients,
upregulation of pATM and other downstream DDR components was observed in the majority of cases of primary
lung, breast, and urinary bladder carcinoma, which indicates activation of the DDR pathway response during
carcinogenesis21,24. The observed loss of strict co-expression of pATM targets might point at deregulation of the
DDR, as was previously described for breast and lung cancer21. Also, the finding that pATM expression was not
related to γH2AX expression might point at the activation of other kinases that act upstream of H2AX, including
DNA-PK and ATR. In the present study, we found the expression of Chk2 to be significantly correlated with
good response towards platinum-based chemotherapy in ovarian cancer. The predictive value of Chk2 levels for
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Figure 3 Chk2-dependent clonogenic survival in SKOV3 and A2780 cells treated with cisplatin. (A, B). A2780 (A) and
SKOV3 (B) cells were infected with pRS control virus or pRS-Chk2 shRNA virus. Cells were plated in six-well plates and
subsequently treated with indicated amounts of cisplatin and allowed to grow colonies. Surviving colonies were stained. (C,
D) Quantification of colony numbers for A2780 (C) and SKOV3 (D). Data are shown from three independent experiments.
Significance was calculated using the Student’s t-test. *p<0.05, **p<0.01, ***p<0.001 for Prs-Chk2#1. §p<0.05,
§§p<0.01, §§§p<0.001 for Prs-Chk2 #2

response to chemotherapy has been described for a few tumour types. High Chk2 expression was reported in the
majority of seminomas known to be platinum-sensitive but only in a small part of non-small-cell lung cancers
that are often resistant to DNA damaging agents25. Furthermore, in oesophageal cancer, high Chk2 expression in
pre-therapeutic biopsies correlated with tumour regression after cisplatin-containing chemoradiotherapy31. These
data all point at high Chk2 expression levels in cancer being related to a good response to cisplatin.
Based on its function in cell cycle checkpoints, Chk2 inhibition has been widely proposed to be a therapeutic
option in potentiating antitumour effects of chemotherapeutics, especially in tumours who already possess other
defects in the DNA damage response, such as p53 deficiency. In previous reports, Chk2 inhibition was shown
to potentiate antitumour effects of radiotherapy and chemotherapeutics32. Recently Itamochi et al. described the
synergistic effects of cisplatin in combination with the combined Chk1/Chk2 inhibitor AZD7762 in four ovarian
clear cell carcinoma cell lines and in a ovarian clear cell carcinoma cell line xenograft model33. Furthermore,
knockdown of both Chk1 and Chk2 using small interfering RNA increased cisplatin sensitivity33. However,
clear cell ovarian cancer known for its intrinsic resistance to platinum-based chemotherapy, is characterised by
different mutations and its proposed pathogenesis is distinct from serous ovarian cancer34. We here demonstrated
that Chk2 depletion induced a cisplatin-resistant phenotype, suggesting that within the different ovarian cancer
subtypes, Chk2 modulation has differential effects. Increased resistance to cisplatin was previously reported in
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a HCT116 colon cancer cell line, after knocking out the CHEK2 gene, encoding Chk235. In addition, a slight
antagonistic effect on cisplatin-mediated growth inhibition of HCT116 cells has been demonstrated, using the
Chk2 inhibitor debromohymenialdisine as well as other Chk2 small molecule inhibitors in combination with
cisplatin36. Finally, Zhang et al. demonstrated that lower endogenous levels of Chk2 correlated with cisplatin
resistance of ovarian cancer cell lines, suggesting that Chk2 downregulation might be a mechanism to acquire
platinum resistance37.
Various small molecule inhibitors of Chk2 are in pre-clinical development and were reported to have chemosensitizing effects11. In fact, several Chk2 inhibitors including AZD7762, PF447736 and XL844 have already

3

entered phase I & II clinical trials38. However, most of these Chk2 inhibitors suffer from the lack of specificity
and also inhibit other kinases, including Chk1, a related checkpoint kinase that responds to replication stress
and shares downstream targets with Chk239. Chemo-sensitizing effects of these inhibitors might therefore not be
solely due to targeting of Chk2. Furthermore, pre-clinical observations of chemo-potentiating effects appear to
depend on the type of DNA damaging agent used. Indeed, recent large scale shRNA screening in lymphoma cell
lines with various anticancer agents showed that Chk2 depletion leads to chemoresistance against various DNA
damaging agents including cisplatin40. Depletion of Chk1, in contrast, showed predominantly sensitizing effects,
suggesting non-specific effects of Chk2 inhibitors underscoring the need for specific Chk1 and Chk2 inhibitors40.
In conclusion, the present study indicates high expression levels of Chk2 to be related to better response towards
platinum-based chemotherapy in advanced stage HGSOC patients. Moreover, our in-vitro results show that
targeting of Chk2 in ovarian cancer causes chemoresistance against platinum-based chemotherapy. Therefore,
considering Chk2 as a target for anti-cancer therapy warrants more careful analysis of Chk2 and other DDR
components in context of treatment with DNA damaging agents.
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Supplementary information
Supplemental Table 1. Antibodies used for immunohistochemical staining
Antigen

Antigen retrieval

Company

Dilution

Incubation time

p- value

pATM

EDTA (pH 8.0)

Epitomics

1:50

60 minutes 20°C

Avidin- biotin

Chk2

TRIS/EDTA (pH 9.0)

Santa Cruz

1:100

60 minutes 20°C

RAMpo*- GARpo**

pChk2

Citrate (pH 6.0)

Cell signaling

1:50

o/n 4°C

Avidin- biotin

53BP1

Citrate (pH 6.0)

Santa Cruz

1:1000

o/n 4°C

Avidin- biotin

P53BP1

Citrate (pH 6.0)

Abcam

1:25

o/n 4°C

Avidin- biotin

γH2AX

Citrate (pH 6.0)

Millipore

1:300

60 minutes 20°C

RAMpo*- GARpo**

3

* RAMpo – Rabbit-anti-Mouse horseradish peroxidase
** GARpo – Goat-anti-Rabbit horseradish peroxidase. Abbreviations: o/n = overnight.
Supplemental Table 2. Clinicopathological characteristics of all advanced stage
high grade serous ovarian cancer patients included in this study (n=125).
Age (Years)

60 (21-84)

Residual disease:
<2cm

37

32%

>2cm

79

68%

System missing

9

Type of chemotherapy
No chemotherapy

10

8%

Platinum containing

38

31%

Platinum/ Taxane containing

71

58%

Other

4

3%

System missing

2

Follow-up (Months)
Median

12

Range

0-136

63

64

31/110

High

13/66

High

13/71

High

33/114

High

30/106

High

76/106

8/12

81/114

2/2

58/71

27/48

53/66

31/51

79/110

6/9

0.742

1.000*

0.003

0.024

0.714

p-value

6/108

3/12

8/116

1/2

1/72

8/48

1/67

8/52

Low

102/108

9/12

108/116

1/2

71/72

40/48

66/67

44/52

High

0.046

0.147*

0.003

0.010

p-value

44/106

8/12

48/114

1/2

17/71

34/47

Low

62/106

4/12

66/114

1/2

54/71

13/47

High

Chk2

0.096

1.000*

<0.001

p-value

P values are derived from the Chi Square test or Fischers Exact test, where appropriate (* signifies Fischers Exact test)

4/12

Low

p53BP1

0/2

Low

53BP1

21/48

Low

pChk2

20/51

Low

Chk2

3/9

Low

pATM

High

High

pATM

40/107

8/12

46/115

1/2

Low

67/107

4/12

69/115

1/2

High

pChk2

0.065

1.000*

p-value

3

Low

γH2AX

Low

γH2AX

Supplemental Table 3. Relationship between proteins

2/105

0/12

Low

103/105

12/12

High

53BP1

1.000

p-value
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Abstract
Using patient-derived xenografts (PDXs) for preclinical cancer research demands proper storage of tumour
material to facilitate logistics and to reduce the number of animals needed. We successfully established 45
subcutaneous ovarian cancer PDXs, reflecting all histological subtypes, with an overall take rate of 68%.
Corresponding cells from mice replaced human tumour stromal and endothelial cells in second generation
PDXs as demonstrated with mouse-specific vimentin and CD31 immunohistochemical staining. For biobanking
purposes two cryopreservation methods, a fetal calf serum (FCS)-based (95%v/v) “FCS/DMSO” protocol and a
low serum-based (10%v/v) “vitrification” protocol were tested. After primary cryopreservation, tumour take rates
were 38% and 67% using either the vitrification or FCS/DMSO-based cryopreservation protocol, respectively.
Cryopreserved tumour tissue of established PDXs achieved take rates of 67% and 94%, respectively compared
to 91% using fresh PDX tumour tissue. Genotyping analysis showed that no changes in copy number alterations
were introduced by any of the biobanking methods. Our results indicate that both protocols can be used for

4

biobanking of ovarian tumour and PDX tissues. However, FCS/DMSO-based cryopreservation is more successful.
Moreover, primary engraftment of fresh patient-derived tumours in mice followed by freezing tissue of successfully
established PDXs is the preferred way of efficient ovarian cancer PDX biobanking.
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Introduction
Intrinsic and acquired resistance to platinum-based chemotherapy is a major obstacle in the treatment of patients
with epithelial ovarian cancer and more representative experimental models are an important step in improving
bench-to-bedside transition1. Xenografts derived from cell lines have been widely used as a preclinical drug
testing platform, however with accumulating scepticism about their clinical predictive value. The development
of patient-derived xenograft (PDX) models has been of interest for decades, including ovarian cancer based PDX
models2–5. Only recently these models are being fully appreciated for their possible application in pre-clinical
drug testing6. PDX tumours not only accurately phenocopy the patient’s tumour from which they are derived at
histological level7, but also at expression level8–10, mutational status11 and they preserve copy number variants
for multiple generations12,13. Furthermore, PDXs resemble their corresponding patient tumour in terms of biological behaviour with engraftment rates directly correlated with poorer overall survival and increased metastatic
potential3,7,14. Notably, response rates of implanted tumour grafts against various conventional agents as well as
investigational drugs have been reported to correlate with responses of patients15–18.
One of the major issues with PDX models is the varying engraftment rate, with reported latency times varying
between 1 to 10 months19. Therefore, development of a PDX model will take considerable time. Furthermore,
it is recommended to maintain the PDX model at a relatively low passage number (<10) to conserve genetic
and histological integrity of the original tumour11. Besides this, the histological subtypes of ovarian cancer are
not equally represented in ovarian cancer patients, with high-grade serous ovarian cancer being the predominant
subtype among the other three main subtypes, i.e. clear cell, mucinous, and endometrioid and developing a representative model for drug testing will require a large cohort of histological identical patients. Considering all the
aforementioned factors, the need for reliable and suitable preservation methods for ovarian cancer PDX biobanking is indispensable. Such a biobank would ideally serve to store patient material and propagated PDX material
for reimplantion when required. In general, freezing protocols are based upon the usage of fetal calf serum
(FCS) (90-95%) combined with DMSO (5-10%), but not much is known about take rate and growth using this
method. In this study, we present our panel of ovarian cancer PDXs together with two methods to preserve
human ovarian tumour tissues, derived from both patients as well as from their corresponding established PDX
model. We have tested a 95% FCS/5% DMSO protocol as well as a vitrification-based protocol using 10% FCS
and stepwise increasing concentrations of DMSO, propanediol, polyvinylpyrrolidone and ethylene glycol20. We
have carefully analysed both methods in terms of take- and growth rate and resemblance to the parental patient
tumour using immunohistochemistry and copy number alterations.

Results
Patient characteristics and establishment of PDX model
Between April 2011 and December 2014, tumour tissue from 66 advanced stage (III/IV) ovarian cancer patients
was implanted in mice. From these, 45 PDXs were successfully established (take rate 68%) (Table 1 and
Supplementary Table S1). Tumours were collected either during primary surgery (n=28), interval debulking
(n=12), or at relapse (n=5), and were successfully engrafted in mice, as well as stored using vitrification and/
or FCS/DMSO method. The tum
ours that did not engraft (n=21) were obtained from primary surgery in 7 cases and from interval
debulking in 14 cases, suggesting that primary engraftment is more successful when tumour tissue is
not exposed to chemotherapy compared to tumour tissue obtained from interval debulking (p < 0.003).
Furthermore, there was a significantly lower amount of vital tumour cells in pieces that did not engraft
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Table 1. Successfully established primary ovarian cancer PDXs from May 2011 till January 2015
Nr of estabished PDXs

Serous

31

31/43 (72%)

82 (14–270)

7

7/10 (70%)

56 (10–105)

Endometrioid

PDX success rate

Clear cell

3

3/5 (60%)

21 (16–30)

Mucinous

1

1/2 (50%)

17 (15–21)

Mixed phenotype

3

3/6 (50%)

40 (30–60)

Total

4

Latency time in days
Median (range)

Histology

45

45/66 (68%)

43 (10–270)

Table 2. Take rate of fresh implanted primary tumour pieces and implanted tumour pieces after preservation via
vitrification and/or FCS/DMSO for all different PDXs.
PDX number

F1

Mean latency
time in days

F2

Mean latency
time in days

(Histology)
30

Direct propagation

4/6

150 (90-270)

2/2

75 (46-104)

(Serous)

Vitrification

2/6

170 (154-186)

–

–

36

Direct propagation

1/6

115

6/6

30 (19-39)

(Serous)

Vitrification

–

–

3/6

55 (35–58)

FCS/DMSO

–

–

2/2

20

37

Direct propagation

4/6

71 (50–90)

6/6

88 (75–100)

(Serous)

Vitrification

4/6

257 (170–320)

7/9

115 (97–155)

FCS/DMSO

–

–

6/7

60 (35–78)

56

Direct propagation

4/6

71 (40–192)

3/4

60 (55–70)

(Serous)

Vitrification

1/3

220

2/3

90 (80–100)

FCS/DMSO

3/3

140 (80–220)

6/7

40 (25–70)

61

Direct propagation

6/6

40 (30–44)

4/4

15 (7–30)

(Mixed)

Vitrification

1/3

70

1/3

60

FCS/DMSO

3/3

65 (18–160)

3/3

15 (10–20)

Direct propagation

2/6

210 (170–250)

4/4

55 (40–86)

Vitrification

0/3

–

3/3

95 (75–140)

67
(Serous)

FCS/DMSO

0/3

–

3/3

90 (75–115)

84

Direct propagation

2/4

58 (55–62)

2/4

25 (20–30)

(Serous)

FCS/DMSO

–

–

6/6

42 (20–59)

157

Direct propagation

4/4

12 (10-14)

4/4

10 (8–15)

(Endometrioid)

FCS/DMSO

–

–

6/6

25 (14–44)

Abbreviations: FCS – Fetal Calf Serum, DMSO – Dimethyl sulfoxide, F – generation number, PDX – patient-derived xenograft.
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compared to pieces that successfully engrafted (p < 0.01) (Supplementary Figure S1). Moreover, in 60%
of the tumour samples that did not successfully engraft in mice, vital tumour cell percentage was below
10%. In the established PDX group, only 13% of the tumour samples contained less than 10% viable
tumour cells.
For proper cross-verification of ovarian cancer patients, an experienced gynaecologic-oncological pathologist
reviewed histological slides of the tumour to reconfirm the diagnosis. Pathological examination diagnosed highgrade serous adenocarcinoma for 31 cases, endometrioid carcinoma for 7 cases, clear cell carcinoma for 3
cases, mucinous carcinoma in 1 case and a mixed phenotype tumour for 3 cases (Table 1). Median latency
time, defined as time from implantation till first tumour growth was observed, was 43 days but varied between
histology subtypes (Table 1). After reaching a size of at least 1 cm3, tumours were harvested and serially
transplanted in mice to establish further generations, as well as stored using the vitrification and/or FCS/DMSO
method (Figure 1A). After successful establishment in first generation (F1), all tumours showed successful
engraftment in further generations.

Systematic analysis of biobanking methods
To investigate the preservation methods, we analysed 8 ovarian tumours in more depth. In 8 cases, 6 serous
high-grade adenocarcinomas (PDX numbers 30,36,37,56,67,84), 1 endometrioid adenocarcinoma (PDX
number 157) and 1 mixed ovarian tumour consisting of a teratoma with a borderline mucinous component (PDX
number 61), we either thawed primary tumour tissue and/or preserved harvested tumours from successfully
established PDXs to test both preservation methods. Overall take rate for freshly transplanted tumour pieces
in the F1 generation was 27/44 (61%), with tumours from patient numbers 36 and 67 showing growth only
for 1 out of 6 implanted tumour pieces (Table 2). For patient 36 this might be explained by a low amount of
vital tumour cells in the primary tumour (Supplementary Figure S3). Harvested tumours were cut into 6 to 10
pieces for further propagation and storage. PDX tumour tissue from F1, representing each of the 8 patients, was
transplanted in mice as F2 generation using a total of 34 pieces (4-5 pieces per harvested tumour), of which
31 grew (91%) (Supplementary Table S2).
In addition, patient tumour specimens were directly frozen using either the vitrification protocol (n=5 patients)
or the FCS/DMSO protocol (n=3 patients) (Supplementary Table S2). Using the vitrification method on primary
material 4 out of 5 patient samples engrafted successfully, however the overall take rate of implanted tumour
pieces was 38% (8/21 tumour pieces). The FCS/DMSO method was successful for 2 out of 3 patient tumours
and showed an overall take rate of tumour pieces of 67% (6/9 tumour pieces) (Table 2).
After successful expansion of fresh patient tumours as first generation in mice, tumours were also harvested and
stored using the vitrification and/or the FCS/DMSO method. With both methods, subsequent establishment of F2
generations was successful in all cases. Overall tumour piece take rates, however, were significantly better using
the FCS/DMSO protocol when compared to the vitrification protocol, achieving take rates of 32/34 (94%) and
16/24 (67%), respectively (p = 0.011) (Table 2 and Supplementary Table S2).
Latency period till growth varied between 10 to 270 days for primary tumours and 7 to 104 days in F2
generations (Supplementary Table S2). For vitrified primary tumours latency time period of F1 generation varied
from 70 to 320 days, whereas with FCS/DMSO it varied between 18 to 220 days. No statistical differences in
latency time were found between fresh and/or stored tissues probably due to the wide spread of latency time
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Figure 1. Establishment of the ovarian cancer PDX model. (A) Making a single cut in the neck, two pieces were
subcutaneously transferred to and implanted on either side of the flank of 6-12 weeks old female NOD.Cg-Prkdcscid
Il2rgtm1Wjl/SzJ mice. Tumours were measured once or twice a week and after reaching appropriate size, tumours were
harvested for either direct propagation into a further generation or for storage. (B) Tumour growth of fresh implanted tumour
tissue from patient 56 and further propagation of the tumour (green line) into the second generation (red lines). (C) Tumour
growth of stored and subsequently thawed and re-implanted tumour tissue from patient 56. Tumour tissue was either directly
frozen after patients primary surgery (F1) using either the vitrification (green line) or FCS/DMSO (black line) protocol. After
establishment of a PDX, tumour tissue was harvested from the mouse (F2) and frozen using either the vitrification (red
line) or FCS/DMSO (blue line) protocol.

among PDXs. Frozen tissue samples, harvested from already established PDXs in F1 showed a latency period in
F2 ranging from 35 to 155 days for vitrification and 10 to 115 days for FCS/DwMSO (Supplementary Table S2).
Figures 1B and C show representative growth figures for patient 56 for both freshly serial transplanted tumours
and for tumours engrafted after storage using both preservation techniques (Figure 1B, C). After engraftment
of the primary tumour in three mice, with a success rate of 5/6 tumour pieces, the second generation was
established using the right-sided tumour from mouse 2 (green line). The second generation showed a twofold
faster growth rate than the first generation with all mice being sacrificed and all tumours harvested within 100
days after transplantation (Figure 1B).

Immunohistochemistry
Morphology of the primary patients’ tumour and of tumours engrafted in first and second generations were
compared by H&E staining (Figure 2 and Supplementary Figure S2-6C). Figure 2, displaying a representative
series of H&E stainings for patient 56, shows that through increasing generations there was a tendency towards
a more undifferentiated aspect with loss of characteristic histopathological features and increased nuclear atypia
(Figure 2A, B). Stromal infiltration was observed throughout serial transplantation. However, human stroma
in the tumours was replaced by mouse stroma. This is shown by loss of human vimentin staining and gain
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Vimentin
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Figure 2. Immunohistochemistry of patient 56 over several generations [F1 (A) and F2 (B)] and after established growth
after storage using either the vitrification (Vitri) or the FCS/DMSO (FCS) protocol on either primary patient tumour tissue
(F1) or tumour tissue harvested from previous generations (F2). Magnification 10 and for CD31 20x.
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Figure 3. Immunohistochemistry of the ER and PR in representative slides of the primary tumour tissue of patient 56
(Patient), tumour tissue from F2 generation of PDX 56 (F2), and tumour tissue from F2 generation of cryopreserved PDX
56 F1 using either FCS/DMSO (F2:FCS) or vitrification (F2:Vitri). Magnification 10x and 40x.

of expression of mouse vimentin, using two vimentin antibodies raised against human and human/mouse,
respectively (Figure 2A, B). Using a monoclonal rat anti-mouse antibody for CD31, we demonstrated increased
positive mouse CD31 staining of endothelial cells lining the vessel walls of PDX tumour tissue when compared
to the primary tumour, suggesting replacement of human- for mouse vessels. Proliferative rate, as assessed by
Ki67, remained high through generations as well as in tissue engrafted after storage for both vitrification and
FCS/DMSO (Figure 2A, B). Expression of Wilm’s Tumour (WT1), known to be primarily expressed in serous
ovarian cancers, was seen in all serous patients, and absent in patient 61 (data not shown).
The oestrogen receptor (ER) and progesterone receptor (PR) are known to be frequently expressed in serous
ovarian cancer and are also associated with improved survival21. Because of the use of a high percentage of
FCS, we hypothesized that FCS containing growth factors may induce a selection on hormone dependent cancer
cells and/or changes in signalling pathways. Therefore, we compared the expression of ER and PR between the
two storage methods in tumour material from three high-grade serous patients (37, 56 and 67) and one mixed
histology ovarian cancer patient (61). Figure 3 shows the expression of ER and PR in tumour tissue from patient
56, tumour tissue from F2 generation of PDX 56, and tumour tissue from F2 generation of cryopreserved PDX
56 generation F1, using either FCS/DMSO or vitrification (Figure 3). PR expression increased in F2 generations
compared with the primary tumour. Neither of the storage methods influenced the expression levels of ER and
PR (Figure 3). In all 4 PDX models, both consistently positive (37, 56 and 67) or negative (61) ER and PR
staining was observed through generations.

Copy number alteration analysis
We performed a genome-wide single nucleotide polymorphism (SNP) microarray on tumour material from five
independent patients (30, 36, 37, 56 and 84) and their corresponding PDX tumours of different generations
(F1, F2 and F3). Besides these samples, bio-banked tumours of PDX 56 using both freezing methods were also
included for genotyping analysis. After pre-processing and quality control, resulting data were used to calculate
copy number alterations (CNAs) across the entire human genome and were compared among different samples.
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Four samples from PDX 30 and 84 did not pass quality control and were not included for subsequent analysis.
The pattern of CNAs was compared between the primary tumour and different generations of PDX tumours.
Grafted tumours maintained the CNA pattern of the parental patient tumour (Figure 4A and Supplementary
Figure S7). We observed more accumulation of deletion events in the genome of PDX tumours, which seemed
to be enhancements of existing genomic aberrations of the primary tumour specimen (Figure 4A). This could be
due to the influence of enrichment of human tumour cells after implantation since mouse stroma replaced the
human stroma as aforementioned.
Furthermore, we also determined the concordance of CNAs between tumours from patients and their PDXs
(Figure 4B). A marked heterogeneity was observed among tumours from different patients. However, in general,
tumours from the same patient and their established PDXs clustered together. Notably for some PDXs (PDX
36 and 37), genomic consistency was greater among propagated PDX tumours than with the original tumour.
This finding again indicates the presence of human stromal and endothelial components in the original tumour
from patients that are replaced by murine components during serial propagation in mice. Taken together, the
genomic analyses support the notion that ovarian cancer PDX tumours retain their genomic characteristics during
propagation over several generations.
Further, no significant copy number changes occurred in the engrafted tumours after storage using both methods,
compared to freshly propagated tumours (Figure 4C and Supplementary Figure S8A and B). In addition, CNAs
were preserved in tumours and showed significantly high concordance, in either stored directly from the patient
or from established PDX (Figure 4C and Supplementary Figure S8A and B). In conclusion, both biobanking
methods, FCS/DMSO and vitrification, did not affect the genomic characteristics of engrafted PDX tumours.

Discussion
In this study, we presented our extensive panel of 45 ovarian cancer PDXs. Furthermore, we examined two
different methods for preserving and thawing of primary ovarian cancer tumour tissue as well as PDX-derived
tissue from mice. Overall, we achieved a PDX take rate of 68%. After cryopreservation, we achieved tumour
take rates ranging from 38-67% and 67-94% using either a vitrification or FCS/DMSO-based cryopreservation
protocol, respectively.
Several studies, focusing on PDX models in different types of cancer, mention cryopreservation or storage of
frozen tumour material, either fresh or from propagated xenografts7,22–25. However, none of them reported on
take- or growth rates or any other outcome after preservation. One of the early studies describing a method for
cryopreservation of primary tumour tissue was unsuccessful in all primary cases using colorectal, pancreatic
and gastric tumour tissue26. Only after cryopreservation of already xenotransplanted tumours, a success rate of
39% was achieved27. Although not significantly inferior to storage of tumour pieces of established PDXs, we
also observed less efficiency in engraftment of primary frozen patient samples with a longer latency period.
Furthermore, this suggests that successful engraftment of frozen tumour tissue is tumour-type dependent.
Sorio et al. were the first to describe a successful cryopreservation method for storage of primary pancreatic
cancers28. A freezing solution consisting of FBS (30%), DMSO (10%) and RPMI (60%) was used and before
implantation pieces were soaked in matrigel. Remarkably, take rate in cryopreserved tumours was higher compared to freshly implanted tumours. However, overall take rate per implanted tumour sample was only 21% for
cryopreserved tumours, with a reported time of growth of 1-5 months28. Further improvement was obtained
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Figure 4. Copy number analysis of ovarian cancer patient tumours and their matched PDX tumours using genome-wide
SNP array. (A) CNA plots represented the copy number alterations between the primary tumour of patient 56, PDX tumour
after first engraftment (F1) and PDX tumour after 3rd engraftment (F3). Genomic gain is indicated in blue and genomic
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loss is indicated in red over all chromosomes. At top of each comparative CNA plot for each sample, the average genomic
alteration of all three samples is presented in similar manner (blue: amplification and red: loss). Below each CNA plot of
each sample, the bar with colors represents the allelic events (yellow for loss of heterozygosity (LOH); purple for allelic
imbalance). (B) Quantitative CNA concordance analysis of tumours of patients and their corresponding PDXs by hierarchical
clustering. (C) Quantitative CNA concordance analysis of engrafted tumours of patient 56 after preservation using both
methods compared to freshly propagated tumours by hierarchical clustering. Note that the scale bar of the Pearson Value
is different for (B) and (C).

using FCS (90%) with 10% DMSO for cryopreservation of primary clinical colorectal cancer specimens, resulting
in take rates of 71%29, in line with our results.
The alternative method, vitrification, is adapted from reproductive medicine, where cryopreservation of ovarian
tissue, embryos and oocytes is an important field of study20,30,31. Using vitrification, cells are exposed to different
types and concentrations of cryoprotectants in a stepwise manner to avoid extra- and intracellular ice crystals
formation-induced damage, followed by a fast direct freezing in liquid nitrogen30. Till now, this new vitrification
method had not been applied for PDX-derived tumour biobanking or compared with the established FCS-based
freezing method. Although being a more time-consuming technique, vitrification of embryos and oocytes has
become the method of choice in reproductive medicine with successful conception rates in patients32,33.
We have further characterized the fresh and biobanked tumours. We showed that over different generations histological and proliferative characteristics grossly remained comparable. Also, no differences were seen between
the two freezing protocols. Replacement of original tumour stroma by mouse stroma and takeover of mouse
endothelial cells in the vessel lining were seen consistently in all patients after first generation engraftment and
subsequent transplantation or storage. The loss of human vimentin and gain of mouse CD31 suggests stromal
infiltration and takeover of vascularization by the murine host. This has previously been reported in various types
of solid tumours and was shown to occur already in an early phase of engraftment after 4-8 weeks34.
Ovarian cancer is known to express both oestrogen and progesterone receptors21. Hormone receptor status is
dependent on several factors, of which histological subtype is one of them, with the high-grade serous subtype
expressing at least one of the two receptors in 84%21. Stimulation of especially the ER has shown to enhance
ovarian cancer cell proliferation35. Furthermore, it has been reported in breast cancer xenografts that ER status
is an important factor in tumour take rate7,23. Therefore, we wanted to examine whether the stimulating growth
factors in FCS affected ER and PR expression and thus tumour take rate. However, no differences in immunohistochemical ER and PR staining were observed between tumours derived from fresh and stored tumour
tissue, suggesting that neither storage nor the percentage of FCS in the freezing solution influenced the hormone
receptor status of these ovarian cancer PDXs.
It has been well established that there is a high concordance between primary tumour and tumours taken from
various generation of PDXs in term of genomic alterations36,37. However, an accumulation of genomic alterations
in the PDX compared with the patient tumours was also described7,38. The main contributor for these genomic
alterations could be the enrichment of human tumour DNA after loss of human stromal cells during propagation
in mice. A recent whole-genome study of breast cancer patient tumours, PDX tumours and their lymphocytes,
using exome sequencing and RNA-sequencing analysis, showed genomic stability of PDX tumours during serial
transplantation in mice39. In alignment with previous results, we found the same trend of enhancement of
certain genomic aberrations that were predisposed in patient tumour with a lower frequency. Further, the prominent CNA patterns were typically maintained in the engrafted tumours after storage using both protocols when
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compared to freshly propagated tumours. These genotyping results support our immunohistochemically confirmed
phenotypic data of PDXs tumours, which showed no differences in histological and proliferative characteristics
between two freezing protocols.
Ovarian cancer PDX models are nowadays well established and examined for their patients’ mimicking potential10,40,41. The next step will be to use these models for development of patient tailored therapy, either in
pre-clinical drug testing with new targeted drugs or as a model for patients’ personalized therapy decision making36. For logistic purposes and feasibility of these trials, biobanking of tumour tissue will be essential. Currently,
we implant fresh tumour material in F1, after which harvested tumours are stored using the FCS/DMSO method.
By doing this, we reduce loss of precious patient tumor material and maximize the chance of successful establishment of primary patient material as a PDX. Furthermore, since F2 tumours show high take rates, relatively
fast growth along with recapitulating most of histological and genomic features of patient’s tumor, we are able to
largely expand our biobank with high quality reimplantable tumour material. With this protocol as a standard of
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biobanking, we have achieved reproducible reliable take rates for experimental purposes.
In conclusion, we established an extensive panel of 45 ovarian cancer PDXs, reflecting all major histological
subtypes. We show that two protocols containing either high or low FCS can be used for biobanking of ovarian
cancer and PDX tissues. However, the FCS/DMSO-based cryopreservation protocol has been proven to be more
successful with higher tumour tissue take rates. Primary engraftment of fresh patient-derived tumours in mice
followed by freezing of successfully established PDXs is the preferred way of ovarian cancer PDX biobanking.

Methods
Patients and tumour samples
Ovarian cancer specimens were obtained during surgery, before or after 3 cycles of a carboplatin-taxol
chemotherapy regime. Before surgery, all patients gave written informed consent for their tumour samples to be
used for research. Clinicopathological data, obtained during standard treatment and follow-up, were stored in
an anonymous database managed by two dedicated data managers. This study was approved by the medical
ethics committee of the University Medical Centre Groningen and carried out in accordance with the approved
guidelines and regulations.

Establishing of tumour xenografts
Specimens obtained during surgery were transported in transportation media consisting of DMEM containing
10% FCS, 1% penicillin/streptavidin, 2.5 μg/mL Fungizone and 50 μg/mL Gentamycin on room temperature.
Within 5 hours, tumour fragments were cut into pieces of ca. 3x3x3mm using sterile surgical instruments. One
piece was snap-frozen in liquid nitrogen and another piece was formalin-fixed for later histological examination.
Typically, 2 pieces were subcutaneously implanted on both sides of the flank of three 6-12 weeks old female
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (internal breed, Central Animal Facility, University Medical Centre
Groningen). Surgery was performed under sterile conditions in a laminar flow cabinet using sterilized surgical
instruments. A single cut was made in the neck of the animal and two pieces were subcutaneously transferred
to either side of the flank using blunt forceps. Remaining pieces were preserved using vitrification and/or FCS/
DMSO protocol. Mice were kept under pathogen-free conditions in the Central Animal Facility (University Medical
Centre Groningen) and received sterilized food and water ad libitum. All animal experiments were approved by
the Institutional Animal Care and Use Committee of the University of Groningen (Groningen, the Netherlands)
and carried out in accordance with the approved guideline “code of practice: animal experiments in cancer
research”.
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Tumour growth
Upon growth, tumours were measured once or twice a week in two dimensions using a slide vernier calliper.
Tumour volume was calculated using the equation (width2xlength)/2. When tumour size reached > 1 cm3 or
animals reached one of the other endpoints as mentioned in the Dutch Code of Practice for animals experiments
in cancer research (Netherlands Inspectorate for Health Protection, Commodities and Veterinary Public Health,
1999), tumours were harvested and put in transportation media, for either direct propagation into a further
generation or for storage. Latency time, the time till growth was observed, was defined as the time between
implantation and the first moment of measurable tumour (approximately 70 mm3).

Preservation using vitrification and thawing procedure
Primary tumours and tumours harvested from established PDXs were cut into pieces of ca. 3x3x3mm using
sterile surgical instruments in a laminar flow cabinet. Sterile 24-well plates were prepared either containing
1 mL of rinse medium or 1 mL of either vitrification solution 1 or 2 (VS1 or VS2). Another 24-well plate,
containing VS3, was prepared on ice. Constitution of different solutions is shown in Supplementary Table S3. All
solutions were filtered through a sterile 0.2 μm filter. Each tissue fragment was first incubated in rinse medium
at room temperature for 5 minutes. Subsequently, pieces were transferred to VS1 and then to VS2 with an
incubation time of 5 and 10 minutes at room temperature, respectively. Afterwards, pieces were transferred into
VS3 and incubated on ice for 10 minutes. Finally, each piece was transferred into a sterile cryotube, snap-frozen
in liquid nitrogen and then stored in a liquid nitrogen tank.
For thawing, cryotubes were held in a water bath (37°C) until melted. In a laminar flow cabinet, sterile 24-well
plates were prepared with wells containing either 1 mL of thawing solution (TS) 1, 2, 3 or 4 (Supplementary
Table S3). All solutions were filtered through a sterile 0.2 μm filter. Tissue fragments were placed in TS1 for 2
minutes at room temperature. Then pieces were transferred for 5 minutes in TS2, TS3 and TS4, respectively.
Finally, pieces were kept in transportation media at room temperature until implantation.

Preservation using FCS/DMSO and thawing procedure
After harvesting and dissecting, primary tumours and tumours harvested from established PDXs were cut into
pieces of ca. 3x3x3 mm3 using sterile surgical instruments in a laminar flow cabinet. Pieces were transferred into
sterile cryotubes containing 1.5 mL 95%FCS/5% DMSO. Cryotubes were put in a freezing container containing
isopropanol, placed in an -80°C freezer overnight and transferred to liquid nitrogen storage the next day.
For thawing, cryotubes were held in a water bath (37°C) until melted. In a laminar flow cabinet pieces were
dipped into FCS for 2 minutes and were then transferred into transportation media at room temperature until
implantation.

Immunohistochemistry
For immunohistochemistry, 4 mm sections were cut from paraffin-embedded tumour tissue and these sections
were mounted on amino-propyl-ethoxy-silan-coated glass slides. Morphology of tumours was assessed using
staining with haematoxylin and eosin (H&E) and immunohistochemical staining for Ki67, CD31, WT1, Vimentin
(anti human clone, anti- human/mouse), ER and PR. Antigen retrieval methods, primary antibodies and detection methods are presented in Supplementary Table S4. Colon, kidney and tonsil served as positive controls for
vimentin, WT-1 and CD31, respectively. Oestrogen- and progesterone- receptor positive breast cancer served as
positive controls for ER and PR staining. All slides were deparaffinised in xylene. Endogenous peroxidase was
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blocked by incubation with 0.3% hydrogen peroxidase for 30 minutes. Lastly, staining was visualized by DAB
and counterstaining was performed with haematoxylin. ER and PR status was considered positive if at least
1% of tumour nuclei stained positive, according the official cut-off determined by the American Association of
Clinical Oncology (ASCO)42. To obtain more information about the percentage of tumour cells in tumour pieces
implanted, formalin-fixed tumour pieces obtained at the time of surgery of patients, were stained for H&E and
used as a representative for implanted pieces. Percentage of tumour cells was scored using a 10x magnification,
scoring 3 fields of interest, by two independent observers. A mean percentage of tumour cells was calculated
and differences between established and non-established PDXs was calculated using an unpaired two-tailed
Student’s t-test.

DNA Isolation of Patient and PDX tumours
Representative frozen blocks of each patient tumour and their corresponding PDX tumours of different gener-

4

ation, were retrieved for DNA extraction. Histological slides from the frozen tissue were taken for quantifying
amount of vital tumour cells. Frozen sections of 10 um were cut with periodic 4 μm sections for H&E staining.
For some samples, slides were macro-dissected to obtain >85% neoplastic cells. DNA of all samples was
isolated using standard salt-chloroform extraction and isopropanol precipitation. In the end, precipitated DNA
was re-suspended in Tris-EDTA buffer (10 mM Tris; 1 mM EDTA, pH 8.0). Genomic DNA was amplified in a
multiplex PCR according to the BIOMED-2 protocol, to check the DNA’s structural integrity43.

SNP array-based genotyping
Genome-wide single nucleotide polymorphism (SNP) genotyping for 5 independent patients (30, 36, 37 and 56
and 84) along with their corresponding PDX tumours was performed on Illumina HumanOmniExpressExome8R
BeadChip containing over 900,000 markers. Genotypes were called with the standard algorithm provided by
Illumina and implemented in Genome Studio software with Genotyping module. All the samples were passed the
inclusion quality control (QC) criteria including the limit of not >5% of missing genotyping. Additionally, SNPs of
samples derived from the patient and the corresponding PDX tumours were also compared with SNPs of normal
leucocytes of a healthy blood donor. In addition, NSG mouse tail and liver DNA was included on the same SNP
array as technical controls to check the specificity and cross-reactivity of the array. Further advanced analysis
was performed with Nexus Copy numberR software (BioDiscovery) using standard SNPs frequency significance
testing and enrichment analysis to generate CNA profiles. Moreover, quantitative CNA correlative analysis of
patients and corresponding PDXs were performed as described previously44. Briefly, processed array data were
binned into numerical integer value ranging from 1 to 5 for each of the quality controlled passed SNP probes
(n= 906411), where 1 and 2 indicated copy number losses, whereas 4 and 5 were defined as calls for copy
number gains. Subsequently, a copy number call matrix was formed and hierarchical clustering was performed
with the use of Pearson correlation metrics and average linkage to reveal similar clusters. All the computations
and heatmap generation were performed in the R Statistical Environment (R version 3.1.1, R Development Core
Team, foundation for Statistical Computing, Vienna, Austria).

Statistics
All statistical analyses were performed using GraphPad version 5.01 (GraphPad Software, http://www.graphpad.
com). Significance between take rates was compared with the Fisher’s exact test. Differences between established
and non-established PDXs was calculated using an unpaired two-tailed student’s t-test. For all tests, P values
<0.05 were considered statistically significant.
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Supplementary information
Supplementary Table 1. Complete list of established ovarian cancer PDXs including histological subtype,
time of tissue collection and status at last follow-up.
PDX

Histological
subtype

Grade

Stage

Tissue obtained at primary or
interval debulking or at relapse

Status at last follow-up

30

Serous

High

IIIC

Primary

Relapse after 24 months

36

Serous

High

IIIC

Primary

Relapse after 18 months

37

Serous

High

IIIC

Primary

Disease-free at last FU

56

Serous

High

IIIC

Interval

Disease-free at last FU

60

Mucinous

High

IIA

Primary

No response, deceased

61

Mixed

NA

IV

Primary

No response, deceased

67

Serous

High

IIIC

Primary

Disease-free at last FU
Relapse after 26 months

68a

Serous

High

IIC

Primary

68b

Serous

High

NA

Relapse 68a

Re-debulking

70

Serous

High

IIIA

Primary

Disease-free at last FU

79

Serous

Low

IIIC

Primary

No response, deceased

81

Endometrioid

Moderate

IC

Primary

Disease-free at last FU

84

Serous

High

IV

Primary

Disease-free at last FU

112

Endometroid

High

IIIC

Relapse

Disease-free at last FU

130

Serous

High

IIIB

Primary

Disease-free at last FU

137

Serous

High

IV

Interval

Disease-free at last FU

143

Serous

High

IIIC

Interval

No FU

155

Clear cell

NA

IIIC

Primary

No response, deceased

157

Endometrioid

High

IV

Primary

No response, deceased

158

Serous

High

IC

Interval

No FU

160

Serous

High

IV

Primary

Palliative treatment

167

Endometrioid

Low

IV

Interval

Moderate response

169

Serous

High

IIIC

Interval

Relapse after 14 months

171

Serous

High

III

Relapse

Relapse after 37 months

174

Serous

High

IV

Interval

Disease-free at last FU

176

Serous

High

IIIC

Primary

Disease-free at last FU

177

Serous

High

IIC

Primary

Disease-free at last FU

179

Serous

High

IIIC

Interval

No response, deceased

180

Clear cell

NA

IIIC

Interval

No response, deceased

183a

Serous

High

IIIC

Primary

Disease-free at last FU

183b

Serous

High

NA

Relapse 183a

Relapse after 11 months

187

Serous

High

IIIC

Interval

Good response

188

Serous

High

IIIC

Primary

No response, deceased

189

Endometrioid

High

IC

Primary

Disease-free at last FU

191

Mixed

NA

IIIC

Primary

Disease-free at last FU

193

Serous

High

IIIC

Primary

Disease-free at last FU

195

Serous

High

IV

Primary

Disease-free at last FU

200

Serous

High

IIIC

Interval

No response, deceased

202

Serous

Moderate

IIIC

Interval

Good response

203

Serous

High

IIIC

Primary

Disease-free at last FU

207

Serous

High

IIIC

Primary

Disease-free at last FU

208

Endometrioid

Low

IIB

Primary

Disease-free at last FU

225

Mixed

NA

IIIC

Primary

Disease-free at last FU

229

Endometrioid

Low

IC

Relapse

Relapse after 30 months

237

Clear cell

NA

IIIC

Primary

Progressive disease

4

All patients received either neo-adjuvant or adjuvant carboplatin/taxol chemotherapy. Abbreviations: NA=non-applicable, FU=follow-up.
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Supplementary Table 2. Take rate of fresh implanted primary tumour and implanted tumour after
preservation via vitrification and/or FCS/DMSO in 8 selected PDXs.
Generation

F1

Latency time spread

F2

Latency timespread

Fresh propagation

27/44 (61%)

10-270 days

31/34 (91%)

7-104 days

Vitrification

8/21 (38%)

70- 320 days

16/24 (67%)

35-155 days

FCS/DMSO

6/9 (67%)

18-220 days

32/34 (94%)

10-115 days

Take rate tumour pieces (n= tumour pieces):

Established PDX (n= patients):
Fresh propagation

8/8 (100%)

8/8 (100%)

Vitrification

4/5 (80%)

5/5 (100%)

FCS/DMSO

2/3 (67%)

7/7 (100%)

Abbreviations: FCS = Fetal Calf Serum, DMSO = Dimethyl sulfoxide, F = generation number, PDX= patient-derived xenograft.

Supplementary Table 3. Preparation of solutions needed for vitrification and thawing.

4

Vitrification

Rinse medium

VS 1

VS 2

Temperature

Room temp

Room temp

Room temp

VS 3
4°C

HBSS (mL)

18

16.5

15

12

FCS (mL)

2

2

2

2

DMSO (mL)

–

0.5

1

2

Propanediol (mL)

–

0.5

1

2

Ethylene Glycol (mL)

–

0.5

1

2

PVP (g)

–

–

–

2

Time (min)

5

5

10

10

Thawing

TS 1

TS 2

TS 3

TS 4

Temperature

Room temp

Room temp

Room temp

Room temp

HBSS (mL)

10

10

10

9

Sucrose (g)

1.71 (0.5M)

0.86 (0.25M)

0.43 (0.125M)

–

FCS (mL)

–

–

–

1

Time (min)

2

5

5

5

Abbreviations: VS – Vitrification solution, HBSS – Hank’s balanced salt solution , FCS – Fetal Calf Serum, DMSO – Dimethylsulfoxide, PVP –
Polyvinylpyrrolidone, TS – Thawing solution.

Supplementary Table 4. Antibodies used for immunohistochemical staining
Antigen

Antigen retrieval

Company
(catalogue no.)

Dilution

Incubation time

Detection method

Ki67

TRIS/EDTA (pH 9.0)

DAKO (M7240)

1:350

60 minutes 20°C

RAMpo-GARpo

CD31

Citrate (pH 6.0)

Dianova

1:100

60 minutes 20°C

RARbio-StrepHRP

Dako (M3561)

1:100

60 minutes 20°C

RAMpo-GARpo

Santa Cruz

1:150

60 minutes 20°C

RAMpo-GARpo

1:50

o/n 4°C

GARpo-RAGpo

(DIA 310)
WT1

Citrate (pH 6.0)

Vimentin
anti-human

EDTH (pH 8.0)

Vimentin
anti-human/mouse

Citrate (pH 6.0)

ER

TRIS/HCl (pH 9.0)

Ventana (SP1)

NA

60 minutes 20°C

GARbio-StrepHRP

PR

TRIS/HCl (pH 9.0)

Ventana (1E2)

NA

60 minutes 20°C

GARbio-StrepHRP

(sc 6260)
Cell signaling
(D21H3)

Abbreviations: RAMpo – Rabbit- anti-Mouse horseradish peroxidase, GARpo – Goat- anti-Rabbit horseradish peroxidase, RAGpo – Rabbitanti-Goat horseradish peroxidase, RARbio – Rabbit-anti-Rat biotinylated, GARbio – Goat- anti-Rabbit biotinylated, StrepHRP – streptavidin
horseradish peroxidase, o/n – overnight, NA – non applicable.
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Viable tumour cells (%)

80

**

60
40
20
0
Established
PDXs

Failed
PDXs

Supplementary Figure S1. Percentage of tumour cells in H&E’s obtained from representative tumour pieces of PDXs that
either successfully engrafted or failed to engraft. **= p < 0.01.
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Supplementary Figure S2. (A) Tumour growth of fresh implanted tumour tissue from patient 30 and further propagation of
thetumour (green line) into the second generation (red lines). (B) Tumour growth of stored and subsequently thawed and
reimplanted tumour tissue from patient 30. Tumour tissue was directly frozen after patients’ primary surgery (F1) using the
vitrification protocol. (C) Representative H&E staining of patient 30 over several generations (F1 and F2). Magnification 10x.
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Supplementary Figure S3. (A) Tumour growth of fresh implanted tumour tissue from patient 36 and further propagation of
the tumour (green line) into the second generation (red lines). (B) Tumour growth of stored and subsequently thawed and
reimplanted tumour tissue from patient 36. After establishment of a PDX, tumour tissue was harvested from the mouse
(F2) and frozen using either the vitrification (red line) or FCS/DMSO (blue line) protocol. (C) Representative H&E staining
of patient 36 over several generations (F1 and F2). Magnification 10x.
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Supplementary Figure S4. (A) Tumour growth of fresh implanted tumour tissue from patient 37 and further propagation of
the tumour (green line) into the second generation (red lines). (B) Tumour growth of stored and subsequently thawed and
re-implanted tumour tissue from patient 37. Tumour tissue was either directly frozen after patients primary surgery (F1)
using the vitrification (green line) protocol. After establishment of a PDX, tumour tissue was harvested from the mouse
(F2) and frozen using either the vitrification (red line) or FCS/DMSO (blue line) protocol. (C) Representative H&E staining
of patient 37 over several generations (F1 and F2). Magnification 10x and 40x.
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Supplementary Figure S5. (A) Tumour growth of fresh implanted tumour tissue from patient 61 and further propagation of
the tumour (green line) into the second generation (red lines). (B) Tumour growth of stored and subsequently thawed and
re-implanted tumour tissue from patient 61. Tumour tissue was either directly frozen after patients primary surgery (F1)
using either the vitrification (green line) or FCS/DMSO (black line) protocol. After establishment of a PDX, tumour tissue
was harvested from the mouse (F2) and frozen using either the vitrification (red line) or FCS/DMSO (blue line) protocol. (C)
Representative H&E staining of patient 61 over several generations (F1 and F2). Magnification 10x.
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Supplementary Figure S6. (A) Tumour growth of fresh implanted tumour tissue from patient 67 and further propagation of
the tumour (green line) into the second generation (red lines). (B) Tumour growth of stored and subsequently thawed and
re-implanted tumour tissue from patient 67. After establishment of a PDX, tumour tissue was harvested from the mouse
(F2) and frozen using either the vitrification (red line) or FCS/DMSO (blue line) protocol. (C) Representative H&E staining
of patient 67 over several generations (F1 and F2). Magnification 10x.
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Supplementary Figure S7. Copy number alterations (CNAs) analysis of PDX tumors of patient 30 (Suppl. Fig. 6A), 36
(Suppl. Fig. 6B) and 37 (Suppl. Fig. 6C) using genome-wide SNP array. CNA plots represented the copy number alterations
between the primary tumour of the patient, PDX tumour after first engraftment (F1) and PDX tumour after third engraftment
(F3). Genomic gain is indicated in blue and genomic loss is indicated in red over all chromosomes. At top of each
comparative CNA plot for each sample, the average genomic alteration of all three samples is presented in similar manner
(blue: amplification and red: loss). Below each CNA plot of each sample, the bar with colours represents the allelic events
(yellow for loss of heterozygosity (LOH); purple for allelic imbalance)
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Supplementary Figure S8. Copy number analysis (CNA) of PDX tumors of patient 56 using genome-wide SNP array.
ComparativeCNA plots of biobanked PDX tumor by FCS/DMSO and vitrification methods to their corresponding freshly
implanted tumors either from human patients directly (F1) (A), or from serial transplantation from mouse (F3) (B). Genomic
gain is indicated in blue and genomic loss is indicated in red over all chromosomes. At top of each comparative CNA plot
for each sample, the average genomic alteration of all three samples is presented in similar manner (blue: amplification
and red: loss). Below each CNA plot of each sample, the bar with colors represents the allelic events (yellow for loss of
heterozygosity (LOH); purple for allelic imbalance).
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Supplementary Figure S9. Growth curves of 6 of the PDXs in F1 generation, depicted as mean of all growing tumours
combined ± SEM.
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Abstract
Background
In high-grade serous ovarian cancer (HGSOC), intrinsic and/or acquired resistance against platinum-containing
chemotherapy is a major obstacle for successful treatment. A low frequency of somatic mutations, but
frequent epigenetic alterations including DNA methylation in HGSOC tumors, presents the cancer epigenome
as a relevant target for innovative therapy. Patient-derived xenografts (PDXs) supposedly are good preclinical
models for identifying novel drug targets. However, the representativeness of global methylation status of HGSOC
PDXs compared to their original tumors has not been evaluated so far. Aims of this study were to explore how
representative HGSOC PDXs are for their corresponding patient tumors methylome and to evaluate the effect of
epigenetic therapy and cisplatin on putative epigenetically regulated genes and their related pathways in PDXs.

Methods
Genome-wide analysis of the DNA methylome of HGSOC patients with their corresponding PDXs, from different
generations, was performed using Infinium 450K. Further, we analyzed global methylome changes after treatment
of HGSOC PDXs with the FDA approved demethylating agent decitabine and cisplatin. Findings were validated
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by bisulfite pyrosequencing with subsequent pathway analysis. Publicly available datasets comprising HGSOC
patients were used to analyze the prognostic value of the identified genes.

Results
Only 0.6-1.0% of all analyzed CpGs (388,696 CpGs) changed significantly (p<0.01) during propagation
showing that HGSOC PDXs were epigenetically stable. Treatment of F3 PDXs with decitabine caused a significant
reduction in methylation in 10.6% of CpG sites in comparison to untreated PDXs (p<0.01, FDR<10%).
Cisplatin treatment had a marginal effect on the PDX methylome. Pathway analysis of decitabine-treated PDX
tumors revealed several putative epigenetically regulated pathways (e.g. Src family kinase pathway). Particularly,
C-terminal Src kinase (CSK) gene was successfully validated for epigenetic regulation in different PDX models
and ovarian cancer cell lines. Low CSK methylation and high CSK expression were both significantly associated
(p<0.05) with improved progression free survival and overall survival in HGSOC patients.

Conclusion
HGSOC PDXs resemble the global epigenome of patients over many generations and can be modulated by
epigenetic drugs. Novel epigenetically regulated genes such as CSK and related pathways were identified in
HGSOC. Our observations encourage future application of PDXs for cancer epigenome studies.
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Introduction
Ovarian cancer ranks 5th in cancer type in women and is the most lethal gynecologic malignancy1. The most
abundant histological subtype of ovarian cancer, high-grade serous ovarian cancer (HGSOC) is characterized
by mutations in a few genes, mainly TP53 and BRCA1/22. Therefore, changes in the epigenome, like DNA
methylation and histone modifications, may play an important role in the biological behavior of the disease.
Aberrant DNA methylation patterns are universally observed in HGSOC and are known to frequently affect gene
regulation involved in cancer-related processes2–5. Since epigenetic modifications including DNA methylation are
reversible in nature, these epigenetic alterations have emerged as attractive targets for epigenetic therapy for
cancer6,7.
Effective treatment of cancer relies on the identification of key molecular targets of cancer growth and subsequent
development of therapeutic agents against these targets. This in turn mainly depends on preclinical research and
predictive model systems. Recent genomic analyses showed that most commonly used HGSOC cell lines, like
SKOV3 and A2780, are less representative models of HGSOC8,9. Recently, patient-derived xenografts (PDXs) i.e.,
patient tumor tissues transplanted directly into immune-deficient mice have appeared as better representative
preclinical models10. They recapitulate histological type, maintain genomic features and the reminiscent
heterogeneity of corresponding patient’s primary tumors11–13. Furthermore, treatment results of ovarian cancer
PDXs have a good predictive value for standard platinum-based chemotherapy and novel therapeutic agents14–16.
Although several comparative gene expression and mutational studies have been performed for HGSOC PDXs,
comparable studies on the epigenome are not available. Until now, only a few small studies in other tumor
types have compared genome-wide DNA methylation of PDXs with their corresponding solid patient tumors17–19.
In the present study, we first compared genome-wide DNA methylation patterns in different generations of HGSOC
PDXs and their corresponding primary tumors using Infinium 450K methylation arrays. Further, we analyzed
global methylome changes after treatment of HGSOC PDXs with decitabine (DAC), a DNA demethylating agent,
and cisplatin, as platinum-containing chemotherapy is standard of care in first-line treatment of HGSOC. Findings
were validated and pathway analysis was performed.

Methods
PDX establishment and treatment
PDXs were established as described previously12. Briefly, after patients gave informed consent, HGSOC
specimens were obtained at primary debulking surgery (PDX-36 and -37) or at interval surgery (PDX-56).
Clinicopathological features of each patient are mentioned in Additional file 1: Figure S1A. Tumor fragments
were cut into pieces of 3x3x3 mm3 and implanted in 6-12 weeks old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/
SzJ mice (NSG mice, internal breed, Central Animal Facility, University Medical Center Groningen). All animal
experiments were approved by the Institutional Animal Care and Use Committee of the University of Groningen
(Groningen, the Netherlands). Periodic two-dimensional tumor measurement was carried out using a slide vernier
caliper and when the tumor size reached >1 cm3, tumors were harvested and were either directly propagated
into a further generation or snap frozen in liquid nitrogen for storage along with a piece for formalin fixation.
To investigate global DNA methylation changes related to establishment of PDX models from primary HGSOC,
we implanted primary tumors of 3 different HGSOC patients (patient no. 36, 37 and 56) into the flanks of
NSG mice (PDX-36, -37 and -56) and tumors were propagated for up to three generations (F1, F2 and F3)
(Additional file 1: Figure S1B). Histology of primary tumors and PDX tumors were analyzed by an experienced
gynecologic pathologist.
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Mice with F3 PDX tumors were used for treatment. When tumor size reached up to 200 mm3 size, they
were treated with either saline vehicle (n=3), demethylating agent DAC (n=3, 2.5 mg/kg three times/week),
or cisplatin (n=3, 4 mg/kg/week) up to 4 weeks (Additional file 2: Figure S2A). During treatment, mice were
regularly checked for welfare and tumor growth (3 times/week). After completion of treatment, tumors were
harvested, excised into two pieces − one was fixed in formalin, while the other was snap frozen in liquid
nitrogen.

Cell lines culturing
Ovarian cancer cell lines, CaOV3, SKOV3, OVCAR3, PEA1, PEA2, PEO14, PEO23, A2780, C30, Cp70 and
IGROV1 were used for in vitro validation. Media and culture conditions of cell lines are shown in (Additional file
3: Table S1). All cells were grown at 37˚C in a humidified atmosphere with 5% CO2 and were detached with
0.05% trypsin in phosphate-buffered saline (PBS, 0.14 mM NaCl, 2.7 mM KCl, 6.4 mM Na2HPO4, 1.5 mM
KH2PO4, pH=7.4). Authenticity of all cell lines was verified by DNA short tandem repeat analysis (Baseclear,
Leiden, The Netherlands). Cells, at 40-50 percent confluency, were treated with DAC (1 μM) for 72 hours (hrs)
and media was replenished with DAC every day. For cisplatin and carboplatin, cells were treated for 72 hrs
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without any daily media replenishment. After 72 hrs, cells were trypsinized, and processed for RNA and DNA
isolation.

DNA extraction and bisulfite modification
For DNA isolation, representative frozen blocks of each sample or cells were retrieved. Frozen sections of
10 μm were cut with periodic 4 μm sections for hematoxylin and eosin staining to evaluate the vital tumor
cells percentage. DNA of all samples was isolated using standard salt-chloroform extraction and isopropanol
precipitation. At the end, precipitated DNA was resuspended in Tris-EDTA buffer (10 mM Tris; 1 mM EDTA,
pH=8.0). Genomic DNA was amplified in a multiplex PCR according to the BIOMED-2 protocol, to check
structural integrity of DNA. DNA concentrations at A260 were measured using the Nanodrop ND-1000
Spectrophotometer (Thermo Scientific, Waltham, MA, USA). A260/280 ratio of >1.8 was required for all samples.
Subsequently, bisulfite conversion of all samples was done as described before20e.g. DNA methylation markers,
with high sensitivity and specificity are urgently needed to improve current population-based screening on (pre
using EZ DNA methylationTM Kit (Zymo Research, Orange, CA, USA) as per manufactured protocol using one μg
of DNA.

Genome-wide methylation Infinium 450K array (HM450K)
To analyze the methylation status, Infinium HumanMethylation450K (HM450K) platform consisting of 485,512
CpG sites was used. The assay was carried out as described21. In brief, 4 μl of bisulfite-converted DNA
(~150 ng) was used in the whole-genome amplification reaction. After amplification, DNA was fragmented
enzymatically, precipitated and re-suspended in hybridization buffer. All subsequent steps were performed
following the standard Infinium protocol (User Guide part #15019519 A). Fragmented DNA was dispensed
onto the HumanMethylation450 Bead Chips, and hybridization was performed in a hybridization oven for 20
hrs. After hybridization, the array was processed through a primer extension and an immunohistochemistry
staining protocol to allow detection of a single-base extension reaction. Finally, BeadChips were coated and then
imaged on an Illumina iScan. Methylation levels were computed from raw iDAT files using R (R Development
Core Team, R: A Language and Environment for Statistical Computing, R Foundation for Statistical Computing,
Vienna, Austria, URL http://www.R-project.org,2006) with different R-packages including MinFi22 and ChAMP23.
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HM450K data processing
Raw iDAT files were imported using the Bioconductor (http://www. bioconductor.org) suite for R. Methylation
levels, β, were represented according to the following equation:
β = M/(M+U+100)
Where, M represents the signal intensity of the methylated probe and U represents the signal intensity of the
unmethylated probe. Illumina recommends adding the constant 100 to the denominator to regularize β-values
with very low values for both M and U. Probe dye bias was normalized using built-in control probes. Probes
with a detection P-value <0.01 were omitted. Finally, probes from X- and Y-chromosomes, SNP probes and
possible crossed hybridized probes were excluded, leaving 468,665 unique probes. Furthermore, there is a
potential signal contamination by host mouse DNA from human PDX tumor due to stromal and endothelial
cells of murine origin when extracting the tumor. To eliminate these confounders in our methylation analysis,
an additional mouse tail sample was processed on the 450K array and 47,240 probes were removed from the
downstream analysis after passing a detection p-value threshold of 0.01. After probe filtering and removal of
mouse specific probes, normalization was performed using a beta-mixture quantile (BMIQ) normalization method
for correcting Infinium I/II probe type bias in Illumina Infinium 450K data24. Furthermore, we analyzed and
corrected for batch effect using ComBat function of SVA package25. Subsequently, we compared β-values of
remaining 392,317 autosomal CpG probes for further analysis (Additional file 1: Figure S1C and Additional
file 2: Figure S2B). Besides PDX tumors, we also used SKOV3 cells treated with high dose of DAC (1 μM)
for 72 hrs as described in ‘Cell culturing’. Since SKOV3 is one of the most DAC sensitive ovarian cancer cell
lines among others, we used this cell line as a positive control for DAC-induced demethylation effects. The
ultimate goal was to use this data as a filter to screen the DAC-mediated demethylation sensitive genes for
further in vitro validation. Results of genome-wide methylation of SKOV3 were also processed in a similar way
as for PDX tumors. For annotation of probe region, we used UCSC-based annotations in the context of genomic
compartment and CpG islands. Further, an additional biologically relevant probe annotation was applied based
on CpG enrichment, known as ‘HIL’ CpG classes, consisting of high-density CpG island (HC), intermediatedensity CpG island (IC) and non-island (LC). The processed 450 K data was deposited into the Gene Expression
Omnibus under accession number GSE81438.

Bisulfite pyrosequencing
Bisulfite pyrosequencing was performed as described previously26. Briefly, bisulfite treated DNA was amplified
using PyroMark PCR kit (Qiagen, Hilden, Germany). PCR reaction and cycling conditions were according to
the kit manual. All pyrosequencing primers (PCR primers and sequencing primers) were based on the selected
candidate 450K array CpG probe using PyroMark Assay Design software (Qiagen). The amplification protocol was
performed according to Collela et al.27 using a universal primer approach. The biotinylated PCR products were
captured using 1.0 μl streptavidin-coated sepharose high-performance beads (GE Healthcare, Little Chalfont,
UK). The immobilized products were washed with 70% alcohol, denatured with PyroMark denaturation solution
(Qiagen) and washed with PyroMark wash buffer (Qiagen). The purified PCR product was then added to 25 μl
PyroMark annealing buffer (Qiagen) containing 0.3 μM sequencing primers for specific genes (all primers and
their sequences are available on request). Finally, pyrosequencing was performed using the Pyromark Q24 MD
system (Qiagen) according to the manufacturer’s instructions using the PyroGold Q24™ Reagent Kit (Qiagen).
Data was analyzed and quantified with the PyroMark Q24 software version 2.0.6 (Qiagen).
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Total RNA isolation, cDNA synthesis and quantitative RT-PCR
Quantitative reverse transcriptase (qRT)-PCR was performed as described previously28. Total RNA was isolated
from frozen tissue blocks and cell lines similarly as described for DNA extraction. RNA was isolated using
RNeasy mini kit (Qiagen) according to the instructions of the manufacturer. RNA was analyzed quantitatively
using Nanodrop and integrity was checked using electrophoresis on agarose gel. 1 μg of total RNA was used
for cDNA synthesis by a RNase H+ reverse transcriptase using iScript cDNA synthesis kit (BioRad, Hercules,
CA) as per manufacturer’s instructions. qRT-PCR was performed in an ABI PRISM 7900HT Sequence Detector
(Applied Biosystems, Foster City, CA) with the iTaq SYBR Green Supermix with Rox dye (Biorad, Hercules,
CA). Amplification was performed with the following cycling conditions: 5 min at 95°C, and 40 two-step
cycles of 15 sec at 95°C and 25 sec at 60°C. The reactions were analyzed by SDS software (Version 2.4,
Applied Biosystems). The threshold cycles (Ct) were calculated and relative gene expression was analyzed after
normalizing for GAPDH, house-keeping gene. qRT-PCR primers sequences are available on request.

Statistical Analysis
After performing probe filtering, normalization and batch effect correction, we identified the differentially methylated
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CpG sites using Linear Models for Microarray Data (LIMMA) analysis

29

. Since for beta-distributed data like DNA

methylation beta values, the variance is associated with the mean (heteroscedasticity)30, we cannot apply linear
model-based methods without transforming the data properly (logit transformed). Therefore, normalized 450k
probe beta values were converted to M-values using the beta2m function30. The unpaired statistical analysis
was performed using the eBayes function of the Limma package31. The average DNA methylation of bisulfite
pyrosequencing and RNA expression levels were presented as mean ±SD using the GraphPad Prism version
6.04 (GraphPad for Science, San Diego, CA, USA). Statistical significance was calculated by two-way Student’s
t-test and multiple comparisons between different groups were performed by one-way ANOVA with Bonferroni
post-test, unless otherwise mentioned in the respective figure legends. For selection of differentially methylated
CpG sites the cut-off was p<0.01, while other analyses have been stated under the respective figure legends
with appropriate symbolic representation. As a positive control for DAC-induced genome-wide demethylation,
SKOV3 cells showed a higher percentage (39.3%) of CpG sites being demethylated (Additional file 2: Figure
S2B and S2E) in comparison with DAC-treated PDX-36. These DAC sensitive CpG sites from SKOV3 cells were
also used for identification of epigenetically regulated genes and pathways for in vitro validation (Figure 3A).

Cluster analysis
Principal component analysis was performed on BMIQ normalized data. Pre-processed, filtered and normalized
autosomal CpG probes were used for unsupervised clustering of Illumina 450K data. Different clustering
algorithms and number of clusters were investigated extensively, including k-means and hierarchical clustering
approaches using average linkage methodology. Further, supervised clustering analysis was performed on
significant probes after LIMMA analysis on treatment groups using hierarchical clustering with average linkage
method.

Gene ontology analysis:
The functional gene ontology (GO) term enrichment analysis was generated with the DAVID tool

32

. The GO

enrichment analysis was carried out using DAC sensitive genes (n=822) on ‘Homo sapiens’ (H. sapiens) as
species background. We restricted the analysis to the biological process category and selected GO terms with
enrichment (p≤0.01). Data visualization was carried out using REVIGO (http://revigo.irb.hr/index.jsp)33.
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Web-based tools for Networks and Pathway Analysis
WebGestalt (WEB-based GEne SeT AnaLysis Toolkit)34 transcriptomic and proteomic studies. WebGestalt (WEBbased GEne SeT AnaLysis Toolkit was used as the web-based tool for prediction of associated pathway and
gene function using the list of DAC sensitive genes in PDX tumors (n=822). Parameters used for analysis were:
Organism: H. sapiens, Id Type: gene_symbol, Reference Set: Entrez gene, Significance Level: 0.001, Statistics
Test: Hypergeometric, Multiple testing corrections: Bonferroni Hedgehog test, Minimum number of genes for
enrichment: 3 genes. Pathway analyses were performed using KEGG, Wiki pathways and pathways from common
databases. Genes related to pathways found in at least two of the databases were included for final networks
using Gene Multiple Association Network Integration Algorithm (GeneMANIA) (http://www.genemania.org/). This
analysis builds a gene integration network, incorporating physical and predicted interactions, co-localization,
shared pathways, and shared protein domains.

Prognostic evaluation of CSK methylation and expression on clinical data
Methylation data of AOCS study group (http://www.aocstudy.org.) was downloaded from NCBI GEO portal
using GEO accession no. GSE65820 as mentioned in Patch et al.35 (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE65820). The clinical data of patients was downloaded from the ICGC data portal (https://dcc.
icgc.org/). Data was normalized using a beta-mixture quantile (BMIQ) normalization as described previously24a
difficulty associated with these beadarrays is that probes come in two different designs, characterized by
widely different DNA methylation distributions and dynamic range, which may bias downstream analyses. A
key statistical issue is therefore how best to adjust for the two different probe designs.\\n\\nRESULTS: Here
we propose a novel model-based intra-array normalization strategy for 450 k data, called BMIQ (Beta MIxture
Quantile dilation. The CSK methylation probe (cg00516515) identified in the PDX methylation analysis was
used for further analysis. Methylation cut-off for low and high was set based on the median beta value (0.90,
range 0.78-0.96). This resulted in 89 patients (31 high and 58 low methylation) for progression free survival
(PFS) analysis (a proxy for sensitivity to platinum-containing chemotherapy) and 91 patients (32 high and 59
low methylation) for overall survival (OS) analysis using the Cox proportional hazard model.
Prognostic validation of CSK expression level was performed on publicly available datasets obtained from an
online tool36 for genome-wide validation that can be accessed at www.kmplot.com/ovar. This online portal only
contains data from publications that comprise normalized microarray gene expression data, clinical survival
information, and at least 20 patients. For our prognostic analysis, data was derived from analysis using KM
plotter36 in October 2015, in which we selected only advanced stage (III and IV) HGSOC cancer patients who
received platinum therapy. This resulted in 633 patients for PFS analysis and 656 patients for OS analysis using
Cox proportional hazard model with CSK probe (Probe ID: 202329_at). With an expression range of CSK probe
(74-2566), the auto cut-off value of 567 for PFS analysis and 580 for OS analysis was used, based on the
computation of upper and lower quartiles with default settings of portal36.

Results
Genome-wide DNA methylation comparison of HGSOC primary and PDX tumors
Genome-wide DNA methylation of HGSOC primary tumors (F0) and different PDX generations (F1, F2 and F3)
from three patient-derived PDX models (PDX-36, 37 and 56), was studied. We analyzed up to generation F3
because this PDX generation is regarded as being stable and can be used for therapeutic agent testing10,12,37.
Marginal differences were found in mean genome-wide DNA methylation (β value) from primary tumors (F0
= 0.481) to PDX.F3 tumors (F3 = 0.410). This difference can be largely explained by the more abundant
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presence of ‘high methylated sites’ (HMS, β values >0.7) and less ‘partially methylated sites’ (PMS, β values
0.2-0.7) in primary tumors (F0) as compared to PDX tumors (F1, F2 and F3) (Figure 1A and Additional file 1:
Figure S1D). Further, we comparatively analyzed all DNA methylation probes based on genomic compartment
(Figure 1B), CpG context (Figure 1C), CpG island content (Figure 1D), and ‘HIL’ CpG classes (high-density CpG
island (HC), intermediate-density CpG island (IC) and non-island (LC)) based on CpG enrichment38 (Additional
file 1: Figure S1E). Notably, no major methylation changes were found for the mean methylation β value of the
probes at different regions of CpG islands among all samples. Largest differences in methylation levels were
found between promoter regions of F0 primary tumors and F3 PDX tumors and between intragenic regions of
F0 primary tumors and F1 PDX tumors (Figure 1B). Other significant mean methylation differences (p<0.01)
between F0 primary tumors and F1 PDX tumors were found either in CpG island containing probes (Figure 1D)
or probes from the intermediate HIL CpG Class (Additional file 1: Figure S1E), but not in the high HIL CpG
class indicating some non-random effect on methylation of CpG containing probes.
Based on global DNA methylation patterns all PDX tumors were clustered together to their respective PDX
type (PDX-36, 37 and 56), irrespective of their propagated generation (F1, F2 or F3) (Figure 1E). Notably,
unsupervised clustering revealed that the methylation patterns of primary tumors from patient 36 and patient
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37 were more similar to each other than their corresponding PDX tumors as shown by the close hierarchical
clustering between these two tumors (Figure 1E). The reason for such a clustering could be the fact that primary
patient tumors comprise human stromal cells as well.
After analyzing the number of differentially methylated CpG sites among primary tumors and PDX tumors from
F1 to F3, we found only 2604 CpG sites in F1, 4349 sites in F2 and 4606 sites in F3 that were significantly
differentially methylated (p<0.01) in comparison with the F0 primary tumors. These results indicate that only
0.66-1.17% of the 392,317 CpG sites were differentially methylated in primary versus PDX tumors (Figure
1F). Moreover, a very low number of CpG sites, 0.001-0.002% of total CpG sites analyzed, was significantly
differentially methylated (p<0.01) among different generations of PDX tumors (F1 vs. F2 or F2 vs. F3 tumors)
(Figure 1F). Finally, global methylation patterns of all patient tumors and PDXs were verified by bisulfite
pyrosequencing of the global methylation marker ALU-Yb8 (Additional file 1: Figure S1F), showing similar
genome-wide methylation patterns between F0 and F3. In addition, the global methylation patterns of biological
replicates of PDX-36 tumors from generation F3 (n=3) were compared to each other and found to be highly
correlated to each other (r=0.94-0.96, p<0.001) (Additional file 1: Figure S1G). In conclusion, these results
indicate that genome-wide methylation between PDX tumors and their corresponding primary patient tumors
were very similar, with only some small changes found in F1 tumors in specific CpG enriched regions.

Effect of treatment with demethylating agent DAC or cisplatin on the global DNA methylome of PDXs
PDX-36 mice (n=3) were treated with DAC and we observed a profound significant demethylation effect in
genome-wide CpG probes (mean β value) of DAC-treated PDX-36 tumors (DAC = 0.299) as compared to
vehicle-treated tumors (control = 0.342) (Figure 2A). Notably, DAC treatment mainly affected highly methylated
probes (HMS, β>0.7) (Figure 2A and Additional file 2: Figure S2B). Demethylation effects of DAC were
observed at all regions of CpG probes, irrespective of genomic compartment, CpG context and HIL CpG classes
(Figure 2B-D; and Additional file 2: Figure S2C). These results indicate that DAC treatment causes global
demethylation in PDX tumors. Bisulfite pyrosequencing of global DNA methylation surrogate marker ALU Yb8
and LINE-1 confirmed our findings, revealing significant (p<0.01) demethylation of DAC-treated PDX tumor
DNA compared to vehicle-treated PDX tumor DNA (Additional file 2: Figure S2D).
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Figure 1 Distribution of methylated CpG sites in HGSOC primary tumors and their PDX tumor propagated generations. (A)
β-values were grouped every 0.1 increments, and the percentage of probes was represented for each sample type (from
patients F0 to 3rd generation PDXs F3). The mean β-value for each sample type is shown between parentheses. Lowly,
partially and highly methylated sites are indicated as LMS, PMS and HMS. B–D) DNA methylation level of each sample
type according to the genomic compartment (B), CpG context (C) and CpG island content (D). Each bar represents mean
DNA methylation β value ± SD, *p<0.01. E) Unsupervised clustering dendrogram showing the relationship of CpG probes
between all the sample types. (F) Table showing the number of significant CpG sites in comparison with different sample
types and their percentage as compared to total CpG sites analyzed.
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Figure 2. Distribution of methylated CpG sites in HGSOC PDX tumor treated with decitabine (DAC) and cisplatin. (A)
β-values were grouped every 0.1 increments, and the percentage of probes was represented for each treatment group.
The mean β-value for each treatment group is shown between parentheses. Lowly, partially and highly methylated sites
are indicated as LMS, PMS and HMS. B–D) DNA methylation level of each treatment group according to the genomic
compartment (B), CpG context (C) and CpG island content (D). Each bar represents mean DNA methylation β value ±
100

Global DNA methylome profiling of ovarian PDX tumours
SD. Student’s t-test was performed as compared to vehicle treated PDX tumors (F0), *p<0.01. (E) Unsupervised clustering
dendrogram showing the relationship of CpG probes between all the treatment groups. (F) Table showing significant CpG
sites in comparison with different sample types and their percentage as compared to total CpG sites analyzed. (G) Supervised
clustering analysis of significantly changed CpG sites (p<0.01) in PDX-36 treated with DAC as compared to vehicle-treated
controls (n=3 mice in each group).

No major demethylation effect in genome-wide CpG probes (mean β value) of cisplatin-treated PDX 36 tumors
(cisplatin = 0.327) was observed as compared to vehicle-treated PDX 36 tumors (control = 0.342) (Figure 2A
and Additional file 2: Figure S2B). Furthermore, there was no significant difference in mean DNA methylation
between the probes of cisplatin-treated and vehicle-treated PDX tumors at any genomic location irrespective of
CpG context and content (Figure 2B-D; and Additional file 2: Figure S2C). Bisulfite pyrosequencing of global
DNA methylation surrogate marker LINE-1 and ALU Yb8 in PDX tumors confirmed our findings (Additional file
4: Figure S3A and S3B). Furthermore, no significant differences were observed for methylation of LINE-1 and
ALU Yb8 in ovarian cancer cell lines when treated with either cisplatin or carboplatin as compared to untreated
controls (Additional file 4: Figure S3C and S3D). Notably, unsupervised cluster analysis of all CpG sites showed
that PDX tumors clustered together dependent on the treatment used (Figure 2E). This apparently indicates that
DNA methylation patterns are similarly affected per specific therapy.
Methylation analysis at the single CpG probe level revealed approximately 41,491 CpG sites (10.6% of total
CpG sites analyzed) that were significantly differentially methylated (p<0.01) in DAC-treated PDX tumors
compared to control PDX tumors (Figure 2F and Additional file 2: Figure S2E). Supervised clustering analysis of
the significantly (p<0.01) differentially methylated CpG sites (n=41,491 sites) showed that the majority of sites
(97.6%) were demethylated in DAC-treated as compared to vehicle-treated tumors (Figure 2G). Interestingly,
global DNA demethylation of PDX tumors is comparable to the demethylation effect of DAC as observed in
tumor DNA from patients in a recent clinical trial with DAC39 (Additional file 2: Figure S2F). In stark contrast,
only 0.53% of total an alyzed CpG sites, comprising 2088 sites, were significantly differentially methylated
(p<0.01) in cisplatin-treated PDX tumor as compared to vehicle-treated ones (Figure 2F). Of 2088 CpG sites,
61% CpG sites showed hypomethylation and 39% CpG sites showed hypermethylation in cisplatin-treated
tumors in comparison with vehicle-treated ones (Additional file 2: Figure S2G). In conclusion, these results
showed a marginal effect of cisplatin but a strong demethylation effect of DAC in clinically relevant PDX models.

Identification of novel epigenetically-regulated genes and pathways in PDXs
DAC-treated tumors of PDXs showed diminished growth as compared to the control tumors (Additional file
5: Figure S4A), indicating that we used an effective dose of DAC. This observation allowed us to investigate
changes in epigenetically regulated genes and pathways that are related to DAC-induced growth inhibition. To
identify genes that are putatively epigenetically regulated, i.e. DAC-induced demethylation sensitive genes, we
selected those CpG sites that were stable at the methylome level overall propagations (F1, F2 and F3) in all
three PDX models (in total 377,001 CpG sites) (Figure 3A). Of those 377,001 CpG sites, we found 40,769
CpG sites were demethylated in DAC-treated PDX-36 tumors (Additional file 5: Figure S4B). This comparison
resulted in 40,769 CpG sites that were stable over propagated generations and can be modulated by DAC
treatment. Since we would like to validate the identified putative CpG sites functionally using ovarian cancer cell
lines, we compared these PDX tumor based 40,796 CpG sites with the DAC sensitive CpG sites of SKOV3 cells.
This resulted in 1029 CpG sites comprising 822 genes affected by DAC treatment in vivo as well as in vitro
(Figure 3A, Additional file 5: Figure S4C and Additional file 6: Table S2).
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Figure 3. Identification of putative epigenetically regulated key genes and pathways related to ovarian cancer using PDXs
tumors. (A) Systemati c strategy to identify CpG sites of novel putative epigenetically regulated genes. (B) Gene ontology
terms enriched for biological processes using the candidate genes identified in the systematic strategy (n=822). (C) Interactive
functional association network based on predictive gene function and pathways using the same candidate genes (n=822) by
GeneMania (http://www.genemania.org/). Blue threads indicate related pathway connection; orange lines represent predicted
and red lines for physical interactions. (D) Verification of 7 DAC affected genes using bisulfite pyrosequencing. Bar graph
represents mean methylation (%) ± SD of respective genes for different analyzed CpG sites, *p<0.05, **p<0.01.
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To identify the potential biological function of these 822 genes effectively demethylated by DAC treatment, we
first performed gene ontology (GO) based functional enrichment analysis using DAVID

32

. The major biological

process related GO terms were metabolic process, cellular transport, biosynthetic process, mitotic cell cycle,
cell locomotion, transferase activity and post-translational modifications (Figure 3B). Subsequently, pathway
enrichment analysis using KEGG, wiki pathways and pathway common databases revealed several enriched
pathways including mTOR pathway, insulin signaling, cellular metabolic pathway, TGF-beta signaling, Wnt
pathway, cell cycle, Src family kinases signaling, DNA replication and vesicular trafficking pathways (Figure 3C
and Additional file 7: Table S3). We selected seven genes from different pathways for further validation: CSK (Src
family kinase signaling), ADCY6 (metabolic pathway), PRKCζ, AKT1, RAPTOR (insulin and mTOR pathway), SKI
(TGFbeta signaling) and NFATC1 (T-cell stimulation). Five out of these seven genes were successfully validated
by bisulfite pyrosequencing comparing DNA from PDX-36 tumors treated with DAC or vehicle (Figure 3D).

Validation of C-terminal Src Kinase (CSK) as candidate gene for ovarian cancer treatment
Among these five successfully validated genes, we selected C-terminal Src kinase (CSK) gene for further
investigation. Major reasons are the significantly highest demethylation effect on CSK after DAC treatment in
PDX-36 tumors, the relevance of CSK biological function as negative regulator of non-receptor Src family kinases
and the involvement of CSK in many key signaling pathways along with its anti-tumor activity40,41. As expected,
the methylation status of CSK among all PDX generations was stable in all different models using bisulfite
pyrosequencing (Figure 4A). Demethylation of CSK by DAC treatment was confirmed in all three PDX models
with the strongest effect in PDX-36 (Figure 4B). In DAC-treated PDX-36 and -37 tumors, efficient demethylation
of CSK was accompanied by a clear induction of CSK gene expression (Figure 4C).
For further validation, a large panel of ovarian cancer cell lines (n=11) was treated with DAC for three days
and the methylation status of CSK was analyzed using bisulfite pyrosequencing. All cell lines showed high CSK
methylation levels (72-99%), which decreased significantly (p<0.01 – 0.0001) after DAC treatment (Figure
4D). Subsequently, we found significant upregulation of CSK expression levels (p<0.05) in SKOV3, OVCAR3,
PEA1, A2780 and IGROV1 cells (Figure 4E). Moreover, an inverse correlation (r=-0.612, p<0.01) between
methylation and gene expression of CSK was found in the ovarian cancer cell lines (Figure 4F). In summary,
these results showed that CSK is an epigenetically regulated gene with demethylation leading to higher gene
expression, both in ovarian cancer PDX models as well as in cell lines.
Finally, to evaluate the possible clinical significance of CSK methylation, we used a patient database of advanced
stage HGSOC patients (n=91) who were treated with platinum-based chemotherapy and whose tumors were
used to generate genome-wide methylation profiles using 450K Infinium methylation arrays. High methylation
of CSK (β value >0.9) was associated with presumably poor response to platinum-containing chemotherapy
of HGSOC patients as indicated by a shorter PFS (hazard ratio=1.58 (1.060-2.615), p=0.040) and with a
worse OS (hazard ratio=1.55 (1.033-2.567), p=0.007) (Figure 5A-B). The high methylation levels observed
in these HGSOC patients were in agreement with the methylation levels found in the PDX tumors as well as
in the ovarian cancer cell lines panel. To determine the prognostic value of CSK expression in HGSOC, we
used a large patient cohort of advanced stage HGSOC patients (n=651) who were treated with platinum-based
chemotherapy. High expression of CSK (probably resulting from less DNA methylation) was associated with
presumably better response to platinum-containing chemotherapy of HGSOC patients as indicated by a longer
PFS (hazard ratio=0.71 (0.59-0.87), p=0.00073) and with an improved OS (hazard ratio=0.69 (0.55-0.85),
p=0.00052) (Figure 5C-D). This analysis indicates the prognostic value of CSK methylation and expression in
advanced stage HGSOC patients.
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W
Figure 4. Validation of CSK as novel putative epigenetically regulated gene in HGSOC. (A) Bar graph represents mean
methylation (%) ± SD of CSK in patient and F3 generation tumors in three different PDXs. (B) Bar graph displaying mean
methylation (%) ± SD of CSK in F3 generation tumor of 3 different PDXs treated with DAC or vehicle (PDX-36, -37 and
-56, n=3 mice in each group), **p<0.01, ****p<0.0001. (C) CSK mRNA relative expression in F3 generation tumor of
3 different PDXs treated with DAC or vehicle (PDX-36, -37 and -56, n=3 mice in each group) using qRT-PCR. *p<0.05.
(D) Bisulfite pyrosequencing of CSK in a panel of ovarian cancer cell lines (n=11), untreated and treated with DAC (1 μM)
for 72 hrs. Bar graph represents mean methylation (%) ± SD of CSK for 3 analyzed CpG sites, **p<0.01, ***p<0.001,
****p<0.0001. (E) qRT-PCR for CSK mRNA expression in same ovarian cancer cell lines panel, untreated and treated
with DAC (1 μM) for 72 hrs. Bar graph represents relative fold induction ± SD of CSK for three independent experiments,
*p<0.05, **p<0.01. (F) Correlation analysis of methylation and expression of ovarian cancer cell lines (n=11) treated or
untreated with DAC, showing an inverse correlation between methylation and expression.
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Figure 5. Prognostic evaluation of CSK methylation and expression in HGSOC patients. (A-B) Kaplan–Meier plots showing
PFS (A) and OS (B) for the two patient groups defined based on CSK methylation using Cox proportional hazard model
in HGSOC cohorts (n=89 and n=91, respectively). (C-D) Kaplan–Meier plots showing PFS (C) and OS (D) for the two
patient clusters based on CSK expression using Cox proportional hazard model in HGSOC cohorts (n=633 and n=656,
respectively).

Discussion
Our study for the first time shows that HGSOC PDX tumors are epigenetically stable comparing primary tumors
with their subsequent PDX generations. Only 0.66-1.17% of total methylated CpG sites significantly changed in
HGSOC PDX tumors during propagation. While cisplatin treatment did not alter the DNA methylation pattern,
treating these PDX models with DAC significantly reduced tumor growth and was accompanied by significant
changes in methylation of CpG sites. Further validation and subsequent pathway analysis revealed enrichment
of several biological pathways (e.g. Src family kinase pathway) in HGSOC that were affected by DAC treatment.
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Expression of CSK, a negative regulator of non-receptor Src family kinases, is epigenetically regulated and can be
upregulated by DAC treatment in several HGSOC PDXs and cell lines. Moreover, we show that CSK methylation
and expression have prognostic value in HGSOC patients.
There is growing evidence that HGSOC PDX models not only recapitulate the histology of patient tumors but also
maintain the heterogeneity of patient’s tumor to some extent12,13. However, their utility in epigenomics studies
has not been assessed yet. In HGSOC frequent aberrant epigenomic alterations including DNA methylation with
less somatic mutations2microRNA expression, promoter methylation and DNA copy number in 489 high-grade
serous ovarian adenocarcinomas and the DNA sequences of exons from coding genes in 316 of these tumours.
Here we report that high-grade serous ovarian cancer is characterized by TP53 mutations in almost all tumours
(96%, present DNA methylation as a suitable target for future epigenetic cancer therapy. Finding novel and
robust epigenetically regulated genes and pathways warrants suitable preclinical models with better prediction
value for therapeutic targets and therapy response. Cell lines and cell line-based xenografts are known to be more
homogenous models, but with the lack of representative prediction of drug responses42. Moreover, continuous
propagation of cell lines induces many epigenetic changes and HGSOC cell lines, therefore are epigenetically far
from patient tumors43. Until now global DNA methylome analysis has been performed on PDX models of few
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cancer types including head and neck, small cell lung and colon cancer and osteosarcoma17–19. All previously
reported studies were limited by few PDX samples and without propagation-related trans-generational comparison.
So far, only osteosarcoma and colon PDXs have been used to compare the global trans-generational methylation
pattern up to the 2nd generation of PDXs19. In line with our observations, the methylome of osteosarcoma
and colon cancer PDX tumors was very similar to the primary tumor with on average only 2.7% difference
in the assayed CpG sites. In this study, we used only subcutaneously (s.c.) implanted PDX models which do
not provide advantages of orthotopic implanted models for same anatomic microenvironment and resemblance
with the metastatic behavior of tumors in patients10. However, the generation of orthotropic xenografts is more
labor-intensive and expensive, and it requires complex surgery and imaging methods to monitor tumor growth10.
Therefore, we used s.c. implantation methodology with which we not only achieved high take rates, but also
histologically and genomically patient mimicking PDX tumors12. Nevertheless, it would be of interest to compare
the global methylome of s.c. implanted and orthotropic implanted PDX models.
Current knowledge regarding the effect of epigenetic drugs like demethylating agents on DNA methylation patterns
in PDX models is obscure. Our study presents the first result of global effect of demethylating agent DAC on
the methylome of HGSOC PDXs. We observed a global demethylation effect of DAC treatment to all CpG sites
irrespective of their genomic location, with 10.6% significantly demethylated CpG sites. We also verified these
results by a decrease in DNA methylation of the global methylation markers LINE-1 and ALU Yb8. Similar global
demethylation effects (e.g. LINE-1 and ALU Yb8 as well as the total percentage of demethylated CpGs) were also
observed in peripheral blood mononuclear cells (PBMCs), ascites and tumor DNA in platinum-resistant ovarian
cancer patients treated with DAC in a phase II clinical trial39. Many of the significantly demethylated genes in
DAC-treated PDXs in our study were related to cell-cell adhesion, MAPK, mTOR, cytokines and chemokines
related pathways, cell-matrix adhesion, NFKB and other related pathways. Most of these pathways were also
found to be altered in DAC-treated ovarian cancer patients. However, less similarity was observed at the gene
level39,44. Concisely, the effects of DAC on HGSOC PDX models resemble the effect of this agent as observed in
patients. Hence, HGSOC PDX models can be utilized for analyzing the effects of novel epigenetic cancer therapy.
Notably, we observed DAC-induced tumor growth inhibition in all three HGSOC PDX models. Therefore, we focused
on finding the putative genes and/or pathways whose demethylation might be responsible for such tumor growth
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inhibition. Consequently, our search for novel epigenetically regulated key genes and pathways related to DAC
treatment in HGSOC PDXs led to the identification of CSK. CSK has been known for its role as negative regulator
of non-receptor tyrosine Src family kinases including c-Src, c-Fgr, Lyn, c-Yes and others40. CSK phosphorylates
these kinases leading to an inactive conformation of kinases and decreased downstream signaling40,45. CSK has
been found highly expressed in normal organs, while its reduced expression and concomitantly more c-Src activity
was reported in many cancer types including hepatocellular carcinoma and prostate cancer46,47. We found that high
expression as well as low methylation of CSK in advanced stage HGSOC patients was related to better PFS and OS.
Moreover, Src and other Src kinases have been reported to be overexpressed in advanced stage ovarian cancer48,49.
Emerging data are supporting the key role of Src family kinases in many carcinogenesis processes including tumor
growth and metastasis in ovarian and colon cancer50,51. Hence, they are being considered as suitable targets for
ovarian cancer treatment in combination with standard chemotherapy51,52. It has, however, been reported that
selective inhibition of Src in ovarian cancer could lead to an enhanced expression of other Src family kinases and
related pathways53. CSK overexpression actually, causes inhibition of in vivo tumor growth and metastasis in colon
cancer cell lines54. Therefore, it is tempting to speculate that reversion of epigenetically silenced CSK or induction
of CSK expression in ovarian cancer might lead to an adequate suppression of Src family kinases and consequently
less tumor growth. Thus, more in-depth functional validation of CSK is warranted to study how this protein is
involved in chemoresponse and overall survival of ovarian cancer.

Conclusions
In this study, we show that genome-wide DNA methylation in HGSOC PDXs is largely stable during propagation
in mice. The methylome of PDXs can be efficiently affected with the demethylating agent DAC. Using this
model, we have identified novel epigenetically regulated genes, such as CSK, and related pathways. Our results
encourage the application of PDXs for further cancer epigenomics studies.
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Supplementary Information
Supplemental Table S3 Ovarian cancer cell lines and their culture condition used in this medium
Sl.No.

5

Cell line*

Description
Histology and p53 status

Culturing conditions

1

SKOV3

Mixed, p53 -/-

DMEM-High glucose + 10% FCS

2

OVCAR3

HGSOC, p53 -/-

RPMI + 20% FCS

3

PEA-1

HGSOC, p53 -/-

RPMI + 10% FCS+ 1% calcium Pyruvate (2mM)

4

PEA-2

HGSOC, p53 -/-

RPMI + 10% FCS+ 1% calcium Pyruvate (2mM)

5

PEA-14

HGSOC, p53 Mut

RPMI + 10% FCS+ 1% calcium Pyruvate (2mM)

6

PEA-23

HGSOC, p53 Mut

RPMI + 10% FCS+ 1% calcium Pyruvate (2mM)

7

CaOV3

Serous, p53 Mut

DMEM-High glucose + 10% FCS

8

IGROV-1

Mixed, p53 WT

RPMI + 10% FCS+ 1% L-glutamine

9

A2780

Endometroid, p53 WT

RPMI + 10% FCS+ 1% L-glutamine
RPMI + 10% FCS+ 1% L-glutamine

10

C-30

Endometroid, p53 WT

11

Cp70

Endometroid, p53 WT

*
HGSOC
/Mut
WT

110

RPMI + 10% FCS+ 1% L-glutamine

Histology of cell lines is based on Beaufort et al
High grade serous ovarian cancer
Homozygous deletion
Mutation
Wild type

9

Description

cell cycle process

cell division

DNA strand elongation

chromosome organization

cell adhesion

regulation of cell migration

DNA recombination

inflammatory response

chromosome segregation

extracellular matrix organization

response to stimulus

multicellular organismal process

GO Term

GO:0022402

GO:0051301

GO:0022616

GO:0051276

GO:0007155

GO:0030334

GO:0006310

GO:0006954

GO:0007059

GO:0030198

GO:0050896

GO:0032501

0.79%

8.82%

1.50%

0.37%

0.10%

1.84%

0.03%

0.56%

0.34%

0.01%

1.36%

0.53%

Frequency %

6.99

-2.38

5.78

-0.39

-2.96

-5.70

1.11

2.57

5.68

-6.15

3.10

-6.37

Semantic X

-1.84

7.02

3.54

-1.42

-5.74

3.26

-6.64

6.27

2.71

2.63

-3.55

-3.34

Semantic Y

-3.97
-3.54
-3.29
-3.29
-3.18
-3.18

5.96
4.69
5.27
3.89
6.64
5.59

-5.66

5.22
-5.63

-5.97

3.77

-5.43

-6.18

5.83

5.45

-11.11

5.42

4.21

log10 FDR

size

Supplemental Table S7 Regarding GO enrichment and pathway analysis

0.96

0.97

0.78

0.88

0.94

0.86

0.64

0.96

0.72

0.88

0.87

0.69

uniqueness

391

649

71

38

63

59

122

149

83

23

114

283

NB genes
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Figure S1 (A) Clinicopathological features of HGSOC tumors transplanted. (B) Representation of patients and their
corresponding PDX tumor samples used in this study. (C) Schematic presentation of all preprocessing of 450K data of
each sample. (D) DNA methylation level of each sample type according to HIL CpG classes 38 for PDX-36, -37 and -56
for all generation tumors (F0, F1, F2 and F3), p<0.01. (E) Global distribution of 450K methylation probes of the raw
data of PDX-36, -37 and -56 for all generation tumors (F0, F1, F2 and F3). (F) Validation of global methylation using
bisulfite pyrosequencing of ALU-Yb8 in PDXs samples. Each bar represents average methylation (%) ± SD of 5 CpG sites
for ALU-Yb8 in the indicated PDX samples. (G) Correlation heatmap of PDX-36 biological replicates (n=3) of generation
F3 based on their genome-wide CpGs beta-values. Pearson correlation coefficients are mentioned in each heatmap box.
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B

C

5

HIL classes based on CpG density

D
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E

G

Figure S2 (A) Systematic representation of F3 PDX and their treatment schedule. (B) Global distribution of 450K
methylation probes of the raw data of PDX-36, untreated or treated tumor samples. (C) DNA methylation level of each
sample type according to HIL CpG classes38 for PDX-36, untreated or treated tumor samples. *p<0.01. (D) Validation
of global methylation using bisulfite pyrosequencing of ALU-Yb8 and LINE-1 in PDXs samples. Each bar represents
average methylation (%) ± SD of 5 CpG sites for ALU-Yb8 and LINE-1 in the indicated PDX samples and SKOV3
cells. **p<0.001, ****p<0.00001. (E) Table showing significantly changed CpG sites in PDX-36 and SKOV3 cells after
DAC treatment. (F) Comparative analysis of significantly differentially methylated CpG probes (in %) in ovarian cancer
patients 39 and PDX tumors treated with DAC in comparison with untreated counter ones. (G) Supervised clustering
analysis of significantly genome-wide demethylated sites (p<0.01) in PDX-36 treated with cisplatin as compared to
vehicle-treated controls (n=3 mice in each group).
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A

B

C

5

D

Figure S3 (A-B) Validation of global methylation using bisulfite pyrosequencing of LINE-1 (A) and ALU-Yb8 (B) in
PDXs samples treated with either vehicle or cisplatin (4mg/kg/week) for four weeks (n=3 mice per group). Each bar
represents average methylation (%) ± SD of 5 CpG sites for LINE-1 and ALU-Yb8 in the indicated PDX samples. (C-D)
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Effect of cisplatin and carboplatin treatment on global methylation in various ovarian cancer cell lines using bisulfite
pyrosequencing LINE-1 (C) and ALU-Yb8 (D) Each bar represents average methylation (%) ± SD of 5 CpG sites for
LINE-1 and ALU-Yb8 in the indicated cell lines. Each cell line was treated with either cisplatin or carboplatin at indicated
dose for 72 hrs.

A

B

5

C

Figure S4 (A) Graphs showing change in tumor growth (in %) of PDX-36, -37 and -56 during treatment with DAC (2.5
mg/kg, thrice per week) or vehicle for four weeks (n=3 mice per group). (B) Venn diagrams showing a comparative
analysis of significant differentially methylated CpG sites among DAC-treated PDX tumors over samples of all generations.
This analysis revealed 40,769 CpG sites that remained stably methylated over all generations (F0, F1, F2 and F3) and
can be significantly demethylated by DAC treatment. (C) Venn diagrams showing a comparative analysis of significant
differentially methylated CpG sites among DAC-treated PDX tumors over DAC-treated SKOV3 cells CpG sites.
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Abstract
Platinum-based chemotherapy in combination with surgery is the cornerstone of treatment for ovarian cancer.
However, recurrence is common and few additional treatments have been developed, such as PARP inhibitors and
bevacizumab. More treatment strategies in combination with platinum-based chemotherapy are needed. Multiple
wavelength fluorescent molecular imaging allows assessment of several targeted drugs and their behavior during
cisplatin treatment in time. In this study, we applied near-infrared fluorescence (NIRF) dual wavelength imaging
in ovarian cancer patient-derived xenografts (PDXs) established from 10 patients. In vivo kinetics of IRDye800CW labeled human VEGF-A targeted tracer bevacizumab displayed a rapid tracer decline in PDX tumors
24 hours after injection. Co-injected, IRDye-680RD labeled human IGF-1R-targeted tracer MAB391, however,
resided for over 6 days in PDX tumors depending on the IGF-1R positivity. Quantification showed a large
variation in maximum average radiance for both tracers, demonstrating clinically relevant heterogeneity of tracer
uptake between tumors. When compared to vehicle-treated PDXs, elevated levels of both tracers were found in
cisplatin-treated PDXs. Furthermore, a rapid decline of both tracers 24 hours after co-inject`ion was observed in
cisplatin-treated PDX tumors indicating impairment of IGF-1R-mediated tracer trapping. Our findings encourage
future application of NIRF imaging in PDXs and patient tumors to monitor several targets simultaneously, during
drug treatment for developing novel therapeutic strategies.
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Introduction
Platinum-based chemotherapy in combination with surgery is the cornerstone of treatment for ovarian cancer.
However, recurrence is common1 and this warrants the need for new therapeutic approaches. Growth factors and
their receptors are regarded as interesting targets of therapy. Over the last few years many monoclonal antibodies
and small molecules have been developed against these targets2. Ovarian cancers are known to secrete high levels
of VEGF-A, a key factor in tumor angiogenesis. The VEGF-A antibody bevacizumab is currently part of standard
care in combination with platinum-based chemotherapy3,4. Furthermore, ovarian cancers abundantly express
insulin growth factor-1 receptor (IGF-1R), a tyrosine kinase membrane receptor that is involved in carcinogenesis
and metastasis5. IGF-1R-targeting antibodies, for instance AMG-479, and IGF-1R tyrosine kinase inhibitors such
as OSI-906 have been evaluated in clinical trials, either alone or in combination with chemotherapy in ovarian
cancer. Furthermore, both elevated VEGF and IGF-1R levels have been documented to be involved in treatment
response and chemoresistance in ovarian cancer. VEGF plays crucial role in promoting neovasularization thereby
providing nourishment to highly metabolic tumor cells. A level of IGF-1R associated with hyperactivation of the
IGF-IR and phosphatidylinositol-3-OH kinase (PI3K) pathways, which in turn are related to chemoresistance3,5,6.
In comparison to other tumor types such as breast, lung and colorectal cancers, targeted therapies have slowly
found their application in ovarian cancer. The success of many targeted therapies relies, apart from whether the
drug reaches its target, on the expression (level) of these specific growth factors (like VEGF, IGF-1 and EGF) and
their receptors across all tumor lesions in the patient. Furthermore, these expression levels can change during
the course of the disease and during systemic therapy, affecting treatment efficacy. In addition, it has become
evident that treatment with targeted drugs can result in rewiring of cellular signaling due to the upregulation of
compensatory growth receptors, including IGF-1R, and related pathways7. Hence, non-invasive monitoring of
expression levels of multiple growth factors and receptors in clinically relevant tumor models during treatment
would be of great value to get information regarding kinetics of targets in time and subsequently to improve
future treatment strategies. Near-infrared fluorescence (NIRF) molecular imaging is evolving as a promising
superior non-invasive, real-time and high-resolution method for the simultaneous, repeated detection of multiple
molecular targets in tumors using tracers labeled with different fluorescent dyes8. Further, as a result of low
absorption and auto-fluorescence from tissues at NIR wavelength region, NIRF optical imaging has a minimal
tumor to background ratio with improved image sensitivity and tissue penetration ability (up to 2-2.5 cm)9. With
these merits, NIRF optical imaging has found applicators for for subcutaneous tumors in preclinical models10,11,
and for (endoscopic) assessable patient tumors like colon, esophageal, breast and rectal lesions (NCT02113202,
NCT02129933, NCT01508572 and NCT01972373).
Recently, patient-derived xenograft (PDX) models of various solid tumors such as ovarian cancer have been
appreciated for their possible application in pre-clinical drug development12. Compelling evidence shows that
besides phenocopy the PDX models are capable of well preserving the histological features of patient’s tumor
they are derived from and also genomic characteristics such as expression levels, mutational status and copy
number variations.12. However, only a few seminal studies have reported responses of these models to targeted
therapies and their implementation for predictive biomarker discovery for patient’s outcome13,14. Likewise,
potential and utility of PDX models for identifying therapeutic targets using NIRF-based molecular imaging
remains unexplored.
In this study, we therefore combined a clinically implemented tumor targeted NIRF tracer for human VEGF-A
i.e. bevacizumab IRDye-800CW with a pre-clinical human IGF-1R antibody conjugated with IRDye-680RD to
119
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perform a feasibility study using a panel of 10 ovarian cancer PDX models in mice. Dual wavelength NIRF
imaging was repeated for 6 days to relate tracer kinetics to target characteristics, i.e. soluble extracellular
VEGF-A and cell membrane-bound IGF-1R. Obtained imaging results were compared with VEGF-A and IGF-1R
expression levels in the PDXs using immunohistochemistry and Enzyme-linked immunosorbent assay (ELISA).
Since Platinum-based treatment is combined with bevacizumab as first line treatment in ovarian cancer patients4,
Therefore, we determined whether cisplatin treatment induced changes in bevacizumab-800CW kinetics in PDX
tumors, using repeated NIRF imaging, as well as for MAB391-680RD.

Results
Detection of dual wavelength VEGF and IGF-1R tracer signals in ovarian cancer PDX models
Recently, we established and characterized ovarian cancer PDX models15. Clinicopathological data of ten patients
from whom PDX models were derived are described in Table 1. Among the 10 different PDX models, 8 were
established from serous and 2 from endometrioid ovarian cancer patients. Except one endometrioid ovarian
cancer patient, all ovarian cancer patients responded to platinum-based chemotherapy. From F1 to F3, VEGF
and IGF-1R expression of the PDX models was preserved when compared to the original patient tumor (Suppl.
Figure 1).
Feasibility of dual wavelength NIRF imaging of VEGF-A and IGF-1R on the same tumor was first tested in a PDX
model. The anti-VEGF human monoclonal IgG1 antibody bevacizumab was labeled with IRDye-800CW and the

6

anti-IGF-1R mouse monoclonal IgG1 antibody MAB391 with IRDye-680RD. PDX mice received a single dose of
100 μg (~4 mg/kg) of either bevacizumab-800CW or MAB391-680RD or a combined dose of both (100 μg
of each). We found a specific signal at 800 nm in tumors of mice injected with bevacizumab-800CW only and
similarly at 700 nm for mice injected with MAB391-680RD only (Suppl. Figure 2A). Combined injection of the
two tracers resulted in specific signals at their respective wavelength filters in tumors. (Suppl. Figure 2A). These
results were confirmed by the ex vivo analysis of tumor sections using fluorescence macroscopy (Suppl. Figure 2B).
Next, we performed repeated dual wavelength NIRF imaging up to 6 days after co-injection of bevacizumab800CW and MAB391-680RD in PDX models established from 10 different ovarian cancer patients (Figure 1A).
Table 1. Clinicopathological data of PDX used for dual imaging
PDX No.

Surgery

Histology

Stage

Grade

Chemoresponse

30

Primary

Serous

IIIC

High

Responder

36

Primary

Serous

IIIC

High

Responder

37

Primary

Serous

IIIC

High

Responder

56

Interval

Serous

IIIC

High

Responder

68

Primary

Serous

IIC

High

Responder

70

Interval

Serous

IIIA

High

Responder

79

Interval

Serous

IIIC

Low

Responder

81

Primary

Endometrioid

IC

Moderate

Responder

84

Primary

Serous

IV

High

Responder

157

Interval

Endometrioid

IV

High

Non-responder
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Figure 1. Dual wavelength NIRF molecular imaging of VEGF and IGF-1R in multiple ovarian cancer PDXs. (A) Representative
sagittal (2-dimensional) images of ovarian cancer PDX-37 injected with bevacizumab-800CW and MAB391-680RD of 100
μg dose of each and imaged at indicated days. (B) Average signal intensity (p/s/cm2/sr) of both bevacizumab-800CW (beva800CW, left side) and MAB391-680RD (right side) was plotted for 10 different PDXs (3-5 mice for each PDX model) as
indicated by different colors, followed up to 6 days. Each point represents the signal intensity as average radiance ±SD.
Average radiance was corrected for background fluorescence and for auto-fluorescence by subtracting the baseline scan. (C)
Difference in the in vivo kinetics of both tracers was determined by comparing the average signal intensity of day 1 and
day 6 of each PDX. Beva-800CW (left side) showed significant decrease in signal intensities at day 6 while average signal
intensities of MAB391-680RD (right side) were similar at day 1 and 6 except for PDX-56, 70 and 84. Each bar represent
average radiance (p/s/cm2/sr) ±SD of 3-5 mice per PDX model at day 1 (white filled) and day 6 (grey filled). (*p<0.05,
**p<0.01 and ***p<0.001 between day1 and day 6, for respective PDX models)
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Quantification of captured optical fluorescence images showed a background corrected large variation in
maximum average radiance of 2.53 to 23.3x106 p/s/cm2/sr for bevacizumab-800CW and 1.5 to 15.5 x 107
p/s/cm2/sr for MAB391-680RD as determined in the PDX models after 24 hours (Figure 1B). These results
demonstrate the clinically relevant heterogeneity of tracer uptake between tumors. All PDXs showed a significant
decrease in bevacizumab-800CW NIRF signal intensities comparing intensities at 24 hours with day 6 (p<0.05
– 0.0001) (Figure1B and 1C). MAB391-680RD had a longer residence time in tumors with a constant NIRF
signal intensity at 24 hours up to 6 days (Figure1B and 1C). Three PDX models (56, 70, and 84) did not show
this kinetics profile as they had substantial decrease in NIRF signal intensity at day 6 in comparison to day 1
(p<0.01, p< 0.04 and p<0.06, respectively) (Figure 1C).
To determine the specificity of tumor uptake, a corresponding IgG control was injected into different ovarian
cancer PDX models. Tumor uptake of bevacizumab-800CW tracer and human IgG-800CW showed similar
kinetic profiles with maximum uptake after 24 hours, followed by a rapid decrease afterwards (Suppl. Figure 3A
and B). However, remarkable differences (p<0.05-0.01) were found between MAB391-680RD and human IgG680RD. In this case, IgG-680RD followed the kinetic profiles of the IgG-800CW controls, with a rapid decline
in tumor uptake after 24 hours (Suppl. Figure 3A and B). These results indicate that kinetics of IgG antibody
controls follow the tumor kinetics of bevacizumab.

NIRF tracer kinetics and target expression in ovarian cancer PDX models

6

To compare the NIRF signal intensities of both tracers with target expression, we performed VEGF and IGF-1R
immunohistochemistry on PDX tissue (Figure 2A) and also determined levels of total human VEGF and IGF-1R
in total lysates of PDXs using ELISA (Suppl. Figure 4). No correlation was found between the NIRF signal
intensities of bevacizumab-800CW in the tumors and their respective VEGF levels as measured with IHC (r=0.299, p=0.436) or ELISA (r=-0.017, p=0.982). However, VEGF staining scores with ELISA values (r=0.718,
p=0.037) (Suppl. Figure 4B, 4C and 4D). Similarly, NIRF signal intensities of MAB391-680RD were not
related to IHC staining scores (r=-0.494, p=0.144) and ELISA results (r=-0.503, p=0.144) for IGF-1R,
whereas ELISA and IHC results for IGF-1R correlated well (r=0.843, p=0.0037). These results indicate that
the accumulation of the two tracers was not directly related to tumor target protein levels. Remarkably, PDXs
showing deviated MAB391-680RD tracer kinetics were also the PDXs that expressed low to no IGF-1R (PDX56, -70 and -84) (Figure 2A and B). These results indicate that the presence of IGF-1R might play crucial role
in MAB391-680RD tracer kinetics. The intratumoral target levels, however, were not strongly related with the
accumulation of targeted NIRF tracers.

Binding to IGF-1R results in internalization of MAB391-680RD in ovarian cancer cells
To gain more insight in IGF-1R-tracer binding, different human ovarian cancer cell lines expressing either high
(SKOV3, PEA1), low (C30) and minimal or no cellular IGF-1R (OVCAR3 and A2780) (Figure 3A) were used.
The differences in cellular IGF-1R expression were reflected in cell surface expression of IGF-1R (Figure 3B). IGF1R-mediated internalization of MAB391-680RD was also determined. With series of internalization experiments
over different time points, we observed a time dependent internalization of MAB391 bound to IGF-1R (Figure
3C). Within 1 hour, 55%±4% (p<0.01) of MAB391-680RD bound to IGF-1R was internalized in SKOV3 and
OVCAR3 cells (Figure 3C). Thus, antibody-IGF-1R complex trapping of MAB391-680RD, possibly via receptormediated internalization, may explain the differences in in vivo kinetics of MAB391-680RD in IGF-1R positive
versus negative tumors.
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Figure 2. Differential targets (VEGF and IGF-1R) expression and in vivo kinetics of both tracers. (A) Representative
immunohistochemical staining of PDX-37, 56, 68 and 84 depicting VEGF (left side) and IGF-1R expression (right side)
at 20x magnification. Black bars indicate 100 μm. (B) Average signal intensity (p/s/cm2/sr) of both bevacizumab-800CW
(beva-800CW, left side) and MAB391-680RD (right side) was plotted for same 4 PDXs (3-5 mice for each PDX model)
as indicated by different colors, followed up to 6 days. Each point represents the signal intensity as average radiance ±SD
and showing their difference of in vivo kinetics as compare to target expression. (C) VEGF levels determined in whole
tumor lysates of indicated PDXs. Each bar represents the average VEGF protein in picograms corrected for total protein
concentration ±SD.
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monoclonal antibody MAB391 conjugated with NIR dye 680RD (as black line) on IGF-1R negative (A2780), low (C30)
and highly positive (SKOV3) ovarian cancer cell lines using FACS. PE-labelled MAB391 was used as positive control (red
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Monitoring of VEGF and IGF-1R expression during drug treatment
Next, we monitored bevacizumab-800CW and MAB391-680RD kinetics in tumors of ovarian cancer PDXs caused
by cisplatin treatment. Two series of repeated scans were performed, just before and during the second week
of cisplatin treatment, to detect any early treatment effect on tracer kinetics (Suppl. Figure 5). Signal intensity
of both bevacizumab-800CW and MAB391-680RD was higher in cisplatin treated PDX-37 tumors compared
to vehicle treated PDX-37 tumors 24 hours after co-injection of both tracers (Figure 4A and 4B). A similar
induction of VEGF and IGF-1R NIRF signal intensity was detected in cisplatin treated PDX-36 tumors compared
to vehicle treated PDX-36 tumors (Figure 4A and 4B). In the pre-treatment scans, the average radiance signal
bevacizumab-800CW was similar between the cisplatin and control group (Figure 4C) in both PDXs models. The
post-treatment scans showed an increase in bevacizumab-800CW signal intensity with 106%±23.6% (p<0.01)
in cisplatin treated PDX-37 tumors compared to vehicle treated PDX-37 tumors (Figure 4C). Likewise, for
MAB391-680RD average radiance signal was similar for the two groups in the pre-treatment scans, whereas an
increase in MAB391-680RD signal intensity with 150%±28.7% (p<0.01) was observed in the post-treatment
scans of cisplatin treated PDX-37 tumors compared to vehicle treated PDX-37 tumors (Figure 4C). For PDX-36,
we observed a tracer level and kinetics for bevacizumab-800CW and MAB391-680RD in cisplatin treated group
similar to that of PDX-37 (Figure 4C).
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In addition to the increase in NIRF signal intensity, cisplatin treatment also affected MAB391-680RD kinetics in
time but not the kinetics of bevacizumab-800CW in PDX-37 and PDX-36 tumors (Figure4B). Instead of showing
a high, constant NIRF signal intensity over time as observed in vehicle treated controls and in pretreatment
scans of both groups, the MAB391-680RD tracer showed a decrease in signal intensity in cisplatin treated
PDX-37 and PDX-36 tumors after 24 hours of tracer injection (Figure4B). Under these conditions, kinetics
of MAB391-680RD closely resembled the kinetics of bevacizumab-800CW. This change in MAB391-680RD
kinetics was less pronounced in cisplatin treated PDX-36 tumors compared to cisplatin treated PDX-37 tumors
(Figure 4B). This may be related to differences in cisplatin efficacy between PDX-37 and PDX-36 tumors with
the latter being less sensitive (Figure 4D).
Cisplatin-induced changes in bevacizumab-800CW and MAB391-680RD tumor uptake and kinetics in relation
to target levels were investigated in harvested PDX tumors. We found a 10-fold induction (p<0.001) in total
VEGF levels in lysates of cisplatin treated PDX-37 tumors compared to lysates from vehicle treated PDX-37
tumors using a human VEGF-A specific ELISA (Figure 4E). VEGF induction was less pronounced in lysates from
cisplatin treated PDX-36 tumors (Figure 4E). The IGF-1R levels in lysates from cisplatin treated PDX tumors
were either similar (PDX-37) or slightly enhanced (PDX-36) compared to vehicle treated PDX-37 and PDX-36
tumors, respectively (Figure 4E).
In vitro experiments were performed to determine whether cisplatin treatment could affect IGF-1R cell surface
expression or IGF-1R internalization. SKOV3 and OVCAR3 were treated with different doses of cisplatin (2.5

6

μM and 25 μM) for 24 hours. We did not observe any significant differences using flow cytometry in surface
levels of IGF-1R among the cell lines treated with different doses of cisplatin as compared to untreated controls
(Suppl. Figure 6A and B). Likewise, no changes in IGF-1R internalization were observed after cisplatin treatment
(Suppl. Figure 6C).
Finally, ex vivo analysis was carried out using the Odyssey with 700 and 800 nm filters for visualizing
bevacizumab-800CW and MAB391-680RD tracers, respectively, showed distinct tumor uptake of both tracers
in different parts of the tumor (Suppl. Figure 7). Immunohistochemical analysis of ex vivo tumor sections
revealed more necrotic areas in cisplatin-treated PDX-37 tumors compared to control PDX tumors, which was
less distinct in PDX-36 tumors (Suppl. Figure 8A and B). Assessment of the Ki67-proliferation index revealed
a strong reduction in proliferation in PDX-37 tumors compared with PDX-36 tumors after cisplatin treatment
(Suppl. Figure 8A and C).
In conclusion, cisplatin treatment of mice resulted in higher accumulation of bevacizumab in PDX tumors,
which was related to an increase in intratumoral VEGF-A levels. Higher MAB3091 accumulation after cisplatin
treatment was not related to an increase in IGF-1R levels. Kinetics of MAB391, however, drastically changed due
to cisplatin treatment with a rapid decline 48 hours after injection, suggesting a changed interaction between
MAB391 and IGF-1R in cisplatin-treated PDX tumors.

Discussion
In a large set of clinically relevant ovarian cancer PDX models, we successfully monitored differences in tumor
kinetics of NIRF tracers directed against secretory tumor VEGF-A and tumor cell membrane-bound IGF-1R.
Dynamic monitoring of the kinetics of both tracers during cisplatin treatment indicated changes in VEGF-A and
IGF-1R levels in PDX tumors, which reflected responses to treatment. Dual imaging has been performed using
PET in combination with SPECT or NIRF. To our knowledge, however, this is the first study that shows the
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feasibility of dual wavelength NIRF molecular imaging in PDX models in simultaneously studying the kinetics of
two non-radioactive tracers during drug treatment.
Ovarian cancer is known to overexpress pro-angiogenic factors like VEGF-A and pro-survival receptors such
as growth factor receptor IGF-1R16. Analysis of VEGF-A and IGF-1R expression is classically dependent on
immunostaining of tumor biopsies, obtained during primary surgery or interval debulking. Under these
circumstances, in vivo molecular imaging such as NIRF molecular imaging, could be an attractive alternative9,17.
Recently, radiolabeled and 800CW-labeled bevacizumab were compared, indicating that NIRF-labeled
bevacizumab also allows highly specific and sensitive detection of tumor lesions in vivo10. In the current study
we tested the feasibility of bevacizumab-800CW tracer to monitor VEGF expression in ovarian cancer PDX
models established from 10 ovarian cancer patients. We observed a large variation in bevacizumab uptake
between the various ovarian cancer PDX models. The heterogeneity between PDXs established from different
patients illustrates the clinical relevance of PDX models, as similar findings were described for radiolabeled
bevacizumab tumor uptake in metastatic renal cell carcinoma patients18.
Preclinical studies on ovarian cancer xenograft models have shown antitumor activity of bevacizumab19. In
combination with cisplatin additional antitumor activity and prolonged survival was observed in these models19.
Clinical efficacy of this combination has been demonstrated as well. Bevacizumab in combination with
carboplatin and paclitaxel as first line therapy not only has an effect on progression free survival but also on
overall survival in poor prognosis ovarian cancer patients4,20. Till now, no data on bevacizumab tumor uptake in
ovarian cancer patients are available. Recent clinical studies on renal cell cancer and non-small cell lung cancer
patients who were treated with antiangiogenic therapy, alone or in combination, reported high baseline tumor
uptake of radiolabeled bevacizumab and its association with longer time to progression

18,21

. However, the effect

of platinum-based therapy on bevacizumab uptake was not studied. In the current study, we treated ovarian
cancer PDX mice with cisplatin and imaged bevacizumab-CW800 tumor uptake. The enhanced bevacizumab
tumor uptake was related to higher VEGF-A levels in cisplatin-treated PDX tumors. Our results in two different
PDX models are in concordance with previous findings in platinum-treated ovarian cancer cell lines, which
showed that cisplatin treatment induced VEGF expression, both at expression and protein level22,23. The purpose
of our study was to explore bevacizumab tracer uptake, for which we used a low protein dose of bevacizumab.
It would, however, be interesting in future studies to define whether the NIRF imaging of bevacizumb-800CW
can guide drug scheduling of cisplatin and bevacizumab to maximize antitumor efficacy in ovarian PDX models
and later on in patients.
Clinical studies with IGF-1R mAbs showed lack of efficacy, while results with IGF-1R tyrosine kinase inhibitors
are not available yet24. Recently, it has been shown that resistance to targeted drugs against kinases can be
mediated via enhanced activation of other kinases, such as IGF-1R7. Moreover, hyperactivation of the IGF-1R
signaling pathway has been reported as an essential event in platinum-resistance in ovarian cancer6. Hence,
measuring the kinetics of IGF-1R in ovarian cancer may provide insights in cellular responses to drug treatments.
In contrast to bevacizumab-800CW our observations demonstrated a steady high fluorescence intensity of
MAB391-680RD up to 6 days. This may be due to binding to IGF-1R at the cell surface and internalization of
IGF-1R as was demonstrated with in vitro experiments. A study with the humanized anti-IGF-1R antibody AVE1642 labeled with NIRF dye Alexa-680 in the MCF7 breast cancer xenograft model showed similar results with
high detectable fluorescence signal intensity up to 4 days11. Furthermore, we did not observe this stable signal
intensity in IGF-1R negative PDX models neither in the IgG control labeled with 680RD NIRF dye, which further
supported our hypothesis that trapping is due to IGF-1R binding at the cell surface followed by internalization
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of the antibody-receptor complex. In general, these results are in agreement with the previously suggested
mechanisms for tracer uptake based on studies with NIRF labeled antibodies for other targeted receptors, like
the epidermal growth factor receptor (EGFR) and HER225,26. In PDX mice treated with cisplatin, MAB391 tracer
tumor uptake at day 1 was higher compared with vehicle-treated PDX mice (Figure 4B). The increase in signal
intensity could not be explained by a higher cisplatin-induced IGF-1R expression in tumors as demonstrated
with IGF-1R ELISAs (Figure 4D). In fact, in the PDX model with the highest increase in tracer signal intensity no
increase in IGF-1R protein was observed. Furthermore, signal intensity in this PDX model also strongly decayed
over 6 days during cisplatin treatment (Figure 4B). In vitro experiments with ovarian cancer cells showed that
cisplatin treatment does not directly affect IGF-1R cell surface expression or internalization in these cells. The
strong increase in signal intensity is related to the stronger response to cisplatin of PDX-37 tumors, which can
be caused by an increased influx in these tumors due to necrosis. However, to gain more insight in cisplatininduced effects on antibody influx and trapping in PDX tumors further investigations are required.
In summary, this study provides a proof of principle for visualization and modulation of therapeutic targets in
ovarian cancer PDX models using non-invasive NIRF imaging techniques. Moreover, our results demonstrate
the importance of monitoring NIRF real time tracer kinetics combined with ex vivo target detection in tumors
for the interpretation of molecular imaging results. Furthermore, studying real time kinetics of targets could
make it possible to differentiate expression of secreted targets from membrane bound ones. Future studies

6

should now combine functional imaging and genomic stratification of PDX models, which may then lead to
improved translation of (targeted) treatment responses in PDX models to patients27. Due to restricted tissue
penetration ability (2-2.5 cm), NIRF imaging is clinically more suitable for easy assessable and superficial
patient tumors like colon, esophageal, breast and rectal lesions. Currently, NIRF imaging has limited value for
deep-seat, difficult to assess patient tumors like intraperitoneal ovarian cancer for which the PDX model is an
excellent alternative. However, laparoscopy-based fluorescent imaging of ovarian cancer can be envisioned in
the future28,29. Therefore, our findings encourage future application of multiple wavelength NIRF imaging in PDX
models and easy accessible patient tumors to monitor several targets real time during drug treatment for the
development of novel therapeutic strategies.

Methods
Establishment of patient-derived xenograft (PDX)
PDX were established from the primary patient tumor tissue as described previously15. Briefly, tumor tissue
from patient (primary tumor, F0 generation) was cut into pieces of ca. 3x3x3 mm roughly using sterile
surgical instruments. Typically, 2 pieces were subcutaneously implanted on both sides of the flank of 6-12
weeks old female mice, anesthetized with 3% isoflurane. Upon growth, tumors were measured twice a week
in two dimensions using a slide caliper. When tumor size reached >1 cm3 or animals reached one of the other
endpoint, tumors were harvested and propagated into a further generation or processed for storage.

Bevacizumab and IGF-1R antibody MAB391 labeling with IRDye
IRDye-800CW-NHS and IRDye-680RD-NHS (LI-COR Biosciences) was coupled to bevacizumab (Avastin®,
Roche, Welwyn Garden City, UK) and MAB391 (R&D Systems, Inc. Minneapolis, MN), respectively according to
the manufacturer’s protocol (Supplementary methods).
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In vivo dual-wavelength optical fluorescent imaging of PDXs
When F3 generation PDX reached to certain tumor size (100-200 mm3), they (n=3-5 mice per PDX) received
co-injection of both tracers bevacizumab IRDye-800CW and MAB391 IRDye-680RD (both 100 μg/mice)
through optical vein injection under anesthesia. In vivo fluorescence imaging was performed with IVIS Spectrum
(Caliper Life Sciences, Waltham, MA) using filter of 800 nm for IRDye-800CW and 700 nm for IRDye-680RD
with various exposure and F-stop settings. After injection of tracers, mice were scanned 6, 24, 48, 72, 96, and
144 hours. Data was analyzed using Living Image 3.2 software (Caliper Life Sciences) with details mentioned in
supplementary methods.
For treatment experiment, weekly cisplatin treatment [4 mg/kg dose intraperitoneal administration (i.p.)] was
started immediately after completing the 6-day baseline scan sequence and continued for 14 days. On day 9,
a second 6-day scan sequence was initiated after second bevacizumab-800CW and MAB391-680RD injection.
Animals were sacrificed immediately after acquiring the post-treatment scans.

Ex vivo tissue analysis
a)

Fluorescent macroscopic analysis
10 or 4 μm paraffin sections of all NIRF tracers contained PDX tumors were scanned with the LI-COR
Odyssey infrared imaging system (LI-COR Biosciences) at 700 and 800 nm filter.

b)

6

Immunohistochemical staining
For immunohistochemical analysis of patient’s and corresponding tumor tissue from PDXs, 4 mm sections
were mounted on amino-propyl-ethoxy-silane-coated glass slides. Morphology of tumors and tissue viability
were assessed using staining with hematoxylin and eosin (H&E) and proliferation was studied using Ki67
staining. Immunohistochemical staining for VEGF and IGF-1R was performed using appropriate primary
and secondary antibodies (supplementary methods).

Ex vivo VEGF-A and IGF-1R quantification
At the end of 6th day scan of PDX tumors in each experiment, VEGF-A levels in these whole-tumor protein
lysates, were determined with VEGF Quantikine ELISA kit (R&D Systems) and IGF-1R levels were quantified
using human IGF-1R ELISA kit (RayBiotech Inc., Norcross, GA) according to the manufacturer’s instructions
(Supplementary methods).

Statistical analysis
Data were presented as mean ±SD using GraphPad Software (Prism, version 5). In most comparative analysis
between two groups, we performed a paired student’s t-test (p<0.05 was considered significant) (Supplementary
methods).
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Supplementary Methods
Ethics Statement
This study included human subjects and all procedures were approved by the Medical Ethical Committee of
the University Medical Center Groningen (UMCG, the Netherlands). Before surgery, written informed consent
was given by all patients for utilizing the debulked tumor samples for future research purposes. All the animal
experiments were approved by the Institutional Animal Care and Use Committee of the University of Groningen
(Groningen, the Netherlands).
Mice were euthanized when tumor size reached >1 cm3 or animals reached one of the other endpoint mentioned
in the Dutch Code of Practice for animals experiments in cancer research (Netherlands Inspectorate for Health
Protection, Commodities and Veterinary Public Health, 1999).

Patient’s tumor tissue procurement and establishment of patient-derived xenograft (PDX) and
treatment
For PDX establishment, 6-12 weeks old female NOD. Cg-Prkdcscid Il2rgtm1Wjl/Sz mice (home breeding of
Central Animal Facility, UMCG) were used. Mice were kept under pathogen-free conditions in the Central Animal
Facility (UMCG) and received sterilized food and water ad libitum. Ovarian tumor tissue was collected from
patients who were undergoing debulking or interval surgery before or after 3 cycles of a carboplatin-TaxolÒ
chemotherapy regime at the UMCG. Clinicopathological data were obtained during standard treatment and
follow-up, and was stored in an anonymous database managed by two dedicated data managers. Immediately
after surgery (within 1-4 hours), tumor specimens were collected at room temperature in transportation media
consisting of DMEM containing 10% FCS, 1% penicillin/streptavidin, 2.5 μg/mL Fungizone and 50 μg/mL
Gentamycin.
PDX were established from the primary patient tumor tissue as described in Alkema, et al.1. Briefly, tumor
tissue from patient (primary tumor, F0 generation) was cut into pieces of ca. 3×3×3 mm roughly using sterile
surgical instruments. One piece was snap-frozen in liquid nitrogen and another piece was formalin-fixed for later
histological examination. Typically 2 pieces were subcutaneously implanted on both sides of the flank of 6-12
weeks old female mice, anesthetized with 3% isoflurane. Surgery was performed under sterile conditions in a
laminar flow cabinet using sterilized surgical instruments. Remaining pieces were preserved using FCS/DMSO
protocol45. Mice were kept under pathogen-free conditions in the Central Animal Facility (UMCG) as described
above and checked for tumor growth regularly. Upon growth, tumors were measured once or twice a week in
two dimensions using a slide caliper. Tumor volume was calculated using the equation (width2 × length)/2.
When tumor size reached >1 cm3 or animals reached one of the other endpoint, tumors were harvested and
were processed as mentioned above, for direct propagation into a further generation and for storage.
For treatment experiment, 5 mice per group were engrafted with F3 generation tumors subcutaneously in the
flank. After 4-5 weeks of implantation, when the tumor diameter was around 200-300 mm3, a baseline 6-day
IVIS scan sequence was conducted to determine pre-treatment bevacizumab-800CW and MAB391-680RD NIRF
VEGF and IGF-1R tracers uptake (Suppl. Figure 1). Weekly cisplatin treatment [4 mg/kg dose intraperitoneal
administration (i.p.)] was started immediately after completing the baseline scan sequence and continued for 14
days. On day 9, a second 6-day scan sequence was initiated after second bevacizumab-800CW and MAB391680RD injection. Animals were sacrificed immediately after acquiring the post-treatment scans.
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Bevacizumab and IGF-1R antibody MAB391 labeling with IRDye
IRDye-800CW-NHS and IRDye-680RD-NHS (LI-COR Biosciences) was coupled to bevacizumab (Avastin®,
Roche, Welwyn Garden City, UK) and MAB391 (R&D Systems, Inc. Minneapolis, MN), respectively according
to the manufacturer’s protocol. In short, antibodies were reacted with IRDye-800CW and IRDye-680RD at a
molar ratio of 1:4 in PBS (pH=8.5), which was determined as the optimal ratio. The product was purified
by ultra-centrifugation with Vivaspin sample concentrators (GE Healthcare). Labeling efficiency and purity were
determined by size-exclusion high-performance liquid chromatography, with ultraviolet detector wavelengths at
220, 280, and 790 nm. The labeling efficiency obtained was 85%–90% with a labeling ratio of an average
of 3.5 dyes per antibody for IRDye-800CW and 3 dyes per antibody for IRDye-680RD. The binding properties
to VEGF of bevacizumab-800CW were evaluated using a VEGF-coated enzyme-linked immunosorbent assay
(ELISA), as described previously by Nagengast, et al.2. Binding of the fluorescent-labeled MAB391 antibody to
the antigen was measured by in vitro assays as mentioned below.

In vivo dual-wavelength optical fluorescent imaging
Ovarian cancer PDX mice of different patients (n=10) were used for in vivo dual-wavelength fluorescent imaging
when they reached to F3 generations. When PDX reached to certain tumor size (100-200 mm3), they (n=2-5
mice per PDX) received co-injection of both tracers bevacizumab IRDye-800CW and MAB391 IRDye-680RD

6

(both 100 μg/mice) through optical vein injection under anesthesia. In vivo fluorescence imaging was performed
with IVIS Spectrum (Caliper Life Sciences, Waltham, MA). Fluorescence images were retrieved by measuring a
spectrum with excitation wavelength of 675 and 745 nm using filter of 800 nm for IRDye-800CW; 645 and
575 nm with filter of 700 nm for IRDye-680RD with various exposure and F stop settings. At the start of a
scan sequence, a baseline scan image was made before tracers’ co-injection of both tracers. After injection
of tracers, mice were scanned 6, 24, 48, 72, 96 and 144 hours. Data was analyzed using Living Image
3.2 software (Caliper Life Sciences). To determine average radiance from NIRF fluorescence images, the tumor
boundary was set as region of interest (ROI) and average radiance was calculated by the tumor uptake value
corrected by background value within the mouse with a same size ROI. Furthermore, average radiance was and
also corrected for auto fluorescence by subtracting the baseline scan value. The values were represented over
time and were correlated with VEGF and IGF-1R staining of the post-sacrificed tissue on day 6 (144 hours).
Further, kinetics of the two tracers were studied using confocal fluorescence microscopy of ex vivo tissue, also
stained with DAPI for fluorescent nuclear staining. For treatment groups, two series of scans were made, one
before start of the treatment start and another a second series during the last week of treatment starting at day
9 (Suppl. Figure 5).

Ex vivo tissue analysis
a)

Fluorescent macroscopic analysis
Paraffin sections of all NIRF tracers contained PDX tumors were cut either at 10 or 4 μm. Low xylene and
ethanol contained modified protocol was used for deparaffinization. The sections were scanned with the
LI-COR Odyssey infrared imaging system (LI-COR Biosciences) and the intensity of the 700 and 800 nm
infrared signal for each section to make high resolution pictures using the LI-COR Odyssey infrared imaging
system software.
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b)

Immunohistochemical staining
For immunohistochemical analysis of patient’s and corresponding tumor tissue from PDXs, 4 mm sections
were cut from paraffin-embedded tumor blocks and sections were mounted on amino-propyl-ethoxy-silanecoated glass slides. Morphology of tumors and tissue viability were assessed using staining with hematoxylin
and eosin (H&E) and proliferation was studied using Ki67 staining. Immunohistochemical staining for VEGF
and IGF-1R was performed. Slides were deparaffinized in xylene. Heat-induced antigen retrieval method was
used with 0.1 mM Tris/HCl (pH=9.0) for VEGF-A staining and citrate (pH=6.0) for IGF-1R using a 400 W
rotatory microwave for 15 minutes. Endogenous peroxidase was blocked by incubation with 0.3% hydrogen
peroxidase for VEGF-A and 3% hydrogen peroxidase for IGF-1R for 30 minutes. Endogenous avidin/biotin
activity was blocked using a commercially available blocking kit (Vector Laboratories, Burlingame, CA).
Subsequently, slides were incubated with primary antibodies detecting VEGF-A (Santa Cruz, CA, 1:50
dilution, rabbit polyclonal, 1 hr at room temperature) and IGF-1R (Cell Signaling, MA, 1:150 dilution,
rabbit polyclonal, 4°C overnight). Swine anti rabbit HRP-conjugated secondary antibody (DAKO, Glostrup,
Denmark, 1:300 dilution) was used for both stainings for 30 minutes at room temperatures. Staining
was visualized by 3,3’-diaminobenzidine (DAB, Sigma-Aldrich, St. Louis, MO) and counterstaining was
performed with hematoxylin.

Quantification and evaluation of staining was done at 400x magnification using a calibrated grid. Data is
expressed as the percentage of positive cells. The scoring of IGF-1R was performed semi-quantitatively according
to the system used in clinical testing (0, 1, 2 and 3+, which corresponds to no, weak, moderate or strong
staining). Photographs were acquired by digital scanning of slides using the NanoZoomer 2.0 HT multi-slider
scanner (Hamamatsu, Hamamatsu City, Japan). H&E stained slides were analyzed using NanoZoomer Digital
Pathology (NDP) viewer software (Hamamatsu) for calculating the tumor viability.

Ex vivo VEGF-A and IGF-1R quantification
At the end of 6th day scan of PDX tumors in each experiment, mice were sacrificed and tumors were harvested
of which a part is snap frozen for ex vivo analysis. The frozen PDX tumor was cut into 10 μm thick slice using
standard cryostat microtome (Microm HM525 NX Cryostat, Thermo Scientific, Rockford, IL) for making lysates.
Lysate of sliced PDX tumor were made using Mammalian Protein Extraction Reagent (MPER, Thermo Scientific,),
supplemented with protease and phosphatase inhibitor cocktails (Thermo Scientific), and subsequently stored in
aliquots at –20°C. VEGF-A levels in these whole-tumor protein lysates were determined with VEGF Quantikine
ELISA kit (R&D Systems) and IGF-1R levels were quantified using human IGF-1R ELISA kit (RayBiotech. Inc.,
Norcross, GA) according to the manufacture instructions. Total protein content of whole PDX tumors lysates was
determined with Bradford assays (Bio-Rad, Hercules, CA) as per manufacture instructions.

Cell culturing
The human ovarian cancer cell lines A2780, C30 and PEA1 were maintained in RPMI medium (Invitrogen, Life
Technologies, Carlsbad, CA) supplemented with 10% fetal calf serum (FCS, Bodinco, Alkmaar, The Netherlands);
and 1% L-glutamine and 1% sodium pyruvate, respectively. Further, SKOV3 and OVCAR3 cell were cultured in
Dulbecco’s MEM (DMEM, Invitrogen, Life Technologies, Carlsbad, CA) with 10% FCS. All cells were grown at
37°C in a humidified condition with 5% CO2 and for passaging, cells were detached with 0.05% trypsin in
phosphate-buffered saline (PBS, 0.14 mM NaCl, 2.7 mM KCl, 6.4 mM Na2HPO4. 2 H2O, 1.5 mM KH2PO4,
pH=7.4). Authenticity of all cell lines was verified by DNA short tandem repeat analysis (Baseclear, Leiden, The
Netherlands).
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Immunoblotting
Protein level of IGF-1R in OC cell lines was detected by western blotting method as described previously3.
Briefly, exponential growing cells were harvested and lysed in Mammalian Protein Extraction Reagent supplemented with 1% phosphatase and 1% protease inhibitor cocktails (Pierce, Rockford, IL). Subsequently, SDS
sample buffer (4% SDS, 20% glycerol, 0.5 M Tris-HCl, pH=6.8 and 0.002% bromophenol blue) containing 10% 2-β-mercaptoethanol, was added and samples were boiled for 5 mins. Protein concentrations were
determined by Bradford assay (Bio-Rad). Proteins were separated on a SDS-polyacrylamide gel and transferred
to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA). Membranes were blocked with
5% skim milk (Sigma-Aldrich, St. Louis, MO) in Tris-buffered saline (TBS)-0.01% Tween-20 (Sigma-Aldrich).
Immunodetection of IGF-1R was done using rabbit anti-IGF-1 receptor β, (3027, Cell Signalling Technology,
Bioké, Leiden, The Netherlands) and mouse anti-β actin (clone C4, 1:20,000; ICN Biomedicals, Zoetermeer,
The Netherlands). Subsequently, membranes were incubated in respective secondary HRP-conjugated antibodies
(DAKO, Glostrup, Denmark) for 30 minutes. Chemiluminescence was detected with Lumi-light-PLUS (Roche
diagnostics, Hilden, Germany) using a Biorad Bioluminescence device (Biorad, Hercules, Ca), equipped with
Quantity One/ Chemidoc XRX software.

In vitro FACS assay
For quantitative assessment of binding ability of IRDye-680RD conjugated IGF-1R antibody MAB391 to cells,

6

FACS experiments were performed on IGF-1R high (SKOV3), intermediate (C30) and low (A2780) expressing
ovarian cancer cell lines. Cells were trypsinized and re-suspended in FACS buffer (PBS, 1% BSA and 0.1%
sodium azide). Cells were incubated with conjugated MAB391 or IgG controls in FACS buffer for 45 minutes at
4°C. Cells were washed twice and re-suspended with 500 μl FACS buffer. IGF-1R levels on cell surface were
measured using an LSRII flow cytometer (BD Biosciences, San Jose, CA, USA) with a band filter at 700/40 nm
using an excitation laser at 633 nm.
Next, we tested if IRDye-680RD conjugation affects the binding efficiency of the primary IGF-1R monoclonal
antibody MAB391. For this, we incubated high IGF-1R expressing cells (SKOV3 and PEA-1) with MAB391680RD and unlabelled MAB391, followed by incubation with PE-labeled secondary antibody. We found similar
mean fluorescence intensity for MAB391-680RD and unlabelled MAB391 (Suppl. Figure 6D). Therefore, our
results suggest that labeling with IRDye-680RD does not affect the specific binding affinity and corresponding
fluorescence signals.

Statistical analysis
Data were presented as mean ±SD using GraphPad Software (Prism, version 5). In order to identify whether
an experimental group(s) with IRDye-RD680-IGF-1R differed from IRDye-RD680-IgG control, we performed an
unpaired student’s t-tests (p<0.05 was considered significant). For the analysis of pre- and post-treatment scans
by comparing the fluorescence signal intensity, we performed a paired student’s t-test (p<0.05 was considered
significant).
To analyze the correlation of fluorescence signals obtained from the NIRF tracer of IGF-1R and VEGF in PDX
model with immunostaining of matched patient tumor specimen, spearman rank correlation test was applied for
statistical analysis, as a descriptor of the degree of linear association using SPSS (IBM, version 21).
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Supplemental Figure 1. Representative immunohistochemical stainings of several PDXs depicting VEGF and IGF-1R
expression before implantation of the primary tumor and after several propagations in generation F3 at magnification
20X. Black bars indicate 100 μm.

136

Dual wavelength NIRF imaging in ovarian cancer PDXs
A

700nm filter

800nm filter

Beva-800CW
MAB391-680RD

+

+

-

-

+

+

+

-

-

+

-

-

+

+

+

-

-

+

+

+

B
No tracer

Beva-800CW
y
tracer only

MAB391-680RD
tracer only

Beva-800CW
+ MAB391-680RD

800nm filter

700nm filter

6
Merge

Supplemental Figure 2. Testing the feasibility of dual wavelength NIRF tracer imaging in ovarian cancer PDXs.
(A) Representative pictures of mice at day 2 after injection with either bevacizumab-800CW, MAB391-680RD or both using
either a 800 nm filter or 700 nm filter to monitor VEGF and IGF-1R, respectively. (B) Ex vivo analysis of tumor sections
using Odessey system at resolution of 21 μm.
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Supplemental Figure 3. Determining the specificity of tumor uptake using 800CW and 680RD-labeled IgG controls.
(A) Average radiance signal intensity (p/s/cm2/sr) of both bevacizumab-800CW (beva-800CW), MAB391-680RD and both
IgG controls in PDX-37. (B) Average radiance signal intensity (p/s/cm2/sr) of both bevacizumab-800CW (beva-800CW),
MAB391-680RD and both IgG controls in PDX-36. *p<0.05 and ** p<0.01 between MAB391-680RD and IgG-680RD
injected PDX groups at indicated time point.
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Supplemental Figure 4. (A) VEGF-A and IGF-1R levels in all PDXs as determined by ELISA. (B) Correlation analysis of
the VEGF or IGF-1R histological scores of ex vivo PDX tumor sections and average radiance signal intensity (p/s/cm2/sr) of
bevacizumab-800CW (beva-800CW) measured by in vivo NIRF imaging at day 1. (C) Correlation analysis of VEGF-A ELISA
values (as pg/mg of protein) of ex vivo PDX tumors and average radiance signal intensity (p/s/cm2/sr) of bevacizumab-800CW
(beva-800CW) measured by in vivo NIRF imaging at day 1 (D) Correlation analysis of VEGF-A and IGF-1R ELISA values
(as pg/mg of protein) with the VEGF or IGF-1R histological scores of ex vivo PDX tumor sections. Spearman non-parametric
method was applied and spearman r and p-values are indicated.
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Supplemental Figure 5. Systematic representation of study design. Per group, 5 mice were engrafted with F3 generation
PDX tumors subcutaneously in the flank of female NSG mice. Once tumor size reached around 200-300 mm3, a 6-day
IVIS scan sequence was conducted after 100 μg of each tracer injection in same mice to determine pretreatment bevacizumab-800CW and MAB391-680RD tracer uptake. At day 6, a 14 days treatment schedule of 4 mg/kg/daily cisplatin
was started. At day 8 of treatment, a second 6-day IVIS scan sequence was performed. After the last scan on day 14 of
treatment, mice were sacrificed and tumors were harvested.
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Supplemental Figure 6. IGF-1R cell surface expression and IGF-1R internalization in ovarian cancer cells after cisplatin
treatment. (A & B) Basal IGF-1R expression level of SKOV3 cells and OVCAR3 cell after 24 hours treatment of cisplatin with
indicated concentration. Each bar represents the mean florescence intensity (MFI) of least three independent experiments
± SD.

X
(C) The effect of cisplatin drug treatment on IGF-1R-mediated MAB391 internalization in the ovarian cancer cell lines SKOV3
and OVCAR3. Cells were treated with different doses of cisplatin (2.5 μM and 25 μM) for 1 hr and internalization fraction
of IGF-1R was measured using flow cytometry. (D) Binding efficiency of primary IGF-1R monoclonal antibody MAB391
conjugated with NIR dye 680RD. High IGF-1R expressing cells (SKOV3 and PEA-1) were incubated with MAB391-680RD
and unlabeled MAB391, followed by incubation with PE-labelled secondary antibody. Results are depicted as fluorescence
intensity (FI)
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Supplemental Figure 7. Ex vivo analysis of untreated PDXs and PDXs treated with cisplatin by HE staining (black bars
indicate 2 mm) and Odyssey scans at resolution of 21 μm. MAB391-680RD and bevacizumab-800CW tracers were
visualized using 700 and 800 nm filters, respectively using Odessey system.
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Supplemental Figure 8. (A) Representative immunohistochemical images of ex vivo tumor sections of PDX-37 untreated
and treated with cisplatin. (B) Tumor viability of PDX tumors is expressend as the percentage of viable tumor tissue within
the total tumor surface area analyzed. **** p<0.0001 based on student t-test. (C) The proliferative index is expressed
as percentage of ki-67 positive nuclei. Significant differences (**p<0.01) was found between cisplatin treated and vehicle
treated PDX tumors for both model.
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Abstract
One of the major challenges in successful treatment of advanced stage high-grade serous ovarian cancer (HGSOC)
is the development of platinum-based chemotherapy resistance. Identification of key genes that modulate
platinum-response may improve patient selection or result in the development of novel targeted strategies to
overcome platinum resistance. In this study, we applied functional genomic mRNA (FGmRNA) profiling on a large
set of HGSOC patients (n=422, all stage III-IV and treated with platinum-based chemotherapy) to identify genes
that were associated with progression free survival (PFS). Expression of 303 genes was significantly associated
with PFS. Highly expressed genes that were significantly associated with poor PFS included MAD1L1, PRKD1,
SUPT20H, NFKBIB, MMP24-AS1 and IGF-2R. Genes associated with poor PFS were enriched in biological
processes with GO terms cell cycle, chromosome, mitosis, catabolic and microtubule-related processes. Highly
expressed genes like MPPE1, BAG2, NEDD8, CASP2, MRSP11, EVI5, NFX1 and PARP1 were significantly
associated with better PFS. GO terms linked to cell locomotion activity, transmembrane and vesicle-mediated
transport, DNA damage repair and cytoplasmic processes were enriched for genes associated with better PFS.
In conclusion, by applying FGmRNA-profiling, we identified genes associated with PFS (i.e. chemoresponse) and
their related biological processes in a clinically well-defined subset of HGSOC patients treated with platinumbased chemotherapy.
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Introduction
High-grade serous ovarian cancer (HGSOC) patients predominantly present with advanced stage (stage III and
IV) disease. These patients undergo debulking surgery in combination with platinum-based chemotherapy1.
Although the majority of patients respond very well to standard chemotherapy with only 20-30% patients
inherently resistant, 70-90% of responding patients relapse with resistant diseases2,3. Currently, the acquisition
of chemotherapy resistance is one of the major hurdles for the successful treatment of HGSOC patients.
Consequently, HGSOC remains the most lethal gynecological malignancy with a five year survival rate of
25–30%4. Therefore, gaining insight into the mechanisms and factors associated with platinum resistance
would enable us to develop treatment strategies to overcome chemotherapy resistance and improve the clinical
outcome.
Gene expression analyses of ovarian cancers have been performed for more than a decade. Several studies
have been performed to identify the subgroups of ovarian cancer patients regarding different survival pattern
or response to platinum-based chemotherapy5–9. Besides mRNA expression data, multiple genomics-based
data were generated on large HGSOC patient cohorts to integrate expression profile with other genomics data
like somatic copy number alterations (SCNA), DNA methylation and other features10–12. Taking advantage of
publicly available expression datasets, several studies were recently conducted to identify in-silico chemotherapy
response predictive profiles that could be used in the clinic for upfront selection of patients13–15. However, none
of the expression-based prognostic profiles for treatment response of HGSOC patients have yet made their way
to clinic.
HGSOC is a prototypical cancer with a very high degree of genomic instability that is distinguished by aneuploidy
and large burden of SCNAs16,17. These genomic alterations can translate into downstream effects such as
alterations in gene expression levels (activation of a gene or pathway)18. These genomic alterations and their
downstream molecular effects will have a complex impact on the tumor behavior and treatment response. The
recently introduced method of functional genomic mRNA-profiling (FGmRNA-profiling) demonstrated that most
SCNA has an effect on gene expression levels. However, this effect is often very subtle and will commonly be
overshadowed by many other, non-genetic factors (e.g. physiological or experimental factors) that are considered
to be irrelevant for tumor behavior or treatment response19. This could be a possible explanation for the fact
that currently none of the gene expression based profiles could make their way in clinic within the context of
HGSOC. FGmRNA-profiling is capable of correcting gene expression data and allows for an enhanced view of the
downstream effects of SCNAs on gene expression levels in relation to tumor phenotypes.
Defining a response endpoint for patients is a critical parameter to identify genes associated with response to
platinum-based chemotherapy. Assessment of tumor shrinkage, objective response (OR) and time to disease
progression have been considered as major endpoints of any clinical trial for evaluation of HGSOC patients’
response towards platinum-based chemotherapy20. Based on the retrospective analysis of clinical studies in
ovarian cancer, PFS has been considered as a good primary endpoint in the first-line setting where improvement
in PFS is often followed by overall survival (OS) of HGSOC patients21.
In the present study, we applied FGmRNA-profiling on a large expression dataset of clinically well-defined
advanced stage HGSOC patients (n=422) to identify genes associated with PFS. All patients received first-line
platinum-based chemotherapy. Identification of these genes might help to upfront select patients who will benefit
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from platinum-based chemotherapy. Also, these genes and related pathways might guide the development of
novel targeted strategies to overcome platinum resistance.

Material and Methods
Data collection and preprocessing
We collected publicly available raw microarray expression data from two datasets containing tumor samples of
patients with late stage, HGSOC for which PFS data was available in combination with residual disease status
after primary surgery and age at diagnosis. The site of the primary biopsy had to be the ovary. In addition, only
patients were selected that had been treated with platinum-based chemotherapy. Samples had to be hybridized
to the Affymetrix HG-U133A or HG-U133 Plus 2.0 platforms. The first dataset included was the ovarian serous
cystadenocarcinoma set from The Cancer Genome Atlas (TCGA)10. We were able to extract 335 patients with the
aforementioned inclusion criteria (Supp. Table 1). The second dataset included was Australian Ovarian Cancer
Study Group dataset (GSE9899)8 from which we were able to include 87 patients who met the inclusion
criteria (Supp. Table 1). Hence, in total we had 422 HGSOC patients included for the analysis (Table 1). Raw
data CEL files were downloaded from the TCGA data portal (https://tcga-data.nci.nih.gov/) or collected from the
Gene Expression Omnibus (GEO, accession number GSE9899). Pre-processing and aggregation of CEL files was
performed with Affymetrix Power Tools version 1.15.2, using apt-probe set-summarize and applying the robust
multi-array average (RMA) algorithm, using the latest Affymetrix GeneChip Array CDF layout files.

Sample quality control
Principal Component Analysis (PCA) on the sample correlation matrix was used for quality control. The first
principal component (PCqc) of such an expression microarray correlation matrix describes nearly always a

7

constant pattern that dominates the data, explaining around 80–90% of the total variance. This pattern can be

Table 1. Patient characteristics of meta-analysis cohort (n=422)
Characteristic

Category or Measure

n or value

Percentage

Age (years)

Median (range)

58 (30-87)

Overall survival (days)

Median (range)

848 (0-4980)

Median (range)

420 (0-4980)

≤ 180 days

n = 53

181-539 days

n = 205

≥ 540 days

n = 164

IIIA

7

1.7

IIIB

19

4.5

IIIC

341

80.8

IV

55

13.0

Well differentiated

0

0

Moderately differentiated

0

0

Poorly or undifferentiated

422

100

Optimal

295

69.9

Sub-optimal

127

30.1

Platinum-based

422

100

Adjuvant

417

98.8

Neo-adjuvant

5

1.2

Progression free survival (days)

Stage (FIGO)

Grade

Debulking status

Chemotherapy

148

12.6
48.6
38.9
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regarded as probe-specific or platform specific variance, independent of the biological sample hybridized to the
array9,22. The correlation of each individual microarray expression profile with this PCqc can be used to detect
outliers, as arrays of lesser quality will have a lower correlation with the PCqc. All expression profiles showed
high correlation (R>0.8).

Functional genomic mRNA profiling
We developed a method called FGmRNA-profiling that corrects gene expression data (i.e. mRNA expression
data) for major, non-genetic, factors (e.g. physiological, metabolic, cell-type-specific and experimental factors)19.
We observed that the residual gene expression signal (i.e. FGmRNA signal) correlated strongly with SCNAs
in cancer samples. In other words, with FGmRNA-profiling we captured the downstream effect of genomic
alterations at gene expression levels. For a detailed description of FGmRNA-profiling we referred to Fehrmann et
al.19 and generated FGmRNA-profiles for all 422 HGSOC patients.

Association with PFS
To assess the association of the FGmRNA signal of individual genes with PFS, we performed multivariate Cox
regression analyses with time to tumor progression and time to recurrence as outcome variables, and age,
debulking status as covariates (all extracted from TCGA and GSE9899). To minimize false positive or negative
associations due to batch effects present between the two datasets included in this analysis, we calculated
association statistics per dataset. Hazard ratios were combined and p-values were calculated according to the
generic inverse-variance approach with random-effects model23.

Determining genomic regions associated with PFS
We hypothesized that specific genomic regions with SCNAs might be associated with PFS. These associated
genomic regions might contain the genes responsible for platinum resistance. Under this hypothesis genomic
regions should contain genes that show on average more significant association with PFS that one would expect
based on chance. To assess the association of genomic regions with PFS we applied a sliding window approach.
The first step was to calculate the association of each individual gene with PFS as described above. Next, we
sorted all genes (with their p-values) according to their genomic mapping. Subsequently, we applied a sliding
window to the sorted p-values. We set the sliding window to a fixed interval of 1MB base pairs. P-values of genes
that map within this genomic region of 1MB base pairs were grouped into a set. We determined a combined
p-value for this set of genes by applying Liptak trend method to the p-values (z-transformed p-values keeping
intact the direction of association)24. The sliding window proceeded to the neighboring mapping gene until all
genes were at the center of the sliding window once. The sliding window was applied to all chromosomes
separately. This method resulted in a vector where each element described the combined p-values (strength of
association with PFS) for a specific genomic region. To determine the null distribution of this sliding window
approach, we applied a multivariate permutation test [1,000 permutations with a false discovery rate (FDR) of
5% and confidence of 80%]. Per permutation step we randomly assigned a genomic location to each individual
gene and repeated the sliding window approach as described above. This multivariate permutation tests resulted
in a list of significant associated genomic regions that contained no more than 5% false discoveries with a
confidence level of 80%.

Functional annotation analysis of enriched significant genes
We considered an individual gene significantly associated with PFS if the significance level for that gene was
below 0.05 and the gene mapping to a genomic region was significantly associated with PFS as determined by
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the sliding window approach as described above. The DAVID Gene Functional Classification Tool25 (http://david.
abcc.ncifcrf.gov) was performed with only genes significantly associated with PFS as well as with its genomic
region on the selected genes (303 genes) to identify gene ontology biological processes (GOBP) using default
parameters and using all currently functionally annotated known genes for human as reference background.
GOBP terms with a p<0.05 and FDR<0.05 were considered significant for enrichment. The enriched GOBP
terms were clustered using REVIGO26 to depict a representative subset of GOBP categories.

Cytoband analysis of enriched significant genes
The GATHER27 (http://gather.genome.duke.edu) cytoband analysis was only performed with genes that were
significantly associated with PFS as well as with its genomic region (as describe above) to identify the most
significantly PFS-associated genomic location of genes clusters using default parameters of GATHER.

Determining the copy number load index and its association with PFS and individual genes
As mentioned above, we have previously shown that FGmRNA-profiles correlated strongly with SCNAs in cancer
samples19. In this study, we used the FGmRNA-profiles to summarize the total level of SCNAs in a given HGSOC
tumor in a single univariate measure, which we call the CNL-index. To determine the CNL-index per sample,
we first sorted all genes according to their genomic mapping. Subsequently, we applied a sliding window to
the sorted FGmRNA-signals. We set the sliding window to a fixed size of 500K base pairs. Genes that mapped
within this genomic region of 500K base pairs were grouped into a set designated ‘A’. The rest of the genes,
localized elsewhere on the genome, were grouped into a set ‘B’. The functional aneuploidy measure for the given
genomic 500K base pair region is the value of the Student’s t statistic comparing sets A and B. The sliding
window proceeded to the neighboring mapping gene until all genes were at the center of the sliding window

7

once. The sliding window was applied to all chromosomes separately. This method resulted, per individual
sample, in a vector, where each element described the functional aneuploidy measure for a specific genomic
region. The sum of the absolute functional aneuploidy measures (i.e. T-statistics) resulted in the CNL-index. The
association with PFS was determined by multivariate Cox regression as described above. Correlation between
individual genes (FGmRNA signal) and CNL-index was determined according to Spearman Rho.

Results
Functional mRNA genomics profiling associated with chemotherapy response in HGSOC
We performed a genome-wide association study between FGmRNA expression levels and PFS with 422
advanced stage HGSOC patients who received platinum-based chemotherapy (Figure 1A). Out of 22277 probes,
1383 probes (6.2% of total probes), representing 1189 genes were significantly associated (p<0.05) with PFS.
Among these 1383 significant probes, enhanced expression of 591 probes was associated with worse PFS.
Enhanced expression of the other 792 probes was associated with a prolonged PFS (Figure 1B).

Genomic enrichment in relation to chemoresponse in HGSOC
In addition to determining the relation between probe expression and PFS, an alternative approach was used.
We hypothesized that specific genomic regions with SCNAs might be associated with PFS. Under this hypothesis
genomic regions should contain genes that show on average more significant association with PFS than would be
expected based on chance. To assess the association of genomic regions with PFS we applied a sliding window
approach based on the p-values of probes from the FGmRNA profiled data (see M&M for further explanation).
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Genomic mapping

C
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Genomic mapping

D

E

Figure 1. Identification of PFS associated genes in HGSOC patients. (A) Schematic representation of strategy to identify
genes associated with PFS in HGSOC patients (n=422). (B) Manhattan plot of probes over chromosomal regions that were
associated with PFS in FGmRNA profiled expression dataset. (C) Manhattan plot of probes over chromosomal regions that
were associated with PFS after applying genomic region meta-analysis sliding window method. Green dots represent those
probes that passed the cut-off for chromosomal enriched genes based on the FDR (<0.05) with 80% of confidence interval.
(D) Venn diagram showing the common 358 probes obtained after cross-comparison of FGmRNA profiled PFS associated
genes and genomic region enriched genes. (E) Sorted association of highly expressed PFS associated genes with either worse
PFS (upper ones) or better PFS (lower ones).
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Figure 2. Gene Ontology (GO) term enrichment of genes that were significantly associated with PFS in HGSOC patients.
(A) GO terms enriched for genes whose high expression was associated with worse PFS in HGSOC patients. Bars represent
the number of genes and line represents enrichment p-value. (B) GO terms enriched for genes whose high expression was
associated with better PFS. Bars represent the number of genes and line represents enrichment p-value.

This analysis resulted in the identification of over 1500 PFS-associated genomic regions containing 2431 probes
(Figure 1C).
Next, we combined the PFS-associated probes from the genome-wide association analysis as described above
(1383 probes) with the probes found in the PFS-associated genomic regions (2431 probes). This analysis
revealed 358 overlapping probes, representing 303 unique genes that were significantly associated with PFS
(p<0.05) in HGSOC patients (Figure 1D). Among these 303 genes, enhanced expression of 113 genes (37.3%)
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was associated with worse PFS, whereas enhanced expression of the other 190 genes (62.7%) was associated
with better PFS (Figure 1E).
To gain insight into the chromosomal location that significantly associated with PFS, we performed cytoband
analysis by GATHER using the 303 individual PFS associated genes27. Enrichment of the 113 genes associated
with worse PFS was found on chromosomal location Chr5.q31, Chr7.p22, Chr16.p13, Chr17.q11 and Chr19.
p13 (Table 2A), whereas enrichment of the 190 genes associated with better PFS was found on chromosomal
location Chr1.p22, Chr9.q34, Chr14.q21, Chr15.q25 and Chr18.p11 (Table 2B).

Biological process annotation of chemoresponse associated genes
The 303 genes were ranked based on their association with PFS. The top significant genes were MAD1L1,
PRKD1, SUPT20H, NFKBIB, MMP24-AS1 and IGF-2R, which were associated with poor PFS (Z score ≥3.5;
Figure 1E). MPPE1, BAG2, NEDD8, CASP2, MRSP11, EVI5, NFX1 and PARP1 were at the bottom of 303
genes list and were the most significant genes associated with better PFS (Z score ≤ -3.5; Figure 1E).
To gain more insight into the biological relevance of the 113 genes related with worse PFS, gene ontology (GO)
enrichment was performed by DAVID25. GO terms enriched for these genes were chromosomes, cell-cycle related,
RNA and macromolecule catabolic process; microtubule-related processes (Figure 2A and Table 3A). GO terms
that enriched for the 190 genes associated with better PFS were cell leading edge, cytosol, hydrolase activity,
protein metabolism, negative regulation of DNA damage stimuli, phagocytosis and vacuole transportation, and
cytoplasmic vesicles (Figure 2B and Table 3B). Among the top 10 GO terms, more nucleus-related GO terms
seem to be associated to poor PFS (6/10) than that to better PFS of patients (2/10). In contrast, there is a
trend of more cytoplasmic GO terms being related to better PFS (8/10) than to poor PFS (3/10) (p=0.07).
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Association between genomic instability and PFS-associated genes
We have previously shown that FGmRNA-profiles correlated strongly with SCNAs in cancer samples19. Here,
we used FGmRNA-profiles to get a single univariate measure that represents the total level of SCNAs in a
given HGSOC tumor that we called the copy number load index (CNL-index; see M&M for further explanation).
We have previously shown that the functional aneuploidy measurement (referred as CNL-index in this study)
can be used to calculate the degree of genomic instability in many tumor types19. Hence, a high CNL-index is
related to higher genomic instability. To determine the genomic instability for these HGSOC patients (n=422),
we calculated the CNL-index for each of the samples and analyzed its association with PFS, as described in
the method section. In this homogenous clinicopathological group of HGSOC patients using debulking surgery
and age as covariates, we found that a higher CNL-index was related to better PFS (HR=0.012 (0.00010.89), p=0.044). Next, we determined the correlation between the FGmRNA expression level for each of the
303 PFS-associated genes and the CNL-index. Genes related to better PFS (HR<1) had a positive correlation
with higher CNL-index, whereas genes related to poor PFS (HR>1) were correlated with low CNL -index (R =
-0.5545) (Figure 3).

Discussion
Resistance to platinum-based chemotherapy platinum limits successful treatment of HGSOC patients. Therefore,
identification of key chemoresponse genes for platinum therapy would be beneficial for such patients. Based on
FGmRNA-profiling, we identified 303 genes significantly associated with PFS in a clinically well-defined set of
HGSOC patients. Among these 303 genes, enhanced expression of 113 genes was associated with worse PFS,
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Table 2. Cytoband enrichment analysis of genes that were significantly associated with worse PFS (A)
or with better PFS (B) in HGSOC patients

A

B

7
whereas enhanced expression of the other 190 genes was associated with better PFS. This knowledge may be
helpful in the future to identify patients at risk for platinum-based chemotherapy resistance and eligible for novel
treatment strategies to overcome platinum resistance.
Among higher expressed genes significantly associated with poor PFS, we found MAD1L1, PRKD1, SUPT20H,
NFKBIB, MMP24-AS1 and IGF-2R. Some of these genes have been reported in relation to chemoresistance,
either in ovarian cancer or other cancer types. Mitotic arrest deficient 1 (MAD1 or MAD1L1), a protein of the
mitotic spindle assembly checkpoint, significantly correlated with poor prognosis in chemotherapy-treated lung
cancer, breast cancer and colon cancer patients28,29. In colon cancer, MAD1 facilitates doxorubicin resistance
through attenuating the apoptosis pathway and reducing the production of reactive oxygen species (ROS) by
inhibiting mitochondrial function30. Also, being an antagonist of c-MYC, MAD1 has been demonstrated to
modulate TRAIL sensitivity of tumors by the MYC/MAX/MAD network31. SUPT20H, also known as FAM48A,
was reported in relation to poor prognosis and chemoradioresistance in cervical cancer32. Surprisingly, NFKBIB,
an endogenous inhibitor of NKFB pathway activation, was found significantly associated with poor prognosis33,
whereas NFKB pathway activation is frequently linked to ovarian cancer initiation and progression. Hence,
involvement of NFKBIB needs further functional validation and mechanistic insight for proving its role in
chemoresistance in ovarian cancer. IGF-2R is considered a multifunctional receptor in carcinogenesis34–36. The
tumor suppressive effect of IGF-2R is lost in many cancer types due to mutation or loss of heterozygosity
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Figure 3. Scatter plot of significantly enriched PFS associated genes (303) and their association with copy number
load (CNL-) index. X-axis represents the hazard ratio of PFS associated genes in HGSOC patients and Y-axis represents
the spearman correlation of each gene with CNL-index. Purple line shows overall correlation between hazard ration and
spearman correlation (R=-0.5545). Top ranked genes are represented by red diamonds with bold gene names and rest of
genes are represented by blue dots.

(LOH)34. However, recent evidence showed high expression of IGF-2R in ovarian cancer initiating cells to be
associated with YAP/TEAD pathway activation, which induces chemoresistance35. Our meta-analysis discovered
several interesting druggable kinases like PRKD1 and BRD4. High expression of these kinases was linked to
poor PFS in platinum-treated HGSOC patients. PRKD1 is a well-studied member of protein kinase family that
is known for its role in tumorigenesis, metastasis and invasion in breast and pancreatic cancer37–40. Although
pan-PRKD inhibitors demonstrated anti-tumor activity in vitro as well as in vivo in various tumor type40–43,
the role of PRKD1 and its inhibitor in ovarian cancer is unknown. BRD4 is a known BET bromo-domain
family kinase involved in chromatin remodeling44. In concordance with our study, recently BRD4 amplification
has been shown to correlate with worse survival with HGSOC patients45. Available bromo-domain inhibitors
showed remarkable efficacy in ovarian cancer cells by inhibition of tumor growth via targeting Myc and FoxM1
transcriptional program45,46. These findings provide a rationale for future testing of these kinase inhibitors in
HGSOC models, either alone or in combination with platinum-based therapy to overcome drug resistance. We
also found genes like MPPE1, BAG2, NEDD8, CASP2, MRSP11, EVI5, NFX1 and PARP1 whose expression
levels were significantly associated with better PFS. Apoptosis pathway related genes like BAG2 and CASP2
have been shown to overcome chemoresistance and induce apoptosis in various types of tumor cells including
ovarian cancer

47–49

. Therefore, these genes might be used to identify HGSOC patients upfront for platinum-

based chemotherapy.
HGSOC is known as a highly genomic instable tumor type with defects in DNA damage repair (DDR)
pathways10. Therefore, we determined the CNL-index representing genomic instability for each tumor sample.
Overall, a higher degree of genomic instability was related with a better PFS. These results are in agreement
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Table 3. Gene ontology (GO) terms enriched for genes whose high expression were significantly associated with worse
PFS (A) or with better PFS (B)

A

B

7

with previous findings describing a positive correlation between genomic instability, calculated based on same CNLindex methodology, and survival benefit in HGSOC treated with platinum-based chemotherapy19. Another study

calculated genomic instability based on loss of heterozygosity (LOH) and copy number changes using single
nucleotide polymorphism array data from three different HGSOC cohorts50. Similar to our study, they found
a significant positive correlation between LOH burden and PFS. Furthermore, a comparable relation between
genomic instability expressed as LOH burden and survival benefit was observed in triple-negative breast cancer,
a tumor type that has many similarities to HGSOC50. Moreover, we found that high expression of DDR-related
BRCA2 positively correlated with lower PFS of HGSOC patients. This finding is in agreement with the study of
Mankoo et al. who also used TCGA genomics data for finding patient survival related profiles51. They did not
find BRCA1 to be predictive for PFS, which is in line with our results. BRCA2 mutations in HGSOC, mainly
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resulting in protein inactivation10,12, have been reported to be stronger associated with better survival, improved
chemotherapy response, and higher genomic instability compared to those with BRCA1 mutation or BRCA1/2
wild type52–54.
In conclusion, by applying mRNA expression data analysis approach (FGmRNA-profiling), we report genes that
are highly associated with PFS in a clinically well-defined subset of HGSOC patients treated with platinum-based
chemotherapy. Further, our meta-analysis of HGSOC data provides insight into biological processes involved
in a better or worse response and their association with genomic instability. Future research should focus on
assessment of identified prognostic genes for their potential relevance in terms of novel therapeutic strategies to
overcome platinum-based chemotherapy resistance.
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Supplementary Table 1. Patient characteristics of meta-analysis cohort (n=335 and 87)
Characteristic

Category or
Measure

TCGA (n=335)

Age (years)

Median (range)

58 (30-87)

59 (33-80)

Overall survival (days)

Median (range)

847 (25-4623)

870 (0-4980)

Median (range)

418 (25-3418)

≤ 180 days

n = 48

181-539 days

n = 161

≥ 540 days

n = 126

IIIA

0

0.0

7

8.0

IIIB

14

4.2

5

5.7

IIIC

272

81.2

69

79.3

IV

49

14.6

6

6.9

Moderately
differentiated

0

0.0

0

0.0

0

0.0

0

0.0

Poorly or
undifferentiated

335

100.0

87

100.0

Optimal

244

72.8

51

58.6

Sub-optimal

91

27.2

36

41.4

Platinum-based

335

100.0

87

100.0

Adjuvent

335

100.0

82

94.3

Neo-adjuvant

0

0.0

5

5.7

Progression free survival
(days)

Stage (FIGO)

n or value

Tothill et al (n=87)
Percentage

14.3
48.1
37.6

n or value

420 (0-4980)
n=4
n = 48
n = 35

Percentage

4.6
55.2
40.2

Well differentiated
Grade

Debulking status

Chemotherapy
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Supplementary Table 2. Top 100 enriched and PFS-associated probes list
ID

Gene symbol

Gene title

Chromosomal
location

Z score

Significance

1

204857_at

MAD1L1

MAD1 mitotic arrest deficient-like 1 (yeast)

chr7p22

4.789

1.68E-06

2

206764_x_at

MPPE1

metallophosphoesterase 1

chr18p11.21

-4.534

5.78E-06

3

217705_at

PRKD1

protein kinase D1

chr14q11

4.399

1.09E-05

4

209406_at

BAG2

BCL2-associated athanogene 2

chr6p12.1-p11.2

-4.255

2.09E-05

chr14q12

Rank

5

201840_at

NEDD8

neural precursor cell expressed,
developmentally down-regulated 8

6

208050_s_at

CASP2

caspase 2, apoptosis-related cysteine peptidase chr7q34-q35

7

221774_x_at

SUPT20H

suppressor of Ty 20 homolog (S. cerevisiae)

chr13q13.3

3.805

0.00014

8

214062_x_at

NFKBIB

nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, beta

chr19q13.1

3.770

0.00016
0.00017

-4.113

3.91E-05

-4.053

5.06E-05

9

211595_s_at

MRPS11

mitochondrial ribosomal protein S11

chr15q25

-3.763

10

221953_s_at

MMP24-AS1

MMP24 antisense RNA 1

chr20q11.22

3.715

0.00020

11

209717_at

EVI5

ecotropic viral integration site 5

chr1p22.1

-3.683

0.00023

12

202584_at

NFX1

nuclear transcription factor, X-box binding 1

chr9p13.3

-3.637

0.00028

13

201393_s_at

IGF2R

insulin-like growth factor 2 receptor

chr6q26

3.541

0.00040

14

208644_at

PARP1

poly (ADP-ribose) polymerase 1

chr1q41-q42

-3.537

0.00041

15

206363_at

MAF

v-maf musculoaponeurotic fibrosarcoma
oncogene homolog (avian)

chr16q22-q23

3.500

0.00047

16

218991_at

HEATR6

HEAT repeat containing 6

chr17q23.1

-3.460

0.00054

17

206652_at

ZMYM5

zinc finger, MYM-type 5

chr13q12

3.431

0.00060

18

216117_at

EXOSC2

exosome component 2

chr9q34

-3.412

0.00065

19

201653_at

CNIH

cornichon homolog (Drosophila)

chr14q22.2

-3.351

0.00081

20

209624_s_at

MCCC2

methylcrotonoyl-CoA carboxylase 2 (beta)

chr5q12-q13

3.329

0.00087

21

201748_s_at

SAFB

scaffold attachment factor B

chr19p13.3-p13.2

-3.321

0.00090

22

200075_s_at

GUK1

guanylate kinase 1

chr1q32-q41

-3.320

0.00090

23

202234_s_at

SLC16A1

solute carrier family 16, member 1
(monocarboxylic acid transporter 1)

chr1p12

-3.315

0.00092

24

213082_s_at

SLC35D2

solute carrier family 35, member D2

chr9q22.32

-3.311

0.00093

25

218210_at

FN3KRP

fructosamine 3 kinase related protein

chr17q25.3

-3.259

0.00112

26

213007_at

FANCI

Fanconi anemia, complementation group I

chr15q26.1

-3.247

0.00117

27

221979_at

TOPORS-AS1

TOPORS antisense RNA 1

chr9p21.1

-3.220

0.00128

28

205909_at

POLE2

polymerase (DNA directed), epsilon 2,
accessory subunit

chr14q21-q22

-3.183

0.00146

29

220207_at

YIF1B

Yip1 interacting factor homolog B (S.
cerevisiae)

chr19q13.2

3.179

0.00148

30

209076_s_at

WDR45B

WD repeat domain 45B

chr17q25.3

-3.174

0.00150

31

213727_x_at

MPPE1

metallophosphoesterase 1

chr18p11.21

-3.171

0.00152

32

213389_at

ZNF592

zinc finger protein 592

chr15q25.3

-3.161

0.00157

33

205161_s_at

PEX11A

peroxisomal biogenesis factor 11 alpha

chr15q26.1

-3.160

0.00158

34

222211_x_at

SCAND2P

SCAN domain containing 2 pseudogene

chr15q25.2

-3.149

0.00164

35

212772_s_at

ABCA2

ATP-binding cassette, sub-family A (ABC1),
member 2

chr9q34

-3.144

0.00166

36

209671_x_at

TRAC

T cell receptor alpha constant

chr14q11

-3.141

0.00168

37

202324_s_at

ACBD3

acyl-CoA binding domain containing 3

chr1q42.12

-3.119

0.00182

38

206141_at

MOCS3

molybdenum cofactor synthesis 3

chr20q13.13

3.108

0.00188
0.00192

39

204796_at

EML1

echinoderm microtubule associated protein
like 1

chr14q32

-3.102

40

202053_s_at

ALDH3A2

aldehyde dehydrogenase 3 family, member A2

chr17p11.2

3.086

0.00203

41

215011_at

SNHG3 /// SNORA73A

small nucleolar RNA host gene 3 (non-protein
coding)

chr1p36.1

3.060

0.00221

42

221365_at

MLNR

motilin receptor

chr13q14-q21

3.049

0.00230

43

203017_s_at

SSX2IP

synovial sarcoma, X breakpoint 2 interacting
protein

chr1p22.3

-3.049

0.00230

44

212587_s_at

PTPRC

protein tyrosine phosphatase, receptor type, C

chr1q31-q32

-3.034

0.00241
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Gene title

Chromosomal
location

Z score

Significance

Rank

ID

Gene symbol

45

203463_s_at

EPN2 /// EPN2-IT1

epsin 2 /// EPN2 intronic transcript 1

chr17p11.2

3.023

0.00251

46

208590_x_at

GJA3

gap junction protein, alpha 3, 46kDa

chr13q12.11

3.020

0.00253

47

204473_s_at

ZNF592

zinc finger protein 592

chr15q25.3

-3.011

0.00260

48

203212_s_at

MTMR2

myotubularin related protein 2

chr11q22

-3.002

0.00268

49

209094_at

DDAH1

dimethylarginine dimethylaminohydrolase 1

chr1p22

-2.998

0.00272

50

212155_at

RNF187

ring finger protein 187

chr1q42.13

-2.996

0.00274

51

203470_s_at

PLEK

pleckstrin

chr2p13.3

-2.989

0.00280

52

202623_at

EAPP

E2F-associated phosphoprotein

chr14q13.1

-2.981

0.00288

53

210544_s_at

ALDH3A2

aldehyde dehydrogenase 3 family, member A2

chr17p11.2

2.978

0.00290

54

220408_x_at

SUPT20H

suppressor of Ty 20 homolog (S. cerevisiae)

chr13q13.3

2.972

0.00296

55

207692_s_at

ACAN

aggrecan

chr15q26.1

2.958

0.00310

56

203015_s_at

SSX2IP

synovial sarcoma, X breakpoint 2 interacting
protein

chr1p22.3

-2.946

0.00322

57

215070_x_at

RABGAP1

RAB GTPase activating protein 1

chr9q34.11

-2.934

0.00334

58

201531_at

ZFP36

ZFP36 ring finger protein

chr19q13.1

2.931

0.00338

59

215747_s_at

RCC1

regulator of chromosome condensation 1

chr1p36.1

2.925

0.00344

60

209143_s_at

CLNS1A

chloride channel, nucleotide-sensitive, 1A

chr11q13.5-q14

-2.919

0.00351

61

210237_at

ARTN

artemin

chr1p33-p32

-2.915

0.00355

62

220261_s_at

ZDHHC4

zinc finger, DHHC-type containing 4

chr7p22.1

2.902

0.00371

63

202270_at

GBP1

guanylate binding protein 1, interferon-inducible chr1p22.2

-2.895

0.00379

64

204387_x_at

MRP63

mitochondrial ribosomal protein 63

chr13q12.11

2.886

0.00391

65

209058_at

EDF1

endothelial differentiation-related factor 1

chr9q34.3

-2.882

0.00395

66

203628_at

IGF1R

insulin-like growth factor 1 receptor

chr15q26.3

-2.834

0.00459

67

209392_at

ENPP2

ectonucleotide pyrophosphatase/
phosphodiesterase 2

chr8q24.1

-2.821

0.00479

chr9p13.3

-2.821

0.00479

chr7p22.3

2.816

0.00487

68

200881_s_at

DNAJA1

DnaJ (Hsp40) homolog, subfamily A,
member 1

69

219332_at

MICALL2

MICAL-like 2

70

47083_at

C7orf26

chromosome 7 open reading frame 26

chr7p22.1

2.814

0.00489

71

204448_s_at

PDCL

phosducin-like

chr9q12-q13

-2.811

0.00493

72

210839_s_at

ENPP2

ectonucleotide pyrophosphatase/
phosphodiesterase 2

chr8q24.1

-2.802

0.00508

73

212577_at

SMCHD1

structural maintenance of chromosomes flexible
chr18p11.32
hinge domain containing 1

-2.798

0.00515

74

207675_x_at

ARTN

artemin

chr1p33-p32

-2.796

0.00518

75

204496_at

STRN3

striatin, calmodulin binding protein 3

chr14q13-q21

-2.796

0.00518

76

219203_at

EMC9

ER membrane protein complex subunit 9

chr14q11.2

-2.785

0.00535

77

217736_s_at

EIF2AK1

eukaryotic translation initiation factor 2-alpha
kinase 1

chr7p22

2.781

0.00542

78

210605_s_at

MFGE8

milk fat globule-EGF factor 8 protein

chr15q25

-2.764

0.00571

79

202839_s_at

NDUFB7

NADH dehydrogenase (ubiquinone) 1 beta
subcomplex, 7, 18kDa

chr19p13.12

2.760

0.00578

GALNT1

N-acetyl-alpha-D-galactosamine:Nacetylgalactosaminyltransferase 1 (GalNAc-T1)

chr18q12.1

-2.759

0.00579

chr7p22.3

2.759

0.00580

chr14q11.2

-2.751

0.00594

80

201722_s_at

81

211501_s_at

EIF3B

eukaryotic translation initiation factor 3,
subunit B

82

213794_s_at

NGDN

neuroguidin, EIF4E binding protein

83

212919_at

DCP2

decapping mRNA 2

chr5q22.2

2.745

0.00605

84

212628_at

PKN2

protein kinase N2

chr1p22.2

-2.732

0.00630

85

218555_at

ANAPC2

anaphase promoting complex subunit 2

chr9q34.3

-2.729

0.00636

chr2q35

-2.725

0.00644

chr18p11.32

-2.715

0.00663

86

217730_at

TMBIM1

transmembrane BAX inhibitor motif
containing 1

87

204064_at

THOC1

THO complex 1

162

Functional genomic mRNA profiling of HGSOC
Supplementary Table 2. Top 100 enriched and PFS-associated probes list (Continued)
Rank

ID

Gene symbol

Gene title

Chromosomal
location

Z score

Significance

PICALM

phosphatidylinositol binding clathrin assembly
protein

chr11q14

-2.714

0.00664

88

215236_s_at

89

217912_at

DUS1L

dihydrouridine synthase 1-like (S. cerevisiae)

chr17q25.3

-2.712

0.00668

90

218924_s_at

CTBS

chitobiase, di-N-acetyl-

chr1p22

-2.710

0.00672

91

209858_x_at

MPPE1

metallophosphoesterase 1

chr18p11.21

-2.693

0.00708

92

209051_s_at

RALGDS

ral guanine nucleotide dissociation stimulator

chr9q34.3

-2.690

0.00714

93

215281_x_at

POGZ

pogo transposable element with ZNF domain

chr1q21.3

2.689

0.00717

94

203464_s_at

EPN2 /// EPN2-IT1

epsin 2 /// EPN2 intronic transcript 1

chr17p11.2

2.689

0.00717

chr17q11.2

2.688

0.00719

chr11q13

-2.685

0.00725

95

217806_s_at

POLDIP2

polymerase (DNA-directed), delta interacting
protein 2

96

218299_at

C11orf24

chromosome 11 open reading frame 24

97

203348_s_at

ETV5

ets variant 5

chr3q28

-2.684

0.00727

98

210128_s_at

LTB4R

leukotriene B4 receptor

chr14q11.2-q12

-2.681

0.00734

99

204551_s_at

AHSG

alpha-2-HS-glycoprotein

chr3q27

-2.660

0.00783

100

202093_s_at

PAF1

Paf1, RNA polymerase II associated factor,
homolog (S. cerevisiae)

chr19q13.1

2.654

0.00795
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Chapter 8

Summary
Improving ovarian cancer patients’ outcome has been proven a difficult barrier to overcome in the last decades.
Due to lack of specific symptoms, majority of patients present themselves in an advanced stage of disease. At
this advanced stage, cancer cells spread all over the peritoneal cavity. Debulking surgery along with (neo)adjuvant
carboplatin/paclitaxel chemotherapy is the standard treatment of such advanced stage patients. It is known that
residual disease after primary surgery is a strong predictor of the survival of the patients1,2. Furthermore, it is
widely accepted that histological subtypes of ovarian cancer i.e. high-grade serous (HGSOC), low-grade serous,
endometrioid, mucinous and clear cell carcinoma, originate from different pathways of tumorigenesis3. Besides
different (epi)genomic alterations, these subtypes are also known for their variation in platinum sensitivity with
advanced stage clear cell, mucinous and low-grade serous tumors being relatively platinum-resistant and HGSOC
more platinum-sensitive. Despite good initial response rates to chemotherapy (70-80%), most HGSOC patients
will relapse with drug-resistant disease4. For HGSOC, only a few genetic driver mutations are known, such
as the ubiquitous presence of TP53 mutations and BRCA1/2 mutations in a subset of patients5. In spite of a
few genetic mutations, HGSOC is characterized by ample aberrant DNA methylation patterns. Therefore, the
studies performed in this thesis aimed to identify novel chemoresponse related key genes by epigenomic and
transcriptomic profiling with respect to chemoresponse, well-defined patient groups. In addition, we aimed to
establish ovarian cancer patient-derived xenograft (PDX) mouse models as representative pre-clinical models to
identify and validate (epigenomic) biomarkers.
Comparison of the DNA methylome between tumor samples from chemosensitive and chemoresistant HGSOC
patients, might facilitate the identification of key epigenetically-regulated, chemoresponse-related genes. In
Chapter 2, we performed genome-wide next-generation sequencing with methylation-enriched genomic DNA
(MethylCap-seq) of primary tumors from HGSOC patients that represent extreme responders [progression
free survival (PFS) ≥ 18 months] and non-responders (PFS ≤ 6 months). After integration of expression data
from the same patients, we identified FZD10 as a putative novel epigenetically-regulated gene. High FZD10

8

DNA methylation and low FZD10 gene expression were found in the responder patient group as compared to
the non-responder group. The predictive value of FZD10 methylation and gene expression was successfully
confirmed in various independent patient cohorts. Functional studies in ovarian cancer cell lines proved the
epigenetic regulation of FZD10. Our results also demonstrated that FZD10 silencing sensitized cells to cisplatin.
In conclusion, our findings identify FZD10 as a novel chemoresponse marker for HGSOC patients.
The DNA damage response (DDR) pathway is crucial to protect tumor cells from DNA damage-induced cell
death. As part of the DDR, the Ataxia Telangiectasia Mutated (ATM) signaling axis has drawn attention as a
possible new target in enhancing the cytotoxic effectiveness of radiotherapy and chemotherapy. In Chapter 3,
we investigated the activation status of ATM signaling axis within the DDR by immunohistochemistry in a large,
well-defined cohort of chemo-naive advanced stage HGSOC patients. All components of the ATM signaling axis
showed high expression levels. In two well-defined groups with the largest contrast in treatment response, high
expression of Chk2 was related to good response. We subsequently studied the effect of modulating Chk2
levels on cisplatin sensitivity of two ovarian cancer cell lines SKOV3 and A2780. Chk2 depletion abrogated the
cisplatin-induced S-phase cell cycle arrest and caused increased resistance to cisplatin in long-term clonogenic
survival assays. We therefore conclude that Chk2 is related to good response to platinum-based chemotherapy
in advanced stage ovarian patients. These results suggest that Chk2 should not be considered a therapeutic
target along with platinum-based treatment in ovarian cancer patients.
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PDXs are emerging as more representative preclinical models for studying ovarian cancer than cell lines as
they reflect the heterogeneity of the original tumor and preserve response to therapy. However, using PDXs for
preclinical cancer research demands proper storage of tumor material to facilitate logistics and to reduce the
number of animals needed. In Chapter 4, we present our panel of 45 ovarian cancer PDXs, including all major
histological subtypes, with an overall take rate of 68%. Corresponding cells from mice replaced human tumour
stromal and endothelial cells in second generation PDXs as demonstrated with mouse-specific vimentin and CD31
immunohistochemical staining. Furthermore, for biobanking purposes two cryopreservation methods, a fetal calf
serum (FCS)-based (95%v/v) “FCS/DMSO” protocol and a low serum-based (10%v/v) “vitrification” protocol were
tested. After primary cryopreservation, tumor take rates were 38% and 67% using either the vitrification or FCS/
DMSO-based cryopreservation protocol, respectively. Cryopreserved tumor tissue of established PDXs achieved
take rates of 67% and 94%, respectively compared to 91% using fresh PDX tumor tissue. Genotyping analysis
showed that no changes in copy number alterations were introduced by any of the biobanking methods. Our
results indicate that both protocols can be used for biobanking of ovarian cancer and PDX tissues. However,
FCS/DMSO-based cryopreservation is more successful. Moreover, primary engraftment of fresh patient-derived
tumors in mice followed by freezing tissue of successfully established PDXs is the preferred way of efficient
ovarian cancer PDX biobanking.
In different studies, PDXs have been characterized for their resemblance with corresponding primary tumors at
histology, at the genomic level and for treatment response. However, HGSOC PDXs have not been characterized
for their global DNA methylation status in terms of proving their suitability for future epigenetic studies. In
Chapter 5, we compared the DNA methylome of primary tumors from HGSOC patients with their corresponding
PDXs to determine their epigenomic stability among generations using genome-wide methylation arrays. Aims of
this study were a) to explore how representative HGSOC PDXs are for their corresponding primary the tumors’
methylome and b) to evaluate the effect of epigenetic therapy and cisplatin on putative epigenetically regulated
genes and their related pathways. Only 0.6-1.0% of all analyzed CpGs (388,696 CpGs) changed significantly
during propagation showing that HGSOC PDXs were epigenetically stable. Treatment of F3 PDXs with decitabine
caused a significant reduction in methylation in 10.6% of CpG sites in comparison to untreated PDXs, whereas
cisplatin treatment had a marginal effect on the PDX methylome. Pathway analysis of decitabine-treated PDX
tumors revealed several putative epigenetically regulated pathways (e.g. Src family kinase pathway). Particularly,
C-terminal Src kinase (CSK) gene was successfully validated for epigenetic regulation in different PDX models
and ovarian cancer cell lines. Low CSK methylation and high CSK expression were both associated with better
overall survival in HGSOC patients. Our results encourage the future application of PDXs for cancer epigenome
studies.
In comparison to other tumor types such as breast, lung and colorectal cancers, only targeted therapies have
slowly found their application in HGSOC. The success of many targeted therapies relies on a variety of factors
like whether the drug reaches its target and also on the expression (level) of these specific growth factors [like
vascular endothelial growth factor (VEGF) and Insulin growth factor-1 (IGF-1)] and their receptors in patient
tumors. Further, these expression levels can change during chemo- and/or targeted therapy, affecting treatment
efficacy. In agreement to this, both elevated VEGF and IGF-1R levels have been documented to be involved in
chemoresistance in ovarian cancer6,7. The VEGF-A antibody bevacizumab is currently part of standard care in
combination with platinum-based chemotherapy7,8. Similarly, IGF-1R-targeting antibodies, like AMG-479, and
IGF-1R tyrosine kinase inhibitors such as OSI-906 have been evaluated in clinical trials, either alone or in
combination with chemotherapy in ovarian cancer. Hence, development of non-invasive methods for detection
of multiple tumor-related proteins (like VEGF and IGF-1R) in patients may help to select targeted therapies
167
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and monitor their behavior during cisplatin treatment in time. In Chapter 6, we tested the feasibility of dual
wavelength near-infrared fluorescence (NIRF) imaging in multiple ovarian cancer PDXs established from 10
patients, using the monoclonal antibodies bevacizumab (anti-VEGF) and MAB391 (anti-IGF-1R) coupled to the
NIRF dyes IRDye-800CW and IRDye-680RD, respectively. In vivo kinetics of IRDye-800CW labeled human
VEGF-A targeted tracer bevacizumab displayed a rapid tracer decline in PDX tumors 24 hrs after injection.
Co-injected, IRDye-680RD labeled human IGF-1R-targeted tracer MAB391, however, resided for over 6 days in
PDX tumors depending on the IGF-1R positivity. Quantification showed a large variation in maximum average
radiance for both tracers, demonstrating the clinically relevant heterogeneity of tracer uptake between tumors.
When compared to vehicle-treated PDXs, elevated levels of both tracers were found in cisplatin-treated PDXs.
Furthermore, a rapid decline of both tracers 24 hrs after co-injection was observed in cisplatin-treated PDX
tumors indicating impairment of IGF-1R-mediated tracer trapping. Our findings encourage future application of
NIRF imaging in PDXs and patient tumors to monitor several targets simultaneously, during drug treatment for
developing novel therapeutic strategies.
To identify key genes that modulate platinum-response, we took the advantage of publicly available HGSOC
expression datasets that included clinical information of patients. In Chapter 7, we applied functional genomic
mRNA (FGmRNA) profiling, a tool to filter out non-genetic from gene expression data, on a large set of HGSOC
patients (n=422, all stage III-IV) to identify genes that were associated with PFS, as a surrogate marker for
chemoresponse in HGSOC patients. Expression of 303 genes was significantly associated with PFS. Among
higher expressed genes significantly associated with poor PFS, we found MAD1L1, PRKD1, SUPT20H, NFKBIB,
MMP24-AS1 and IGF-2R. Genes associated with poor PFS were enriched in biological processes with GO
terms cell cycle, chromosome, mitosis, catabolic and microtubule-related processes. Higher expressed genes like
MPPE1, BAG2, NEDD8, CASP2, MRSP11, EVI5, NFX1 and PARP1 were significantly associated with better
PFS. GO terms linked to cell locomotion activity, transmembrane and vesicle-mediated transport, DNA damage
repair and cytoplasmic processes were enriched for genes associated with better PFS. In conclusion, by applying
FGmRNA-profiling, we identified genes associated with PFS (i.e. chemoresponse) and their related biological
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processes in a clinically well-defined subset of HGSOC patients treated with platinum-based chemotherapy.

Discussion and future perspectives
Development of better treatment strategies for ovarian cancer has been hampered by 1) lack of novel targets that
can be used to introduce targeted drugs to increase survival or to overcome resistance to platinum containing
chemotherapy and 2) a lack of robust chemoresponse markers to stratify patients into categories with different
therapy responses or to select patients that qualify for other treatment regimens. Furthermore, there is a need
for better pre-clinical models that recapitulate the genomic and epigenomic features of patients’ tumors and take
into account the inter- and intra-tumoral heterogeneity. In this thesis, we have addressed these key issues of
ovarian cancer treatment with particular focus on platinum-based chemotherapy resistance in HGSOC.

Chemoresponse (epi)genomic markers: from bench to bedside
In this thesis, much effort has been made to identify and validate novel (epi)genomic chemoresponse markers by
both discovery-driven as well as candidate-driven research approaches (Chapter 2, 3 and 7). DNA methylationbased biomarkers are relatively more stable than expression-based biomarkers. In addition, they are functionally
related to gene expression, allowing high diagnostic sensitivity and are easily detectable in body fluids presenting
DNA methylation as a promising epigenetic biomarker for clinical purposes9–11. In this thesis, robust epigenetic
chemoresponse markers like FZD10 and CSK were identified, which could be putative therapeutic targets to
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overcome chemoresistance (Chapter 2 and 5). Since we have determined the predictive and prognostic value
of our identified chemoresponse markers in chemo-naïve primary HGSOC (Chapter 2, 3 and 5), it would be
of considerable interest to investigate the effect of chemotherapy on the methylation and expression status of
these markers. There are only a few studies that have examined acquired resistance by investigating longitudinal
epigenetic changes pre- and post-chemotherapy using cell lines and/or patient tumors12,13. Notably, when we
compared the global methylation pattern of PDX-36 in the vehicle and cisplatin-treated mice (Chapter 5), we did
not find major differences in methylation status after platinum therapy. However, this comparison was based on
a PDX model established from one HGSOC patient. Therefore, more studies are required that examine the (epi)
genomic status of matched tumor samples pre- and post-chemotherapy with clearly defined clinical measures of
platinum-resistant disease. Although routinely performed secondary surgery is no longer considered beneficial in
ovarian cancer14 obtaining these samples is challenging, but not impossible15,16.
Currently, all published (epi)genome-wide studies on epigenetic chemoresponse markers are mostly correlative,
showing statistical associations between DNA methylation as an epigenetic biomarker prior to treatment and
clinical outcome. Therefore, we need more functional approaches to investigate the consequences of epigenetic
changes on the development of cellular resistance, but also to identify possible therapeutic interventions. In
this thesis efforts have been made to functionally validate several candidate chemoresponse markers for their
epigenetic regulation and their role in chemoresponse (Chapter 2, 3 and 5).
We have also investigated the role of the DNA damage response pathway in platinum-based chemotherapy
response either by pathway-driven approaches (ATM-axis of DDR pathway in Chapter 3) or meta-analysis on large
expression dataset of HGSOC patients (Chapter 7). Besides genomic and epigenomic alterations in BRCA1/2,
an additional group of low-frequency mutations (PALB2, RAD51, Fanconi-anemia pathway) was reported to
have a common tumorigenic mechanism linked to homologous recombination (HR) deficiency5,15. Together these
alterations account for up to half of the advanced stage HGSOC5,15. Recent evidence suggests that mutations
in the HR pathway are highly related to better platinum-based chemotherapy responses17,18. Furthermore,
targeting HR pathway components, for instance by pharmacologic targeting of oncogenic transcription factors
ETS, MYC, and E2F mediated signaling that drive BRCA expression, has been shown to enhance the cytotoxicity
of conventional chemotherapy19. For similar reasons, synthetic lethality i.e. exploiting the defect in one repair
pathway by targeting another repair pathway, for instance PARP inhibition in HR deficient tumors, has proven
its value for ovarian cancer20. Therefore, inhibition of cell cycle checkpoints like Chk1 and Chk2 has also been
proposed to be a therapeutic option, since these inhibitors enhance sensitivity towards DNA damaging agents
like cisplatin in clear cell ovarian cancer, breast cancer, and head and neck cancer21–23. However, in Chapter 3,
we have demonstrated that Chk2 depletion induced a cisplatin-resistant phenotype in ovarian cancer. Likewise,
a recent mutational analysis of HGSOC tumors showed that CHK2 mutations have detrimental effects on the
nuclear localization signal and were associated with poor therapeutic response and overall survival of HGSOC
patients24. These results emphasize that the efficacy of cell cycle checkpoint targeting is cancer type dependent
and does not universally lead towards more platinum sensitivity.

Maximizing power of models to study chemoresistance
Modeling clinically relevant mechanisms of drug resistance is challenging. PDXs might be the right model to
mimic the clinical scenario of developing platinum resistance25. In this thesis, substantial efforts have been
made for developing ovarian cancer PDX models and characterizing them at histological, genomic as well as
epigenomic level for studying chemoresponse markers and chemoresistance mechanism (Chapter 4 and 5).
These ovarian cancer PDX models better reflect tumor heterogeneity, patient’s chemoresponse and development
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of chemoresistance26–30. Notably, whole genome analysis on an autopsy case demonstrated a shift in expressionbased subtype, from an immune-reactive primary tumor to a relapsed tumor with “bad prognosis” mesenchymal
subtype15. This observation signifies the importance of longitudinal analysis with paired sequential samples to
dissect the complexity of intrinsic primary resistance and acquired secondary resistance. PDX models would
certainly be of great advantage in imitating these clinical scenarios (avatar). Furthermore, generation of PDXs
from tissue obtained by fine-needle aspirations or even circulating tumor cells (CTCs) (also known as CTCsderived xenografts, CDXs) avoids the need for more primary tumor material and invasive procedures31. In
addition, CDX models allow generation of chemotherapy sensitive and resistant PDXs from the same patient
over time, to test novel therapy regimens for overcoming chemoresistance, and to understand drug resistance
mechanisms32–34. Furthermore, due to the maintenance of the tumor heterogeneity and chemo-naivety, PDXs
offer the possibility of functional imaging to monitor dynamic changes in expression of therapeutic targets during
treatment and the effect of their expression on therapy response, as shown in this thesis (Chapter 6).
Although PDXs are great models to recapitulate various features of cancer, they have some drawbacks. Major
concerns include the gradual loss of the human microenvironment, the lack of a fully functional immune system
and clonal selection, which are all known to be of crucial importance for therapy response and resistance
mechanisms. Although initially harvested PDX tumors show stromal infiltration from human origin, in later
generations these stromal components are overtaken by cells of mouse origin and in some cases already
present 100 days after engraftment29,35. On the other hand, the mouse microenvironment in PDX tumors does
offer a unique opportunity to study species-specific expression analysis of stroma, its contribution to prognosis
and therapy response36 as well as to acquiescently study the human cancer epigenome without interference
of human stromal components in PDX tumors37,38 (in Chapter 5). Recent insights indicate the importance of
the immune system in therapeutic responses, implying that caution needs to be taken when evaluating results
from these immunocompromised PDX models. However, new methods are emerging to compensate this
disadvantage of PDX models. Two recent studies showed that a humanized immune system can be achieved in
mice, either by co-transplanted human hematopoietic stem cells (HSCs) and tumor cells into immunodeficient
mice39 or first transplantation of HSCs to make humanized immune mouse model (XACT-mice model) followed
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by implantation of the primary patient tumor40. With both methodologies, it was observed that a humanized
immune system was present in mice for long-term (more than one year) and tumor cells grew without evidence
of rejection39,40. Another bottleneck of PDX models is clonal selection that occurs due to the selective pressure of
PDX engraftment. Propagation to different generations may induce changes in PDX tumors in comparison to the
original patient tumors. Although the process of clonal selection of PDX tumors during establishment and further
growth over generations remain elusive, a very recent study proposed that only a limited number of minor clones
dominate breast cancer PDXs after several passages. Polyclonality, however, was still observed41.
Unlike PDXs, genetically-engineered mouse models (GEMMs) have a fully functional mouse immune system and
are known as good preclinical models for studying carcinogenesis and recapitulating gene specific pathogenesis.
Furthermore, they have been used for investigating resistance mechanisms to conventional chemotherapy and
targeted drugs, however not in ovarian cancer yet42. Recently, few HGSOC GEMMs were reported developing
from the fallopian tube after manipulation of genes like p53, BRCA1/2, PAX8, PTEN and DICER that highly
recapitulate HGSOC pathogenesis43–46. However, current GEMMS rely on limited oncogenic alterations, which
might not be sufficient to recapitulate the complexity of HGSOC cancer genomes. Therefore, GEMMS and PDXs
should be utilized in a complementary manner to evaluate the efficacy of personalized therapies and to study
mechanisms of therapeutic resistance. For clinical implementation, however, the challenge is the duration of
both of these processes. The co-clinical trial is an alternative to speed up the process. A proof-of-principle
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study was carried out using GEMMS for KRAS-mutant lung cancer to evaluate combination therapy of MEK
inhibitor selumetinib along with docetaxel-based chemotherapy47. This study not only provided guidance for the
outcome of treatment regimens but also demonstrated that a defect in an additional tumor suppressor (Lkb1)
caused primary resistance to this combination therapy in GEMMs, which might explain inconsistent responses
in patients47. Similarly, another study was conducted with PDX models, where 232 treatment regimens with 63
drugs were tested in PDXs from 14 refractory advanced cancer patients. Effective regimens were identified for
12 of these patients48. In addition, a high throughput in vivo screening of 62 treatments across six indications
was assessed in a PDX clinical trial (PCT) using ~1,000 PDXs of various tumor types with a diverse set
of driver mutations49. This first PCT predicted not only clinical trial drug responses but also revealed novel
therapeutic resistance mechanisms and predictive response biomarkers49. However, the need for large panels of
PDXs for performing such PCT makes this a ‘Herculean task’ and certainly requires collaboration among research
groups and pharmaceutical companies that would enable large multi-centre investigations50. In addition, the
variability in take rates and the slow tumor growth rates of PDXs make these trials very challenging. In this
respect, cancer organoids may offer an easier and faster method, extending the possibilities of high throughput
drug screening combined with genetic characterization for patient selection51. Currently, the organoid model
has been reported for several cancer types such as colorectal52,53, ductal pancreatic54 and prostate cancer55
and demonstrated high throughput drug screening for targeted as well as for epigenetic therapies53,56. However,
being an in vitro system, they lack tumor microenvironment and hence reduce the predictive value of organoids.
Recently, development of an in vitro-grown vascularized and complex tissue by combining tumor cells with
endothelial cells and mesenchymal stem cells was reported, and this platform may enable us for future in vitro
drug testing with tumor microenvironment57. Conclusively, a combined approach of utilizing organoids for high
throughput drug screening and PDX for the in vivo translation of candidate drugs would be highly recommended
for finding the most optimal drug combinations for patients.

Future chemotherapy resistance management in ovarian cancer:
Figure 1 summarizes a possible approach to improve management of chemoresistance in ovarian cancer. In
Stage I (pre-clinical phase), chemoresponse biomarkers will be identified using (epi)genomic profiling of
patients and clinically relevant models (PDXs and primary tumor cells). Furthermore, mechanistic knowledge
of chemotherapy resistance will be collected from consecutive samples of a heterogeneous patient population.
This can be achieved through experimental research as partly demonstrated in this thesis using appropriate
clinically relevant models like PDXs. Ideally, this includes three steps: 1) Each tumor is mirrored in a pre-clinical
mouse model together with its treatment response, 2) The drivers of chemoresistance resistance are identified
as targets for personalized medicine by analyzing (epi)genomic profiles, and 3) Combinational therapy regimens
and schedules are optimized and evaluated in mice and/or organoids before delivering to patients. All this
information will be stored as a genotype-phenotype database for future reference. In Stage II (clinical phase),
validation of the response to the novel combination therapy, as derived from Stage I would be performed. Taking
advantage of patient information (including genetic and clinical information), treatment response phenotypes
and corresponding drug resistance mechanisms from the ‘genotype-phenotype’ database, a computational model
will be generated that can stratify future cancer patients for their chemoresponse and predict the optimal
personalized precision therapies. The concept of using combination therapy to prevent drug resistance is not new
in cancer management. However, an additional strategy should be the inclusion of (epi)genomic data collected
from patients during treatment. This might help to convert cancer into a chronic, manageable condition.
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Identification of chemoresponse markers and targets for combination therapy

Patient modelling

Stage-I

PDXs

(epi)genomic profiling

Primary 2D and 3D culturing

Pathways analysis and
chemoresistant mechanisms

Treatment

Omics-phenotype database

8

Stage-II

Prospective validation of chemoresponse markers
and combination therapies

(epi)genomic profiling

Computational modelling

Personalized therapy

Figure 1. Future chemotherapy resistance management in OC

Conclusion
In conclusion, results presented in this thesis contribute to our knowledge regarding the complex interaction
between (epi)genome and chemoresistance in ovarian cancer. Future studies are needed to exploit this knowledge
further by performing functional assessment of the novel identified chemoresponse markers or therapeutic
targets along with their validation in prospective patient cohorts. Together this will improve management of
chemoresistance in HGSOC and ultimately survival of these patients.
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Summary
Eierstokkanker is de meest voorkomende oorzaak van sterfte door gynaecologische kanker in de Westerse wereld.
Wegens gebrek aan specifieke symptomen presenteren de meeste patiënten zich in een vergevorderd stadium
van de ziekte. De standaard behandeling van patiënten met vergevorderd stadium eierstokkanker is een operatie
waarbij zoveel mogelijk tumorweefsel verwijderd wordt te samen met (neo)adjuvante carboplatinum/paclitaxel
chemotherapie. De hoeveelheid achtergebleven tumorweefsel na primaire chirurgie is een sterke voorspeller van
de overleving van de patienten1,2. Het is algemeen aanvaard dat histologische subtypes van eierstokkanker,
zoals hooggradig sereus (HGSOC), laaggradig sereus, endometrioïd, mucineus en de heldercellige variant, op
verschillende manieren ontstaan3. Naast de verschillende (epi)genetische veranderingen, worden deze subtypen
ook gekarakteriseerd door hun variatie in gevoeligheid voor platinum-gebaseerde chemotherapie, waarbij de
vergevorderd stadia van de heldercellige, mucineuze en laaggradig sereuze tumoren relatief ongevoelig zijn en
HGSOC gevoelig is. Ondanks de goede initiële respons op chemotherapie (70-80%), krijgen de meeste HGSOC
patiënten een recidief, dat vervolgens vaak resistent is geworden voor platinum-gebaseerde chemotherapie4. Voor
HGSOC zijn maar een paar genetische “driver” mutaties bekend, zoals de mutaties in TP53 en BRCA1/25.
Daarnaast wordt HGSOC gekenmerkt door veel afwijkende DNA methylatie patronen. DNA methylering houdt
in dat een extra methylgroep (-CH3) aan een cytosine in het DNA wordt gezet. De studies beschreven in dit
proefschrift zijn er op gericht om nieuwe genen/biomarkers te identificeren die gerelateerd zijn aan de respons
op chemotherapie. Dit is gedaan door de epigenetische (m.a.w. DNA methyloom, dus methylatie over het
hele genoom) en de RNA (m.a.w. transcriptoom, dus expressie van genen over het hele genoom) profielen
van goed gedefinieerde eierstokkanker patiëntengroepen met betrekking tot de chemorespons te analyseren.
Daarnaast wilden we preklinische modellen voor eierstokkanker in de muis opzetten, de zogenaamde “patientderived xenograft” (PDX) muismodellen, om (epigenetische) biomarkers te kunnen identificeren en valideren.
Voor het verkrijgen van een PDX model wordt een klein stukje van de chirurgisch verwijderde tumor van
de patiënt geplaatst onder de huid van een muis met een sterk verminderd immuunsysteem. Wanneer het
stukje tumorweefsel is uitgegroeid en een bepaalde grootte heeft bereikt, wordt de tumor verwijderd, in kleine
fragmenten gesneden en opnieuw in muizen geïmplanteerd.
Door het DNA methyloom van tumormonsters afkomstig van chemotherapie gevoelige en chemotherapie
resistente HGSOC patiënten te vergelijken, zouden de meest belangrijke epigenetisch gereguleerde, chemoresponsgerelateerde genen geïdentificeerd kunnen worden. In hoofdstuk 2, werd daarvoor een genoom-brede sequentie
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analyse uitgevoerd, waarbij gemethyleerd genomisch DNA (MethylCap-seq) van primaire tumoren van HGSOC
patiënten, bestaande uit extreem goed responderende patiënten (progressievrije overleving ≥ 18 maanden) en
niet-responderende patiënten (progressievrije overleving ≤ 6 maanden), werd gebruikt. Na integratie van de RNA
expressie gegevens van dezelfde patiënten, werd FZD10 geïdentificeerd als een nieuw epigenetisch gereguleerd
gen. Hoge FZD10 DNA methylatie en lage FZD10 genexpressie werden gevonden in de patiëntengroep met een
goede respons. De voorspellende waarde van FZD10 methylatie en genexpressie voor respons en overleving werd
met succes bevestigd in verschillende onafhankelijke patiëntengroepen, waarbij wederom hoge DNA methylatie en
lage expressie gerelateerd waren aan een langere progressievrije overleving en betere overleving. Uit functionele
studies in HGSOC cellijnen bleek dat FZD10 epigenetisch gereguleerd wordt. Onze resultaten toonden ook aan
dat cellen na uitschakeling van FZD10 gevoeliger werden voor de behandeling met cisplatinum. Concluderend
hebben onze bevindingen geresulteerd in de identificatie van FZD10 als een nieuwe marker voor respons op
chemotherapie in HGSOC patiënten.
De DNA schaderespons (DDR) route is cruciaal voor tumorcellen om zichzelf te beschermen tegen door
DNA-schade geïnduceerde celdood. Als deel van de DDR, is de Ataxia Telangiectasia gemuteerde (ATM)
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signaalroute een mogelijk nieuw doel voor het verbeteren van de cytotoxische werkzaamheid van radio- en/of
chemotherapie. In hoofdstuk 3 werd de activatie status van meerdere componenten van de ATM signaalroute
binnen de DDR onderzocht door middel van immunohistochemie in een groot, goed gedefinieerd cohort van
chemo-naïeve HGSOC patiënten met een vergevorderd stadium. In twee goed gedefinieerde groepen met het
grootste contrast in respons op chemotherapie, was hoge expressie van checkpoint kinase 2 (Chk2) gerelateerd
aan een goede respons. Vervolgens werd het effect van Chk2 modulatie op de cisplatinum gevoeligheid in
twee eierstokkankercellijnen (SKOV3 en A2780) bestudeerd. Verlaging van Chk2 expressie zorgde ervoor dat
het aantal cellen in de cisplatinum-geïnduceerde S-fase van de celcyclus afnam en veroorzaakte resistentie
tegen cisplatinum in langdurige overlevingsproeven. Uit deze resultaten kan worden geconcludeerd dat hoge
Chk2 expressie is gerelateerd aan een goede respons op platinum-gebaseerde chemotherapie in eierstokkanker
patiënten met een vergevorderd stadium. Deze resultaten suggereren tevens dat in de kliniek de kans dat
remming van Chk2 in combinatie met platinum-gebaseerde therapie tot goede resultaten leidt, gering is.
PDX-en zijn ontwikkeld als meer representatieve preklinische modellen voor wetenschappelijk onderzoek dan
cellijnen, aangezien zowel de heterogeniteit van de oorspronkelijke tumor als de respons op therapie behouden
blijft. Het gebruik van PDX-en voor preklinisch kankeronderzoek vereist een juiste opslag van tumormateriaal
waardoor de logistiek gemakkelijker wordt en het aantal dieren tot een minimum beperkt blijft. In hoofdstuk
4 beschrijven we ons panel van 45 eierstokkanker PDX-en, waarin alle belangrijke histologische subtypen
vertegenwoordigd zijn. Het bleek dat 68% van de PDX-en groeiden in de muis. In de tweede generatie PDX-en
zagen we dat de humane stroma- en endotheelcellen werden vervangen door vergelijkbare cellen van de muis.
Dit werd aangetoond met behulp van muis-specifieke vimentine en CD31 immunohistochemische kleuringen. Om
biobanking, m.a.w. invriezen van materiaal dat later weer ontdooid en geïmplanteerd gaat worden, te kunnen
gebruiken is het belangrijk de juiste invriesmethode (cryopreservatie) te bepalen. Hiervoor hebben wij twee
methoden van cryopreservatie getest, een foetaal kalfsserum (FCS)-gebaseerd (95% v/v) “FCS/DMSO” protocol en
een protocol met een lage concentratie serum (10% v/v) “vitrificatie”. Na direkte cryopreservatie van de humane
tumor bleek dat 38% van de tumoren gingen groeien met behulp van de vitrificatie methode en 67% met de
FCS/DMSO methode. Wanneer de patiënten tumor eerst in de muis had gegroeid en pas daarna cryopreservatie
plaatsvond bleek dat er meer tumoren uitgroeiden in de muis, namelijk 67% voor het vitrificatie en 94% voor
het FCS/DMSO protocol. Dat was vergelijkbaar met het percentage tumoren dat uitgroeide (91%), wanneer er
geen cryopreservatie plaatsvond en de tumor direct werd overgezet naar de volgende muis. Genotyperingsanalyse
toonde aan dat er geen belangrijke veranderingen optraden door een van deze cryopreservatie protocollen. Onze
resultaten geven aan dat beide protocollen kunnen worden gebruikt voor biobanking van humaan eierstokkanker
en PDX weefsel, waarbij het FCS/DMSO cryopreservatie protocol wat succesvoller is. Voor het verkrijgen van
voldoende materiaal voor biobanking is eerst implanteren in de muis, waarna het tumormateriaal uit de muis
wordt ingevroren het meest efficiënt.
In verschillende onderzoeken zijn PDX-en vanwege hun gelijkenis met de primaire tumoren betreffende de
histologie, ook gekarakteriseerd op genomisch niveau en respons op chemotherapie. HGSOC PDX-en zijn echter
nog niet gekarakteriseerd voor hun genoom-brede DNA methylatie status om hun eventuele geschiktheid voor
toekomstige epigenetische studies te testen. In hoofdstuk 5 hebben we met behulp van genoom-brede methylatie
arrays het DNA methyloom van primaire tumoren van HGSOC patiënten vergeleken met hun bijbehorende PDX-en
over de verschillende generaties. In dit onderzoek wilden we nagaan hoe representatief het methyloom van de
HGSOC PDX-en is in vergelijking met hun overeenkomstige primaire tumoren afkomstig van patiënten. Daarna
wilden we deze PDX-en gebruiken om het effect van epigenetische therapie en cisplatinum op epigenetisch
gereguleerde genen en bijbehorende routes te evalueren. Slechts 0,6-1,0% van alle geanalyseerde cytosines in
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het DNA die gemethyleerd kunnen worden (388.696 CpGs, cytosine gevolgd door een guanine) veranderden
tijdens de verschillende generaties, waaruit blijkt dat HGSOC PDX-en epigenetisch stabiel zijn. Behandeling van
de 3de generatie (F3) PDX-en met decitabine, een DNA demethylerend middel, veroorzaakte een significante
verlaging van methylering in 10,6% van de CpGs in vergelijking met onbehandelde PDX-en, terwijl cisplatinum
behandeling een marginaal effect had op het DNA methyloom van de PDX tumoren. Uit analyse van decitabinebehandelde PDX tumoren bleek dat verscheidene routes vermoedelijk epigenetisch gereguleerd zijn (bijv. Src
familie kinase route). Uit deze analyse bleek ook dat het C-terminaal Src kinase (CSK) gen epigenetisch
gereguleerd wordt, wat kon worden gevalideerd in verschillende PDX modellen en eierstokkanker cellijnen. Lage
CSK methylatie en hoge CSK RNA expressie waren beide geassocieerd met een betere overleving in HGSOC
patiënten. Onze resultaten tonen het belang en de toepasbaarheid van PDX-en voor epigenetische studies van
kanker aan.
In vergelijking met andere type tumoren zoals borst-, long- en darmkanker worden zogenaamde doelgerichte
therapieën (behandeling met medicijnen die gericht zijn op heel specifieke moleculaire veranderingen in de tumor)
vooralsnog weinig toegepast in HGSOC. Deze doelgerichte therapieën zijn vaak gericht tegen groeifactoren die
worden uitgescheiden door tumorcellen, of tegen groeifactorreceptoren die op de celmembraan van tumorcellen
voorkomen. Het succes van veel doelgerichte therapieën is gebaseerd op een aantal factoren, zoals of het
geneesmiddel zijn doel in de tumor bereikt en ook of bijvoorbeeld groeifactoren [zoals vasculaire endotheliale
groeifactor (VEGF) en insuline groeifactor-1 en 2 (IGF-1/IGF-2) ] en hun receptoren in de tumoren specifiek
tot expressie komen. De expressieniveaus van allerlei groeifactoren en hun receptoren kunnen veranderen
tijdens

chemo- en/of doelgerichte therapie, waardoor de behandeling mogelijk minder werkzaam kan zijn.

Ten slotte is aangetoond dat zowel verhoogde VEGF als IGF-1 receptor (IGF-1R) expressie betrokken zijn bij
chemoresistentie van eierstokkanker6,7. In sommige landen is het VEGF-A antilichaam bevacizumab onderdeel
van de standaardbehandeling van eierstokkanker in combinatie met platinum-gebaseerde chemotherapie7,8.
Ook worden IGF-1R-gerichte antilichamen, zoals AMG-479 en IGF-1R tyrosine kinase remmers zoals OSI906 onderzocht in klinische studies, alleen of in combinatie met chemotherapie. Om deze redenen kan
ontwikkeling van niet-invasieve methodes voor het aantonen van meerdere tumor-gerelateerde eiwitten (zoals
VEGF en IGF-1R) bij individuele patiënten helpen om verschillende doelgerichte behandelingen te selecteren en/
of de mate van vroege respons vast te stellen. In hoofdstuk 6, hebben we de mogelijkheden onderzocht van

9

duale beeldvorming met behulp van infrarode fluorescentie (NIRF) in meerdere eierstokkanker PDX-en (van 10
verschillende patiënten) met de monoklonale antilichamen bevacizumab (anti-VEGF) en MAB391 (anti-IGF-1R)
gekoppeld aan de NIRF kleurstoffen IRDye-800CW en IRDye-680RD. In vivo kinetiek van IRDye-800CW
gekoppeld aan bevacizumab liet een snelle daling van de tracer zien in PDX tumoren 24 uur na de injectie. De
tegelijkertijd ingespoten IRDye-680RD gekoppeld aan MAB391 was voor meer dan 6 dagen stabiel aanwezig
in PDX tumoren, waarbij dit wel afhankelijk was van of de PDX tumor IGF-1R positief was. Dit suggereert dat
de stabiele aanwezigheid van MAB391 in de tumor werd veroorzaakt door binding van MAB391 aan IGF-1R
op de celmembraan. Kwantificering liet een grote variatie in de maximale fluorescentie intensiteit zien voor
beide fluorescente antilichamen, wat de klinisch relevante heterogeniteit van antilichaamopname tussen tumoren
van verschillende patiënten laat zien. Na behandeling met cisplatinum werden verhoogde niveaus van beide
fluorescente antilichamen gevonden in vergelijking met de onbehandelde PDX-en. Bovendien werd een snelle
daling van beide fluorescente antilichamen waargenomen 24 uur na co-injectie in de cisplatinum behandelde
PDX tumoren. Onze bevindingen stimuleren de toekomstige toepassing van NIRF beeldvorming in PDX-en en
patiëntentumoren voor het ontwikkelen en monitoren van nieuwe therapeutische strategieën, waarbij meerdere
doelen en de therapeutische antilichamen tegelijkertijd gevolgd kunnen worden.
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Voor de identificatie van de belangrijkste genen die platinum-respons kunnen moduleren, hebben we gebruik
gemaakt van openbaar beschikbare HGSOC RNA expressie datasets waarin ook de klinische gegevens van de
patiënten zijn beschreven. In hoofdstuk 7, werden op basis hiervan functionele genomische mRNA (FGmRNA)
profielen gemaakt, waarbij gebruik gemaakt werd van innovatieve methodologie om niet-genetische informatie
weg te filteren uit RNA expressie data, van een groot aantal HGSOC patiënten (n = 422, allen stadium III-IV).
Het doel was om genen te identificeren die waren geassocieerd met progressievrije overleving als een surrogaat
marker voor de chemotherapie respons in HGSOC patiënten. De expressie van 303 genen was significant
geassocieerd met progressievrije overleving. De genen met een hoge expressie en significant geassocieerd met een
slechte progressievrije overleving waren onder andere MAD1L1, PRKD1, SUPT20H, NFKBIB, MMP24-AS1 en
IGF-2R. De genen geassocieerd met een slechte progressievrije overleving werden vaker gevonden in biologische
processen zoals celcyclus, chromosoom, mitose, katabole en microtubuli-gerelateerde processen. Genen en
biologische processen met een hogere expressie/activiteit geassocieerd met een goede progressievrije overleving
waren onder andere MPPE1, BAG2, NEDD8, CASP2, MRSP11, EVI5, NFX1 en PARP1 en celmotorische
activiteit, transmembraan- en vesicle-gemedieerd transport, DNA-schade herstel en cytoplasmatische processen.
Concluderend, door de toepassing van FGmRNA profielen hebben we genen en daarbij bijbehorende biologische
processen geïdentificeerd die geassocieerd zijn met progressievrije overleving in een klinisch goed gedefinieerde
groep HGSOC patiënten, behandeld met platinum-gebaseerde chemotherapie.
Tot slot, de resultaten gepresenteerd in dit proefschrift leveren een bijdrage aan onze kennis over de complexe
interactie tussen het (epi)genoom en de respons op chemotherapie bij eierstokkankerpatiënten. Toekomstige
studies zijn nodig om deze kennis verder te exploiteren door middel van functionele studies om deze nieuw
geïdentificeerde chemorespons markers te analyseren en/of de therapeutische doelen te valideren in prospectieve
patiënt cohorten. Te samen zal dit voor een effectievere chemotherapeutische behandeling van patiënten met
HGSOC kunnen zorgen en uiteindelijk resulteren in een betere overleving van deze patiënten.

9

179

Chapter 9

References:
1.

Horowitz, N. S. et al. Does aggressive surgery improve
outcomes? Interaction between preoperative disease burden
and complex surgery in patients with advanced-stage ovarian
cancer: An analysis of GOG 182. J. Clin. Oncol. 33, 937–943
(2015).

2.

Chang, S. J., Hodeib, M., Chang, J. & Bristow, R. E. Survival
impact of complete cytoreduction to no gross residual disease
for advanced-stage ovarian cancer: A meta-analysis. Gynecol.
Oncol. 130, 493–498 (2013).

3.

Barton, C. A, Hacker, N. F., Clark, S. J. & O’Brien, P. M. DNA
methylation changes in ovarian cancer: implications for early
diagnosis, prognosis and treatment. Gynecol. Oncol. 109,
129–39 (2008).

4.

Cooke, S. L. & Brenton, J. D. Evolution of platinum resistance
in high-grade serous ovarian cancer. Lancet Oncol. 12, 1169–
1174 (2011).

9

180

5.

Bell, D. et al. Integrated genomic analyses of ovarian carcinoma.
Nature 474, 609–15 (2011).

6.

Gotlieb, W. H. et al. Insulin-like growth factor receptor I targeting
in epithelial ovarian cancer. Gynecologic Oncology 100, 389–
396 (2006).

7.

Duncan, T. J. et al. Vascular endothelial growth factor expression
in ovarian cancer: a model for targeted use of novel therapies?
Clin. Cancer Res. 14, 3030–3035 (2008).

8.

Oza, A. M. et al. Standard chemotherapy with or without
bevacizumab for women with newly diagnosed ovarian cancer
(ICON7): overall survival results of a phase 3 randomised trial.
Lancet Oncol. 16, (2015).

Appendices
Curriculum Vitae
List of Publications
Abbreviations
Acknowledgements

Appendices

182

Appendices
Curriculum Vitae
List of Publications
Abbreviations
Acknowledgements

Appendices
Department of Medical Oncology,
Cancer Research Center Groningen (CRCG)
University Medical Center Groningen (UMCG)
University of Groningen (RuG)
9713 GZ Groningen, The Netherlands
+31 616418173

+31 50 36 11211

t.tomar@umcg.nl; tomartushar@gmail.com
www.tushartomar.com

Tushar Tomar

in https://nl.linkedin.com/in/tushartomar

t @Tomart_2SHAR

Academic Credential
2011-2016

PhD in Medical Sciences, Department of Medical Oncology,
University Medical Center Groningen, The Netherlands

2009-2011

Masters in Medical and Pharmaceutical Sciences, University of Groningen,
The Netherlands

2005-2009

Bachelor in Pharmacy, Delhi Institute of Pharmaceutical Sciences and Research,
University of Delhi, New Delhi, INDIA

Research Experience
2016-Present
Supervisors:
Project:

Prof. F.A.E. Kruyt and Prof. S. de Jong
Targeting cancer stem cells in breast cancer model using novel antibody-drug conjugates

2011-2016

PhD Scholar, Department of Gynaecological Oncology, University Medical Center Groningen,
The Netherlands

Supervisors:

Prof. S. de Jong, Prof. A.G.J. van der Zee and Dr. G.B.A. Wisman

Project 1:

Identification and functional validation of novel DNA methylation markers in relation to
platinum-based chemotherapy in ovarian cancer

Project 2:

Establishment of Patient-derived xenograft (PDX) mouse model for ovarian cancer and
characterize them for their utility for novel target validation and treatment options

2009-2011
Project 1:
Supervisors:
Project 2:
Supervisors:

184

Postdoctoral researcher, Department of Medical Oncology, University Medical Center
Groningen, The Netherlands

Master’s research Projects, University of Groningen, The Netherlands
Targeting of` anti-tumor Interferon-gamma to Tumor Stromal Fibroblasts through
PDGF receptor (9 months)
Prof. K.Poelstra and Dr. J. Prakash
Effects of high fat-diet on renal endothelial dysfunction in Human CRP tansgenic
mice (6 months)
Prof. P. Heeringa and G.K. Yakala (PhD Student)

Curriculum Vitae

Academic Accomplishments/Awards
2015-16

Awarded Jan Kornelis de Cock Stichting Grant 2015-16 with a financial support of 4,500
euros for pilot research study

2014-15

Awarded Jan Kornelis de Cock Stichting Grant 2014-15 with a financial support of 4,000
euros for pilot research study

2014

Received EACR Proffered Paper Award 2014 for elected as best abstract in
‘’Imaging session’’ at European Association of Cancer Research Biennial Meeting 2014,
Munich Germany

2013

Awarded Obstetrics and Gynecology, UMCG Grant 2013 for pilot study with a financial
support of 5,000 euros for research project

2012-2013

Awarded Jan Kornelis de Cock Stichting Grant 2012-13 with a financial support of 3,000
euros for pilot research study

2009-2011

Graduate School for Drug Exploration (GUIDE) Master’s Scholarship, University of
Groningen, The Netherlands which included tuition fees and living cost

2009

National Institute of Pharmaceutical sciences and research (NIPER) Entrance Exam 2009,
India (ranked in top 2% qualified students)

2005

Topper for attaining highest marks in Biology (98%) in Pre-university Exam, 2005 at all
India level`

Presentations at Conferences/Seminars
10/2015

Oral presentation, Evaluation of the ovarian cancer patient-derived xenograft (PDXs)
methylome for cancer epigenetics studies, 3rd Annual PhD student meeting,
Cancer Research Center Groningen (CRCG), Groningen, The Netherlands

05/2015

Invited short talk, Dual wavelength near-infrared fluorescence imaging of VEGF and
IGF-1R in ovarian cancer patient-derived xenografts (PDX) model, Glasgow-Groningen (G2)
joint post-doc meeting 2015, at Glasgow, UK

11/2014

Oral presentation, Genome-wide integrated epigenomics identifies FZD10 as
novel modulator for platinum sensitivity in high grade serous ovarian cancer,
Tumor cell biology annual meeting, Dutch Cancer Society, Lunteren, The Netherlands

07/2014

Invited short talk, Dual wavelength near-infrared fluorescence imaging of VEGF and
IGF-1R in ovarian cancer patient-derived xenografts (PDX) model, European Association
of Cancer Research (EACR) biennial Meeting 2014, at Munich, Germany

10/2013

Oral presentation, Identification of FAM as novel epigenetic chemoresponse marker for
platinum-based chemotherapy resistance in high grade serous ovarian cancer,
1st Annual PhD student meeting, Cancer Research Center Groningen (CRCG),
Groningen, The Netherlands

04/2013

Poster presentation, Identification of novel epigenetic biomarkers for platinum-based
chemotherapy resistance in high grade serous ovarian cancer, American Association
for Cancer Research (AACR), Washington DC, USA

185

Appendices

186

Appendices
Curriculum Vitae
List of Publications
Abbreviations
Acknowledgements

Appendices

List of Publications
1.

Alkema NG*, Tomar T*, Duiker EW, Meersma GJ, Klip HG, van der Zee AGJ, Wisman GBA,
de Jong S; Biobanking of patient and patient-derived xenograft (PDX) ovarian tumour tissue:
efficient preservation with low and high FCS based methods, Scientific Reports. 2015 Oct

2.

Alkema NG*, Tomar T*, van der Zee AGJ, Everts M, Meersma GJ, Hollema H, de Jong S, van
Vugt MA*, Wisman GBA*; Checkpoint kinase 2 (Chk2) supports sensitivity to platinum-based
treatment in high grade serous ovarian cancer; Gynecol Oncol. 2014 Jun;133(3):591-8

3.

Tomar T, de Jong S, Alkema NG, Meersma GJ, Klip HG, van der Zee AGJ, Wisman GBA;
Genome-wide methylation profiling of ovarian cancer patient-derived xenograft (PDXs)
treated with the demethylating agent decitabine identifies novel epigenetically regulated
genes and pathways (Resubmitted to Genome Medicine)

4.

Tomar T, Alkema NG, Schreuder L, Meersma GJ, de Meyer T, van Criekinge W, Klip HG,
Fiegl H, van Nieuwenhuysen E, Vergote I, Widschwendter M, Schuuring E, van der Zee AGJ,
de Jong S* and Wisman GBA*; Genome-wide integrated epigenomics analysis identifies
FZD10 methylation for platinum sensitivity in ovarian cancer (Submitted)

5.

Tomar T*, Alkema NG*, Liefers-Visser JAL, Terwisscha van Scheltinga AGT, Meersma GJ, Klip
HG, Duiker EW, de Vries EGE, van der Zee AGJ, Wisman GBA, de Jong S; Dual wavelength
near-infrared fluorescence imaging of VEGF and IGF-1R in ovarian cancer patient-derived
xenografts (Manuscript in preparation)

6.

Tomar T*, de Jong S, van der Zee AGJ, Wisman GBA, Fehrmann RSN; Functional genomic
mRNA profiling identifies novel platinum chemoresponse-associated genes in high grade
serous ovarian cancer (Manuscript in preparation)

Other Publications
1.

Joseph JV, Busschers E, van Roosmalen IA, Tomar T, Conroy. S, Eggens-Meijer
E, Pore MM, Balasubramaniyan V, Wagemakers M, Copray S, den Dunnen WFA, Kruyt FAE;
Differentiation of glioblastoma neurospheres leads to enhanced migration/invasion capacity
that is associated with increased MMP9, PLoS One. 2015 Dec 23;10(12):e0145393

2.

Joseph JV, Conroy S, Pavlov K, Sontakke P, Tomar T, Eggens-Meijer E, Wagemakers M,
Balasubramaniyan V, den Dunnen WFA, Kruyt FAE; Hypoxia enhances migration/invasion in
glioblastoma by promoting a mesenchymal shift mediated by the HIF1α-ZEB1 axis, Cancer
Lett. 2015 Apr 1;359(1):107-16.

4.

Joseph JV, Tomar T*, Conroy S*, Eggens-Meijer E, Bhat K, Copray S, Walenkamp AM,
Boddeke E, Balasubramanyian V, Wagemakers M, den Dunnen WF, Kruyt FA; TGF-β is
an inducer of ZEB1-dependent mesenchymal transdifferentiation in glioblastoma that is
associated with tumor invasion, Cell Death Dis. 2014 Oct 2;5:e1443

5.

Bansal R, Tomar T, Ostman A, Poelstra K, Prakash J; Selective targeting of interferon
gamma to stromal fibroblasts and pericytes as a novel therapeutic approach to inhibit
angiogenesis and tumor growth, Mol Cancer Ther. 2012 Nov;11(11):2419-28

* Equal contribution
188

Appendices
Curriculum Vitae
List of Publications
Abbreviations
Acknowledgements

Appendices

List of Abbreviations
AOCS
ASCO
ATM
AUC
AZA
BMQ
CDXs
Chk2
CIMP
CNAs
CNL-index
CpG
CR
CTCs
DAC
DAVID
DDR
DMH
DMRs
DMSO
DNMTi
DNMTs
DSS
EGF
ELISA
EOC
ER
FACS
FCS
FGmRNA
FIGO
GCSF
GEMMs
GeneMANIA
GO
GOBP
GOG
H&E
HEK293T
HGSOC
HR
HR
HSCs
i.v.
ICGC
IGF-1R
IgG
KEGG
LMP
190

Australian Ovarian Cancer Society
American Association of Clinical Oncology
Ataxia telangiectasia mutated
Area under the curve
5-azacytidine
Beta-mixture quantile
Ctcs-derived xenografts
Checkpoint kinase 2
Cpg island methylation phenotype
Copy number alterations
Copy number load-index
Cytosine precedes guanine
Complete response
Circulating tumor cells
Decitabine (5-Aza-2′-deoxycytidine)
Database for annotation, visualization and integrated discovery
DNA damage response
Differentially methylated hybridization
Differentially methylated regions
Dimethyl sulfoxide
DNA methyltransferase inhibitors
DNA methyltransferases
Disease-specific survival
Epidermal growth factor
Enzyme-linked immunosorbent assay
Epithelial ovarian cancer
Estrogen receptor
Fluorescence-activated cell sorting
Fetal calf serum
Functional genomic mRNA
International Federation of Gynecology and Obstetrics
Granulocyte colony-stimulating factor
Genetically engineered mouse models
Gene multiple association network integration algorithm
Gene ontology
Gene ontology biological processes
Gynecologic Oncology Group
Hematoxylin & eosin
Human embryonic 293T kidney cells
High grade serous ovarian cancer
Homologous recombination
Hazard ratio
Hematopoietic stem cells
Intravenous
International cancer genome consortium
Insulin growth factor-1 receptor
Immunoglobulin G
Kyoto encyclopedia of genes and genomes
Low malignant potential or borderline ovarian cancers

List of Abbreviations

LOH
MAPK
MBD
MDS
MEK
MethylCap-seq
MMR
MPER
MSP
mTOR
MTT
NE
NER
NFκB
NIRF
OR
OS
PBMCs
PBS
PCA
PCqc
PCR
PCT
PD
PDXs
PFS
PR
PR
pRS
PVDF
RECIST
REMARK
REVIGO
RT-qPCR
s.c.
SCNAs
SD
SNP
TCGA
TGFbeta
TMAs
UMCG
VEGF
WebGestalt

Loss of heterozygosity
Mitogen-activated protein kinase
Methyl binding domain
Myelodysplastic syndrome
Mitogen-activated protein kinase
Methylation-enriched next generation sequencing
Mismatch repair
Mammalian protein extraction reagent
Methylation specific PCR
Mammalian target of rapamycin
3-(4,5-dimethythiazol-2-yl) 2,5-diphenyltetrazolium bromide
Not evaluable
Nucleotide excision repair
Nuclear factor κ-light-chain-enhancer of activated B cell
Near-infrared fluorescence
Odds ratio
Overall survival
Peripheral blood mononuclear cells
Phosphate-buffered saline
Principal Component Analysis
First principal component
Polymerase chain reaction
PDX clinical trial
Progressive disease
Patient-derived xenografts
Progression free survival
Partial response
Progesterone receptor
Pretrosuper
Polyvinylidene difluoride
Response evaluation criteria in solid tumors
Reporting recommendations for tumor marker prognostic studies
Reduce + visual gene ontology
Reverse transcriptase quantitative PCR
Subcutaneous
Somatic copy number alterations
Stable diseases
Single nucleotide polymorphism
The cancer genome atlas
Transforming growth factor beta
Tissue microarrays
University Medical Center Groningen
Vascular endothelial growth factor
Web-based gene set analysis toolkit

191

Appendices

192

Appendices
Curriculum Vitae
List of Publications
Abbreviations
Acknowledgements

Appendices

My PhD journey has been like a roller-coaster but I was blessed enough to have many co-travelers on this
adventurous ride. On looking back, I realize that I have spent memorable time during my PhD which could not
have been possible without many people around me. Now it’s apt time to thank all of them for their contribution.
Research is a team effort, and success requires a team of brilliant minds. I would never had come that far with
my PhD research without the aid of my promotors and daily supervisor.
First and foremost, I offer my sincerest gratitude and utmost appreciation to my first promotor Prof. Steven
de Jong. Dear Steven, your enthusiasm and support were instrumental for the completion of this thesis. Your
interest towards science and research is very inspiring for me. Further, your critical attitude always motivates me
to push the envelope and this is something that I cherish the most. Listening to your professional and personal
experiences during AACR, Glasgow and KWF meetings was always insightful and fun. I always find it funny to
knock your door and ask for a few minutes that usually end up to a stimulating active discussion of half an
hour, thanks for being patient.
I extend my acknowledgement to my second promotor Prof. Ate van der Zee. It was always enjoyable and
encouraging speaking to you, particularly in your awesome office with panoramic view of Groningen city. You
always spice up my results and manuscripts with idea of clinical relevance in our monthly thesis meeting.
Thanks for your valuable inputs for my PhD research.
My heartfelt appreciation goes to my daily supervisor and co-promotor Dr. Bea Wisman. You have proved the
title of ‘daily supervisor’ as you were easily approachable to answer my queries. Bea, thanks a lot for helping
me to get rid of my ‘shadow of doubts’ regarding my research projects and their progress, particularly in the
middle years of my PhD. Furthermore, I duly respect your caring attitude towards your students. Being a mother
of two kids, you always inspire me to have professional-personal balance.
My sincere gratitude to the members of the reading committee, Prof. Els M.M.J Berns, Prof. Jan Jacob
Schuringa and Prof. Harry J.M. Groen for their time and effort invested in reading and evaluating my thesis.
I owe sincere thanks to all the co-authors of my manuscript for their contribution and support.
Firstly, my profoundest applause to my “partner in crime’’, Dr. Nicolette Alkema. Dear Nico, it was our boundless
understanding and helping each other attitude that led the basis of our great teamwork regarding our doctoral
theses. I learnt my first PDX mouse surgery from you and since then we have never looked back and made
almost 50 PDX ovarian cancer models. I always cherish the time spent with you at the CDP, our chitchats and
gossips during experiments used to be delightful. I wish you a lot of success in your upcoming professional and
personal life.
My sincere gratitude to Prof. Marcel van Vugt for his supervision and guidance on DDR pathway-related
research, which resulted into a successful publication as Chapter 3 of this thesis. My heartfelt appreciation to
Dr. Rudolf Fehrmann for performing bioinformatics analysis that was instrumental for chapter 7. In addition,
thanks for sharing your knowledge and active discussions, which resulted in novel solutions at many instances
during my PhD. My profoundest gratitude to Prof. Harry Hollema and Dr. Evelien Duiker for your vital help in
analyzing countless H&E and immunohistochemistry (IHC) slides of ovarian cancer patients and PDX tumors
that play an important role in many chapters of this thesis. My profoundest gratitude to Prof. Ed Schuuring,
your timely guidance and suggestions during our ‘methylation meeting’ were very constructive for the methylome
project. I would like to express my greatest appreciation to Prof. Tim de Meyer and Prof. Wim van Criekinge
for your constant support and encouragement for learning and performing bioinformatics analysis using R. Dear
Tim, thanks a lot also for offering me to visit you at Ghent and sharpen our skills on R using TCGA datasets.
194

Acknowledgements

Further, your prompt responses on our biostatistics-related queries are always highly appreciated. I would like
to thank Prof. Liesbeth de Vries for her invaluable suggestions and remarks on chapter 6. My special thanks
to Dr. Anton Terwisscha van Scheltinga for helping us with dual imaging story by providing your practical and
theoretical expertise of optical imaging.
As per Benjamin Franklin’s saying “Well done is better than well said” and this suit very well to the technical
support that I received during my PhD tenure. First of all, Gert Jan, thanks for your immense help, be it genes
knockdown, western blotting or pyrosequencing. I found you as a person who strives for perfection in results,
your eagerness to try new techniques in a perfect manner (like your recent IHC staining skills) and your nature of
going beyond data collection, is what I appreciate the most. Being a talkative person, I learnt a lot about general
Dutch system along with rules and regulations. My special thanks goes to Harry Klip, your support and help
was fundamental for our PDX model and bio-banking project. Besides tissue processing and data management,
we always got time to talk about your sailing voyage. Dear Neeltje, thanks a lot for all your assistance and help
during PDX surgeries and data management in the absence of Harry and later with DEC related issues. I would
also like to extend my thanks to Roland, Phuong, Wytske, Marieke, Esmee, Silke, Linda and Lorian (from
pathology dept.) for their timely technical support in various experiments.
I would like to express my appreciation to the managers of the lab: Hetty and Coby as well as administrative
support of Medical/Gynecological Oncology: Janny, Anna Slotboom, Gretha, Bianca, Meta and Tine. I always
remain thankful for helping me out with lab-related issues, financial matters, product ordering and other
administrative stuff. Certainly, you are an invaluable asset to MOL lab.
My next compliments go to my TARGON teammates. Dear Jolanda, thanks a lot for your help in establishing
PDX models in the absence of Nicolette and performing FACS experiments for Chapter 6. Further, I would
like to thank Joost (my SNP buddy), Roelien, Gerke, Gerda and Ximena for helping me to maintain the PDX
models and their weekly check-ups. Dear Dr. Marco de Bruyn, thanks for your valuable advices and sharing
your experiences, not to mention our regular funny light chats. Further, I would like to appreciate other members
of TARGON: Aniek, Rong, Fenne, Florine and other master students who actively discussed my work during
our weekly Tuesday meetings. In addition, I would like to extend my gratitude to all the doctors of gynecologic
oncology who supported the research of this thesis by providing patient tumor material.
Many appreciations to masters that I have supervised during my PhD research: Leroy, Rieks and Toon. Your
work definitely contributed to the completion of my thesis. I also enjoyed introducing many bachelors’ students:
Ana Vincent, Lindy, Carin, Sonja and Eline, to the world of scientific research.
This PDX project would not have been successful without the help and support of central animal facility (CDP)
staff. My deepest gratitude goes to Animal officers Miriam and Catherin for their valuable suggestions for the 3
R’s. This acknowledgement extends to the excellent microsurgery team of CDP (Andre, Michel and Annemieke)
and all the animal caretakers.
My special thanks go to my former and current officemates: Milind, Anne, Hilde, Roeliene, Kleber, Siqi and
Frans, I am very happy to share the office with you and I thoroughly enjoyed my time in such a friendly and
international atmosphere of our office. Dear Justin Anna, although we don’t share office, but your office is my
most frequent Adda for awesome off-timing chats and knowledge sharing. I highly appreciate and respect your
passion towards research and wish you lots of success at Norway with Maria.
I would like to thank other former and current MOL members as well: Hylke (our 2nd Master ☺), Urzula,
Frank Roossink, Malgosia, Jennifer, Judith, Krill, Birgit, Ingrid, Karin, Eva, Jolien, Esther, Arne, Martin, Arjan,

195

Appendices

Margot, Natalia, Marloes, Rolf, Pepijn, Ines, Francien, Stijn, Elly, Stephanie, Sergi, Frank Jan, Anouk, Elles
and Annechien. Without you guys, research couldn’t be that fun in the department. My big thanks to our other
department friends from MOL lab: Antonella, Marco, Martha, Bart-Jan, Vincent, Hein, Bauke, Annet, Katherina,
Kim, Frank, Tiny and Walderik. I also would like to thank the MOL lab party committees who are regularly
organizing many borrels, Sinterklaas and annual lab day-outs and provide us regular mode of refreshment and
interactions. My big appreciation to colleagues and friends from other departments and facility of UMCG: Atiqul,
Piotr, Siobhan, Christian, Monique, Veera Kumar, Ajay, Pravin, Mithila, Nato, Fariba, Saleh, Mojtaba, Fahime,
Genaro, David, Rutger, Martin, Jasper, Andrea, Geert, Theo, Henk, Dalph, Mohamed, Christina and Peter for
nice talk and bright smile.
Dear Martijn, my friend and colleague, we share a nice connection ever since the tour of our PhD journey.
We had a great time during learning bioinformatics analysis together at Leiden and Ghent. I also learnt
pyrosequencing from you, which became a paramount technique of this thesis. Martijn, you are an amazing
person! I simply appreciate your energy level and outlook towards life and science. I wish you and Manasa all
the very best for your future professional and personal life.
My sincere appreciation goes to graduate school of medical sciences (GSMS) for their great assistance and
providing me so many opportunities to improve my skills via various offered courses along with financial support
to attend conferences.
Dear Steven (Prof. Steven de Jong) and Frank (Prof. Frank AE Kruyt), I am highly thankful to you both for
providing me a great opportunity to continue my research career in medical oncology with an interesting project
on breast cancer stem cells.
For me paranymphs are the “pillars of support” on the D-day ☺. Dear Gert Jan and Shiva, utmost thankfulness
for being the strong concrete pillars for me.
I am also fortunate to be a part of various organizations during my PhD Tenure. Being a Groningen Indian
Student Association (GISA) president, I would like to thank my team (Gaurav Malviya, Rajendra Chauhan,
Suresh van der Vijay, Milon Mandol, Avinash Raju) for their immense support throughout the year and making
event organization such a fun activity. Further, organizing GSMS PhD Conference 2015 was an amazing learning
experience and an opportunity to make great friends like Heleen, Nicole, Charlotte, Ena, Stefan, Mirjan and
Dario. Likewise, as a part of party committee 2012 ‘MASTI’ for MOL lab, I thoroughly enjoyed organizing
borrels, theme based events and lab day out with Susan, Harm Jan, Nathalie and Titia.
I owe sincere thanks to Manoj, Bhagya and their team from Pharma Pulse for providing their expertise hand in
designing the cover, content evaluation and correction; and formatting layout for this thesis.
I can never forget my initial days in Groningen. Vinay, Chetna and Anil you made me feel like a family, delicious
dinners, grocery shopping, late night conversations and horror movies are some of the sweet memories that I
will cherish forever. Dear Balaji, Vaishali, Pranav and Hansraj, thanks for being my initial Indian support.
Gradually, my Groningen “desi” circle expanded and I came in contact with Pramod, Shiva, Kiran, Gopi, Akshay,
Saritha, Soni, Ganesh, Soumen, Khayum, Siddesh. Pramod and Shiva, I am fortunate to have you as my amazing
housemates. Our house was a typical representation of “unity in diversity”, being shared by 3 individuals from
different zones of India. Be it inviting people for parties, watching cricket world cup together, weekend movies,
and special cooking lessons from Pammo Bhaiya or what not, the list is endless. Kiran bhaiya, your passion
for cooking inspired a lot of naïve cooks like me. Akshay and Gopi, how can I forget your numerous party
invitations and persuading us to cook for ourselves due to lack of preparation ☺). Gopi, you were my first desi
196

Acknowledgements

supervisor in Groningen who introduced a pharmacist to molecular biology. Ganesh pappa, thanks for moving
out from Cortinghlaan 56A so that I can make my way not only in the house but also in hearts. Dear Sari ra,
you were an awesome addition to the desi guy’s gang. You are a girl with a great sense of humor and amazing
listening capabilities ☺). Soni, thanks for inviting me for the yummy Indian food on various occasions celebrated
at orange house. Thanks to my Pillar Saab Shiva for introducing me to other amazing people like Khayum,
Siddesh and Soumen. Your helpful and easy-going nature was a great contributor to our friendship.
Then singles got double and we started enjoying bigger and better parties. Thanks to all bhabhies; Subha,
Meena, Ananya, Spoorthi, Neha Malviya, Soutri and Sangeeta for being an amazing addition. Groningen always
remains a vibrant city and a home to fresh faces. This brought us to meet many new families. Sunil-Smitha and
Rajender-Shilpa, I always loved to have amazing south Indian dinners at your place. Mr. and Mrs. Prof. Saab
(Asish-Reema), your company be it during GISA events (quizzes) or Pathe movies was always enjoyable. I am
happy that distance is not a barrier to this heartfelt connection. Gaurav-Neha, your zeal of celebrating Indian
festivals and inviting us for the same is really appreciable. Shodhan and Chaitanya it was really nice meeting
you and having you around.
Dear Vinod uncle and Meena Aunty, you are our local guardian and Groningen parents. Your unconditional love
and support made us feel at home. No matter the time of the day, you are just a call away. Nawina, Vinesh
and Vinay, you are also a great part of our Groningen family.
An integral part of my Groningen life is GISA where strangers are turned into friends. During many GISA events
and while preparing for them, I cherished many happy moments with Groningen Desis. My warmest thanks
to Bhushan-Prachi, Milind, Pallavi, Sneha-Amol, Vineet, Ankita, Rama Di, Ashoka, Aditya, Swapnil, Paresh,
Tauqeer, Sheikh, Sasanka, Harsh, Vishal, Hemant, Ketan, Kumar Saurav, Milon, Subir, Varsha, Dipayan,
Suresh Babu, Neeraj, Kushi, Nilesh, Vikram Mitra, Gaurav Rana, Lakshmi, Yamini, Gopi Krishan and Vikram
Bollineni, Saurabh Roy, Nobina. Also I toughly enjoyed the dance performances and their preparation with
Soumen, Gaurav Kanojia, Gautham, Pranov and Praneeth. Dear Pratiksha (Petty), our friendship is a sweet gift
of my life, which has its roots commencing from GISA as well. Since then you are a valued friend and I hope
this will last forever. Dear Yoshi, we had lots of fun during your initial stay in Groningen and our memorable
Venice trip, especially ‘’the dishwasher incident’’ that still brings smile to our faces ☺. My sincere thanks also
go to my non-Groningen friends in NL: Rajender-Chaitali, Mehul-Kanchan, Simar, Rachit, Twinkle and Burhan
bhaiya.
My heartfelt appreciation is extended to our dearest friends Kabir and Julian who hold a special place in my
heart. The humorous acts of Kabir Miya are the source of entertainment in our lives

. Dear Julian, you are

an open and kind-hearted person who is always happy to host us at regular intervals ☺. Time spent with you
both will always be one of the best memories of Groningen and our little Sumaira is a great addition to that.
Dearest Shiva saab, I am fortunate enough to have a friend like you who is always there in the hour of need.
Your jovial nature with great sense of humor and ‘out of the world’ explanations will be remembered forever.
Ananya, thanks for your hospitality on a number of b’days, anniversary and get-together parties. I wish you both
along with Sujan saab a great life ahead.
I could only pass through thick and thin of my life in Groningen with timely support and guidance from my
mentors and advisors. My deepest gratitude goes to Jai Prakash, Ruchi, Vinay, Anil Rana, PK Sharma,
Saravanan, Hasan dada, for providing apt advice, be it at professional or personal front. Jai Sir, you were
the one who aroused my inclination towards the field of cancer research and still motivates me to follow my
passion. All this life in Groningen was not possible if the foundation was not laid good and strong. My whole
197

Appendices

hearted thankfulness goes to my Indian mentors: Anil Puniya Uncle, Majumdar sir, Pathak sir, Sahoo sir who
inspired me to choose research as my career.
My deepest thanks go to my Master’s friends: Isis, Ya, Madina and Noor for sharing great and sweet memories
of life. The time spent during my Bachelor’s in DIPSAR is still close to my heart as it gave me some life-long
friends: Kanishk, Arshad, Mohit, Priya, Shailu, Nishi, Vandana, Vinni, AP, Manan, Abhishek, Abhay, Ranjan,
Suresh, Riju, Vipul and many more. Same goes for my school buddies who were friends at the time when the
word friendship was undiscovered for us. Dear Jyoti, Vishnu, Neha, Navneet, Juhi, Sheetal, Shelja and Sumit,
thank you so much for your unconditional and valuable friendship.
I truly believe that the people who feel satisfied with their personal lives are more satisfied with their careers
and perform better. Family plays a fundamental role in creating a successful professional life and I am truly
bestowed to have my in-laws as my second parents. Dear Mumma and Daddy, my sincere regard for welcoming
me to the family. Thanks for supporting me throughout the roller-coaster ride of my PhD. Certainly, your visit to
NL strengthened our bond further. Dear Atul bro, your sense of humor further adds up to the enjoyment during
my sasural visits. Hopefully soon, you will fulfill the desperate need of a sister-in-law in the family ☺. This also
brings me to my sister-in-law Rashmi bhabhi, thanks for being there and taking good care of the family so that
I can devote my full attention to the PhD research. I would like to extend my sincere appreciation to my elder
brother Vikas for constant encouragement since my childhood. You have always been a companion, advisor and
a good friend in my life. My dearest, naughty loveable nephew Aarav, hearing about your hilarious acts/demands
during the day refreshes my evening. I am really thankful for the blessings of my grandparents, uncles, aunties
and affection from the cousins.
The only people, who know your story, are the ones who help you write it. Writing the last chapter of this
thesis today would not have been feasible if you two (Mummy and Papa) were not a part of my encouraging
upbringing. Your belief in me is a great booster and constantly drives me to follow my dreams and ambitions.
Words can’t express my gratefulness to you, but I know you do understand what is unwritten.
As I truly believe that husband and wife are best friends for life, this brings me to acknowledge my best half,
Jasmine. Life wouldn’t be that pretty without having you in Groningen. Thanks to your great cooking skills, I
never missed flavors of homemade food. Being in the same profession, you were able to understand my latenight working, setback moments and consequently, the lack of quality time that we had for each other. The love
of my life, I genuinely appreciate and honor the sacrifices you made to bring me this Dr. title and certainly, this
will be repaid to you with interest ☺.
This acknowledgement would be incomplete without mentioning my future kids whose referral here would
prevent any future potential disputes ☺.
I thank you God for guiding me through my good and difficult times!
My sincere apologies and many thanks to those I have missed in this section.

(Tushar Tomar)

198

