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Epigenetic mechanisms and therapeutic targets of chemotherapy
resistance in epithelial ovarian cancer

Jane Borley & Robert Brown

Department of Surgery and Cancer, Imperial College London, Hammersmith Hospital, London W12 ONN, UK

Epithelial ovarian cancer is the most lethal gynaecological can-
cer with the majority of patients succumbing to chemotherapy-
resistant disease. Unravelling the mechanisms of drug resistance
and how it can be prevented or reversed is a pivotal challenge
in the treatment of cancer. Epigenetic mechanisms appear to
play a crucial role in the development of inherent and acquired
resistance in ovarian cancer. Aberrant epigenetic states can be
reversed by drug therapy, and thus maintenance of epigenetic
change is a potential target to halt or reverse chemotherapy re-
sistance. This review explores the evidence that demonstrates
that DNA methylation, histone modification, and microRNAs
are associated with inherent and acquired chemotherapy resis-
tance in ovarian cancer and the current challenges associated
with this. We also explore current epigenetic therapies used in
patients with drug-resistant ovarian cancer and future potential
targets.
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Introduction

Epithelial ovarian cancer (EOC) is the most lethal of gynaeco-
logical malignancies, attributed to over 125,000 deaths per year
worldwide (1) and over 4000 deaths in the UK alone in 2012 (2).
Despite the improvement in both overall and progression-free
survival since the advent of platinum-based agents, most women
being treated for EOC eventually develop chemotherapy resis-
tance. Understanding the mechanisms of this resistance, how to
reverse resistant mechanisms, as well as the development of more
targeted tumour-specific therapies that are active in chemother-
apy-resistant disease is at the forefront of current EOC research
strategy (3). There is growing evidence for a role for epigenetic
mechanisms in acquired drug resistance (4-9), and this review
will address the potential relevance of these mechanisms for
EOC.

Initial chemotherapy response rates for standard regimes in
EOC range from 60% to 75% (10,11), indicating that at least 20%
of patients are resistant to first-line chemotherapy from the outset

e Epigenetic mechanisms are associated with
chemotherapy resistance and have potential as clinical
stratification biomarkers and therapeutic targets.

¢ Consistency in future studies is required to ensure a
homogeneous sample and patient population with
emphasis on relevant cell lines, samples, and clinical
response.

e Epigenetic therapies have so far shown mixed benefit in
patients with drug-resistant ovarian cancer mainly due
to the side effect profile limiting drug delivery.

(platinum-refractory). In those that do respond, a proportion of
patients will relapse within 6 months and are unlikely to respond
again with the same treatment regime, indicating platinum-
resistant disease. Second-line agents given to these patients have
response rates of 30% at best (12). Those with a treatment-free
interval of more than 12 months have a more favourable prog-
nosis; however, the majority will eventually succumb to disease
resistance to both platinum-based and other therapies within 5
years (2).

Chemotherapy resistance in ovarian cancer is probably due to
a variety of mechanisms in a heterogeneous tumour cell popula-
tion. This includes: 1) changes to pre-existing sensitive tumour
cells which escape initial cytotoxic death and thereby become
resistant, 2) survival of quiescent drug-tolerant cells (as cyto-
toxic agents are principally effective against proliferating cells),
and 3) intrinsically resistant cells (for instance, tumour stem
cells) which are present in relatively small numbers initially and
then propagate as sensitive cells are destroyed (4,13). It has been
proposed some time ago that ovarian cancer stem cells (OCSCs)
can contribute to drug resistance and chemosensitive relapse
of ovarian cancer (13), although experimental evidence to sup-
port this concept still is circumstantial (14). To date there are no
definitive OCSC markers which identify ovarian OCSCs, and it
remains unclear how OCSC markers relate to each other (14).
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Nevertheless epigenetic mechanisms such as elevated expres-
sion of histone methyltransferases occurring in putative OCSC
have been suggested as leading to drug resistance, and poised
epigenetic marks may have an important role in the evolution of
drug resistance in ovarian cancer (15). Thus targeting epigenetic
mechanisms associated with drug resistance may have merit in
preventing the emergence of drug-resistant OCSC populations
of cells. For example, resensitization to platinum-resistant cancer
stem-like ALDH+ A2780 cells has recently been demonstrated
using a DNA methyltransferase inhibitor (SGI-110) (16).

General mechanisms that contribute to primary or secondary
chemotherapy resistance of EOC have been previously reviewed
(13,17), and epigenetic regulation can occur at any number of
these mechanistic pathways. Such mechanisms mainly are intra-
tumoural; however, emerging evidence suggests that the host can
also play a significant role in promoting therapy resistance (18).
Recruitment of different host cell types to the treated tumour site
occurs in response to a range of therapies. This host response may
have a protective effect on the tumour cells, promoting a resistant
tumour. A role for epigenetics in such mechanisms is still to be es-
tablished, although DNA methylation variability in normal blood
cells of patients has been suggested to be associated with response
to chemotherapy in ovarian cancer (19). As epigenetic regulation
can be potentially reversible through epigenetic therapies, there
is potential in the delay of resistance or restoration of drug sen-
sitivity in this approach. This review therefore summarizes the
evidence to date on epigenetic mechanisms in EOC and makes
recommendations for future studies.

Epigenetic mechanisms

The term ‘epigenetics’ has been defined as a heritable change in
gene expression that is not due to an alteration in the DNA se-
quence (20); currently this includes various epigenetic processes
such as histone modification, microRNA regulation, and DNA
methylation. Epigenetic mechanisms are crucial for normal devel-
opment and maintenance of cell type-specific responses. Histones
are alkaline proteins which package DNA into structural units
known as nucleosomes. Post-translational modifications such as
acetylation, methylation, and phosphorylation occur on amino-
terminal histone tails and are strongly associated with active gene
transcription or transcriptional repression (21). Generally acety-
lation of histones by histone acetyltransferase (HAT) is associated
with active genes, and hypoacetylation (by enzymes called his-
tone deacetylases (HDACs)) with inactive regions (22). Histone
methylation is associated with both active and silent genes, where,
for instance, tri-methylation of lysine 27 of histone H3 (H3K27)
is a silencing mark and methylation of lysine 4 (H3K4) is found
at the promoters of active genes (23). DNA methylation is a pro-
cess of addition of a methyl group to the position 5 carbon on the
cytosine (C) nucleotide when followed by guanine (G) (CpG) in
the presence of a family of enzymes known as DNA methyltrans-
ferase. DNA methyltransferases (DNMTs) perform the transfer of
a methyl group from the endogenous co-factor S-adenosyl methi-
onine (SAM or AdoMet) to the C5 position of the cytosine nucle-
otide. Traditionally, it was believed that this transfer is established
via the de novo methyltransferases DNMT3A and DNMT3B and
then maintained throughout cell division by DNMT1, due to its
preference for hemi-methylated DNA (24). However, recently it
has been suggested that DNMT3A and 3B may also have a role
in maintenance (25). CpG islands (CGI) are defined as regions
of the genome that contain a higher than expected frequency of
CpG sites (normally 500 bp to 2 kb in length) (26). Approximately
70% of annotated gene promoters are associated with a CGI (27),

and it has long been established that genes that are transcrip-
tionally expressed are classically hypomethylated at CGIs while
hypermethylation of CGIs is associated with transcriptional
silencing (28,29). Epigenetic silencing of tumour suppressor genes
(such as BRCAI and APC) is well recognized to be a contributing
mechanism towards tumorigenesis in many cancer histotypes
(22). Gene silencing may be caused by direct inhibition of tran-
scription factor-binding or mediated by methyl-binding domain
proteins that associate with the surrounding histone scaffolding
(29-31). This subsequently recruits further complexes such as
histone methyltransferases and HDACs which work together to
compress chromatin into heterochromatin and thus ‘close’ tran-
scription start sites by constricting the nucleosomes (32). The
full cause or consequence of methylation which is not within
the promoter region, such as intragenic methylation (IGM), is
yet to be fully understood, although studies have demonstrated
that genes with high IGM are expressed at higher levels (33,34).
The hypotheses for this effect include: inhibition of the initiation
of transcription from alternative transcription start sites (35),
suppression of antisense strand mRNA or microRNA (36), and
regulation of splicing (37).

MicroRNAs (miRNA) are a family of short (~22 nt) single-
stranded ribonucleic acids which are also critically involved in
gene expression. These molecules are non-protein coding and
post-transcriptionally regulate gene expression through associa-
tion with a multiprotein complex RNA-induced silencing com-
plex (RISC). This complex then in turn typically binds at the 3’
untranslated region of the target mRNA leading to translation
inhibition, mRNA deadenylation, and decay (38). It has been
predicted that over 30% of mRNA may be targeted by miRNAs,
and therefore it is not surprising that a multitude of dysregulated
miRNAs have been implicated in the development, behaviour,
and progression of cancer (39-41).

Differential DNA methylation in association with
chemotherapy resistance in ovarian cancer

Table I summarizes the studies to date that have investigated
methylation of individual loci in direct association with either
acquired or primary chemotherapy resistance in ovarian cancer
cell lines or EOC tumour tissue. Hypermethylation at the pro-
moter region of DNA-repair gene hMLHI (mutL homolog 1,
colon cancer, non-polyposis type 2 (E. coli)) has been particularly
widely studied in a variety of cancer subtypes including EOC.
In platinum-resistant ovarian cancer cell lines (A2780 cisplatin-
resistant clones) hypermethylation at the promoter region of
hMLHI has been demonstrated when compared to sensitive
cell lines (42). Importantly in this study, reversibility and resen-
sitization to cisplatin is demonstrated with the addition of the
demethylating agent decitabine. This differential methylation has
also been observed in EOC patients with a significant increase in
methylation at relapse and after four or more courses of platinum-
based chemotherapy (43). Furthermore this differential methyla-
tion, which also predicts overall survival (OS), can be detected
in cell-free circulating DNA from plasma of patients with EOC
demonstrating its potential as a clinically relevant biomarker (44).
Interestingly, in a separate study, there was no difference dem-
onstrated in methylation of hMLH]1 in primary ovarian tumour
samples comparing those sensitive to cisplatin to those intrinsi-
cally resistant, highlighting that that the biological mechanisms
for intrinsic (primary) chemotherapy resistance can be separate
from acquired (secondary) resistance (45).

Additional association studies have demonstrated hyper-
methylation of BRCAI to be associated with an increase in
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clinical response to chemotherapy in ovarian tumours (46,47).
Differential methylation of transforming growth-factor-beta
inducible gene-h3 (TGFBI) (48) and p57Xi? (49) has also been
associated with platinum-resistant cell lines, and hypermethyla-
tion of methylation-controlled DNA ] (MCJ) gene was associated
with poor chemotherapy response and decreased OS in EOC tu-
mours (5). There are several limitations to these studies as those
involving patient material often use heterogeneous histology, now
well recognized to be molecularly different and as such should
be regarded as different disease entities (3). In addition, these
studies often use variable definitions of chemotherapy response,
making the summation of data challenging. The majority of the
early studies use methylation-specific PCR (MSP) to determine
DNA methylation. This process allows for specific investigation
of customized loci at small quantities of DNA, which is qualitative
and semi-quantitative (50) but is prone to false positives and not
suitable for investigation of large numbers of methylation loci.
Pyrosequencing technology is now widely used for single locus
analysis, is a robust assay that allows methylation to be quanti-
tated, and has the added benefit that it is suitable for detecting
differential DNA methylation in minute amounts of DNA within
body fluids (51).

More recently the advancement in DNA methylation technol-
ogy has allowed a genome-wide analysis of differential methyla-
tion in association with chemotherapy resistance. The earliest
study (52) used a custom differential methylation hybridization
(DMH) array and Affymetrix U133 gene expression array to
compare A2780 sensitive clones to isogenic resistant clones, de-
veloped over a variety of cisplatin exposures, to identify chemore-
sistance-associated loci. There was a demonstrated increase in
hypermethylated genes dependent on number of treatment ex-
posures and a significant correlation between the total number
of methylated genes and the IC50 of the resistant sub-lines. In
keeping with this there was a significant increase in expression of
DNA methyltransferases DNMT1 and DNMT3B in resistant sub-
lines. Furthermore, treating the resistant clone with DNA methyl-
transferase inhibitors, decitabine, and zebularine demonstrated a
dose-dependent decrease in IC50 and increase in cisplatin sensi-
tivity. In a similar study using the Infinium HumanMethylation27
Beadchip and Affymetrix U133 gene expression array differen-
tial methylation and gene expression were determined between
A2780 and A2780 cisplatin-resistant clones (6). A total of 4092
genes were hypermethylated at more than one CpG site in the
resistant clones, whereas only 1289 genes were hypomethylated.
From the 4092 hypermethylated genes, 245 genes were found to
be down-regulated on the gene expression array. Treatment of the
resistant clone A2780/cp70 with decitabine induced re-expression
of 41 of the 245 down-regulated genes. These findings were also
validated by pyrosequencing in cell line models of in vivo cisplatin
resistance and relapsed tumour samples with three genes, ARM-
CX2, MEST, and MLH], consistently having higher methylation
in resistant samples. One further study investigated A2780 versus
in vitro-derived cisplatin-resistant clones using Methyl-Capture
sequencing (MethylCap-seq) which identified 1224 hypermethy-
lated and 1216 hypomethylated differentially methylated regions
(53). In contrast to the previous studies the authors found a lower
global methylation in resistant lines compared to sensitive lines;
however, the differences were mostly found at intragenic regions
which are not well represented on DMH and Infinium Human-
Methylation27 arrays. It should be noted that in both of these
studies the A2780 cell line and its parenteral resistant clones were
used as a model for ovarian cancer, in keeping with many other
published studies. However, there is now good evidence that this
cell-line is not an appropriate model for high-grade serous cancer

and may be more similar to endometrial ovarian cancer and even
closely related to lung, liver, and gastric cancer tumours (54).

Studies directly investigating DNA methylation in EOC tumour
samples (as opposed to cell lines) are sparse. One such study uses
a DMH array to determine differential DNA methylation on 36
advanced-stage serous ovarian cancer samples. This demonstrat-
ed 749 loci whose methylation was significantly different between
patients with refractory or resistant disease (defined as disease
progression through or less than 6 months from platinum treat-
ment) versus those termed late sensitive (relapse after 12 months
of platinum treatment) (55). Of the differentially methylated
loci, approximately 60% of samples were methylated in resistant
tumours compared to 40% in sensitive tumours. The candidate
methylation loci were then matched to a gene expression array,
and 296 genes were identified which demonstrated a difference in
gene expression in association with methylation status. These 296
target genes were then further selected by using a shRNA screen
in a carboplatin resistance assay on resistant ovarian cancer cell
lines. From this, 19 genes were identified that when supressed al-
tered the platinum resistance of the cell lines, including FZD1I (an
important Wnt-signalling receptor). A separate study, principally
performed to investigate the association of DNA methylation in
Wnt pathway genes (determined by DMH array) to progression-
free survival in 120 primary EOC tumours, also demonstrated
that increased methylation of DVLI and NFATC3 correlated to
poor primary platinum-based chemotherapy response (56). It
was observed that for every unit increase of methylation Z score
the odds ratio (OR) of the patients with progressive or stable
disease to the patients with partial or complete response was 1.7
(95% CI 1.1-2.8, P=0.026, false discovery rate (FDR) <10%)
for DVLI and 1.6 (95% CI 1.0-2.6, P=0.032, FDR<10%) for
NFATC3. These findings were replicated in The Cancer Genome
Atlas (TCGA) data set and, in keeping with the association of pro-
moter hypermethylation and gene inactivation, the investigators
found a significant inverse correlation with gene expression data.
Furthermore a decrease in expression of DVLI was found to be
significantly associated with poor chemotherapy response in the
TCGA cohort (OR 0.5, 95% CI 0.3-0.9, P=0.035) (56).

Overall these studies demonstrate association with differen-
tial DNA methylation and chemotherapy resistance or response.
However, it is often unclear as to whether these loci are a driver of
resistance (whereby the differential methylation causes transcrip-
tional changes which contribute to resistance) or simply a conse-
quence of separate unknown mechanisms which coincidentally
cause an alteration in methylation. For example, methylation on
Lys27 of histone H3 appears to pre-mark genes for de novo DNA
methylation in cancer (57). In addition difficulties in separating
the cellular components within tumour tissue leads to a global es-
timation of methylation rather than a cell-specific quantity. Fur-
ther validation of target loci is required for any loci to be clinically
meaningful, with consensus agreements needed on the number of
CpG sites to be sampled and the ideal experimental platform.

Histone modifications in association with
chemotherapy resistance in ovarian cancer

There is less available evidence of the role of histone modifica-
tions at specific loci associated with EOC resistance, but this is
perhaps due to the technical difficulties of determining histone
modification (in comparison to DNA methylation, for example).
Nevertheless, as recently reviewed, this is an important future
area for further investigation in drug resistance using emerging
next-generation sequencing technology and epigenetic editing
(4). One of the earliest reports demonstrated that over-expressing



a dominant negative histone transgene was able to reduce global
levels of H3K27me in cisplatin-resistant A2780/cp70 cells and
led to resensitization and a 4-fold reduction in the cisplatin
IC50 (58). This change was thought to be in part due to altered
gene expression, with an up-regulation of MLHI and RASSFI1A
amongst others. There is growing evidence that both repressive
and permissive histone modifications can occur at the same time
on the same gene promoter, which can then be considered to be
in a bivalent state, poised for activation or repression of cancer
cells. This then in turn leads to stable epigenetic changes which
depend on activation, for example through exposure to chemo-
therapy leading to stable acquired resistant cells (59). Our group
has demonstrated gene sets associated with bivalent H3K27me3
and H3K4me3 in high-grade serous ovarian cancer (HGSOC)
patient tumours which are significantly differentially expressed in
the cisplatin-acquired resistant HGSOC ovarian cell line PEO4
versus the chemotherapy-sensitive line PEO1 (60).

Further evidence for the role of histone modification in ovar-
ian cancer includes EZH2, a specific H3K27 methyltransferase
found to be over-expressed in cisplatin-resistant A2780/DDP cells
compared to sensitive A2780 (61). Furthermore a loss of EZH2
through shRNA transfection was shown to resensitize resistant
cells to cisplatin in in vitro and in vivo models.

It is likely that a combination of different histone modifications
and DNA methylation interplay in the development of chemo-
therapy resistance, and future studies should explore this further.

MicroRNA in association with chemotherapy
resistance in ovarian cancer

A plethora of studies have found associations with miRNAs and
resistant ovarian cell lines. Those which have been validated by
either in vitro or in vivo knockdown/re-expression sensitivity as-
says or in patient tumour tissue are summarized in Table II. Most
studies use ovarian cancer cells lines; very few validate findings
in clinical material. Four studies use an exploratory approach in
a heterogeneous mix of EOC tumour tissue (62-65). They utilize
miRNA array platforms to generate miRNA signatures dependent
on chemotherapy response. Table III summarizes the findings
from these four studies. Adequate FDR correction analysis which
is crucial in analysis of large data sets (66) is lacking in three of
four studies, with only one study using a FDR cut-oft of <10%
(65). There is poor reproducibility between studies, although this
may be partly explained by the different microarray platforms
used and different categorization of chemotherapy response. The
two most recent studies make efforts to perform test validation
in analysis. Bagnoli et al. (65) used the Illumina miRNA Bead-
Chips Array to determine differential expression of miRNAs
in 55 advanced-stage EOC tumours. With a FDR of <10%, an
expression signature consisting of 18 down-regulated and 14 up-
regulated miRNAs in patients with early relapse (time to progres-
sion less than 12 months) was generated. A total of 10 miRNAs
remained significant in a validation set (n = 30), 9 of which were
located at chrXq27.3; the authors summarized that these findings
represented a ‘highly correlated and co-expressed miRNA cluster’
Furthermore, unsupervised hierarchical clustering based on the
miRNA signature correctly classified the validation set accord-
ing to relapse in 90% of cases. Vecchione et al. (63) determined
a separate miRNA signature with 23 differentially expressed
miRNAs, from 86 EOC tumour samples, using the TagMan Ar-
ray Human MicroRNA Set. Cluster analysis determined samples
grouped into those that responded to chemotherapy (RECIST
complete and partial response) and those that did not (RECIST
stable disease and progressive disease). Validation of this signa-
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ture was attempted in an independent set of 112 samples using the
TagMan MicroRNA assay with three miRNAs, mir-484, mir-642,
and mir-217, remaining significant in ANOVA analysis.

The lack of reproducibility between these studies suggests pos-
sible deficiencies in study design especially in regard to histotype
of EOC and lack of statistically significant validation and FDR
correction. Future biomarker studies should focus on ensur-
ing adequate power within the experimental design, remaining
within REMARK criteria (67) and ensuring that the histotype of
tissue is accurately represented.

Targeting chemotherapy resistance through
epigenetic therapies

Unlike genetic mutations, DNA methylation and histone modi-
fications are reversible and are thus important targets for effec-
tive cancer treatment. Indeed both 5-azacytidine and decitabine
(5-aza-2’-deoxycytidine), both demethylating agents, are cur-
rently used in clinical practice for myelodysplastic syndrome
(MDS) and cutaneous T cell lymphoma. These drugs, classified as
DNMT inhibitors, exert their demethylating activity by being in-
corporated into the DNA of S-phase cells in the place of cytosine.
Covalent bonds are subsequently formed with DNMT, resulting
in a reduction of the active enzyme and a subsequent loss of
methylation (68). In MDS patients, the use of DNMT inhibitors
has been shown to improve quality of life, significantly improve
OS (69), and have led to complete remission rates of up to 39%
(70). Numerous in vitro and in vivo studies have demonstrated
that the addition of DNMT inhibitors and HDAC inhibitors can
reverse acquired drug resistance (42,48,49,52,71,72). These drugs
have since translated to the clinical setting in phase 1 and 2 trials
for patients with resistant disease in solid malignancies.

Demethylating agent clinical studies

Specifically in relation to ovarian cancer, phase 1 studies have
proven the safety of DNMT inhibitors, albeit with common tox-
icities of allergy, rash, and gastrointestinal disturbances (73,74).
Myelosuppression toxicities are also closely correlated to dose
escalation (75). Importantly for these phase 1 studies, demethyla-
tion has been demonstrated at clinically acceptable doses in pe-
ripheral blood mononuclear cells (PBMCs), cell-free circulating
DNA in plasma, and tumour biopsies, proving the mechanistic
action of the drugs (73,75). Three phase 2 clinical trials have so
far been published. The earliest published study (76,77) random-
ized patients with relapse of EOC within 6-12 months of plati-
num treatment to either six cycles of carboplatin (AUC 6) or 90
mg/m? decitabine on day 1 and carboplatin on day 8. The dose
of decitabine had to be reduced to 45 mg/m? after the first four
enrolled patients had frequent dose delays due to neutropenia.
Despite this dose reduction none of the patients in the decitabine
arm were able to complete six cycles of treatment due to hyper-
sensitivity reactions and neutropenia. Additionally there was no
RECIST response in this group compared to 6/14 responses in the
carboplatin-only group. The trial therefore closed early. A separate
study (phase 1b-2a) (78) selected high-grade EOC patients with
platinum-refractory or resistant disease (relapse within 6 months)
to receive subcutaneous azacitidine 75 mg/m? daily for 5 days and
carboplatin (AUC 4 or 5) on day 2. From 29 evaluable patients,
17 received six or more cycles, and no dose-limiting toxicities or
treatment-related deaths were observed. Clinical chemotherapy
response was defined by WHO criteria, 1 patient had complete
response, 3 patients had partial response, and 10 patients had
stable disease, which is particularly encouraging for patients with
refractory disease. One further study (79) recruited patients with
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Table III. Summary of four independent studies associating miRNA expression and chemotherapy response in clinical
material.

Expression in relation

Study miRNA ID to resistance FDR correction
Yang et al. 2008 let-7i up 0.67
mif-216 down 0.67
mir-106b up 0.69
mir-123 down 0.67
mir-126 down 0.67
mir-129 down 0.67
mir-140 down 0.67
mir-146 down 0.67
mir-148 down 0.67
mir-152 down 0.67
mir-181c¢ down 0.67
mir-196a down 0.67
mir-198 down 0.67
mir-1b-1 down 0.67
mir-203 up 0.67
mir-214 down 0.67
mir-22 down 0.67
mir-223 down 0.67
mir-29a down 0.67
mir-320 down 0.67
mir-320 down 0.67
mir-321 up 0.67
mir-365 down 0.67
mir-370 down 0.67
mir-452 down 0.67
mir-453 up 0.67
mir-491 up 0.67
mir-507 up 0.67
mir-509 up 0.67
mir-513 up 0.67
mir-514 up 0.67
mir-519e down 0.67
mir-520e down 0.67
mir-521 down 0.67
Eitan et al. 2009 let-7g up >0.3
mir-23a up 0.3
mir-27a up 0.3
mir-30c up >0.3
mir-378 down 0.3
mir-625 down >0.3
mirr-199a-3p up >0.3
Vecchione at al. 2013 mir-181a down Not corrected
mir-19a up Not corrected
mir-217 down Not corrected
mir-302d down Not corrected
mir-483-5q down Not corrected
mir-484 down Not corrected
mir-491 down Not corrected
mir-592 up Not corrected
mir-642 down Not corrected
mir-653 down Not corrected
mir-671-3p down Not corrected
mir-744 down Not corrected
Bagnoli et al. 2011 HS-138 down <0.1
HS-141 down <0.1
let-7f-1 up <0.1
mir-139-5p up <0.1
mir-15b up <0.1
mir-188-5p down <0.1
mir-191 down <0.1
mir-202 down <0.1
mir-202 down <0.1
mir-22 up <0.1
mir-27b up <0.1
mir-299-5p up <0.1
mir-30c-2 up <0.1
mir-32 down <0.1
mir-339-3p down <0.1
mir-411 up <0.1
mir-454 up <0.1

(Continued)
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Table III. (Continued)

Expression in relation

Study miRNA ID to resistance FDR correction
mir-485-3p up <0.1
mir-493 up <0.1
mir-494 up <0.1
mir-506 down <0.1
mir-507 down <0.1
mir-508-3p down <0.1
mir-509-3-5p down <0.1
mir-509-3p down <0.1
mir-509-5p down <0.1
mir-513a-3p down <0.1
mir-513a-5p down <0.1
mir-513b down <0.1
mir-514 down <0.1
mir-656 up <0.1
solexa-499-2217 up <0.1

Bold text = significant in training and test set.

platinum-refractory EOC disease. Treatment consisted of decit-
abine 10 mg/m? intravenously for 5 days and carboplatin on day
8 (AUC 5). Altogether 17 patients enrolled into the study, with
most patients receiving six cycles of treatment. Grade 3-4 toxici-
ties included neutropenia (#n = 4) and thrombocytopenia (n = 2).
From 17 patients, 1 had RECIST defined complete response, 5
had partial response, and 6 had stable disease which lasted for
more than 3 months. The authors concluded that the improved
side effect profile in this study compared to the previously similar
study (80) was due to the lower dose of decitabine administered
and the use of routine growth factor support (peg-filgastrim) to
prevent prolonged myelosuppression. Furthermore global and
gene specific methylation was proven in PBMC, ascites, and tu-
mour DNA at this lower dose.

Histone modification clinical studies

Three studies have investigated the efficacy of HDAC inhibitors in
EOC patients with resistant or refractory disease in phase 2 clinical
trials (81-83). The first of these used single-agent belinostat on day
1 to 5 of a 21-day cycle in patients with platinum-resistant disease
(PFS within 6 months of platinum therapy) (83). Of 18 patients,
15 showed response, with 9 (60%) demonstrating stable disease,
and 6 (40%) with progressive disease, although all patients were
off-study by the end of analysis. In addition, as a platinum agent
was not given in combination with belinostat, it is unclear whether
belinostat causes reversal of platinum resistance. Two more recent
studies have more specifically investigated the use of belinostat
in patients with resistant disease in combination with platinum-
based agents. Dizon et al. (81) combined belinostat day 1 to 5 with
carboplatin (administered 2-3 hours after day 3 belinostat) in pa-
tients with platinum-resistant disease (Progression Free Survival,
PFES, <6 months from treatment). A total of 27 eligible patients
were recruited and received a median number of two treatment
cycles. One patient demonstrated complete response, 1 partial re-
sponse, and 12 patients (44.4%) had stable disease. As the overall
response rate was 7.4%, the authors concluded that belinostat did
not improve the activity of carboplatin in this resistant population.
Following this, a similar trial added paclitaxel to the belinostat/
carboplatin combination and recruited 35 patients with EOC (82),
16 of whom had progressed within 6 months of cisplatin/taxane
treatment, and 19 of whom progressed after 6 months. With this
combination the overall response rate appeared much improved at
44% in those with platinum-resistant disease.

Other potential therapeutic targets which are currently less
well developed include histone methyltransferase inhibitors that

prevent gene silencing through inhibition of histone trimethy-
lation (84). Additionally the benefits of combining DNA dem-
ethylating agents and HDAC inhibitors have been proposed to
be acting synergistically to ‘unlock and open’ the gene which
has become epigenetically silenced (68,71,85). Further clinical
approaches to epigenetic drug development include using single
agents to switch on tumour suppressor genes fundamental to
particular cancer development, maintenance therapy to prevent
relapse or resistance following a course of conventional treatment,
and prophylaxis to patients at high risk of developing disease such
as those found through epigenetic risk biomarkers (85). Several
concerns about the safety of epigenetic therapies include the un-
known and non-specific effects on normal tissue, the high side
effect profile, and the potential carcinogenic effect. However, it is
important to recognize that the majority of these treatments are
being trialled as second- or third-line drugs, when conventional
chemotherapy has already failed and treatment options for the
patient and the medical team are extremely limited. In addition
there may be several mechanisms for why, at present, epigenetic
therapies are less effective in solid tumours in comparison to
haematological malignancies. This includes drug delivery and
targeting (achieving the optimal dose at the specific sites whilst
minimizing side effects peripherally), the relative lower number
of proliferating cells in solid tumours, and the need to eradicate
tumour stem cell populations (85).

Summary

Strong associations clearly exist between epigenetic marks and
chemotherapy resistance mechanisms in both cell lines and EOC
tumour samples, and it is evident that epigenetics has a part to play
in cancer resistance. However, the complexity and heterogeneity
of these mechanisms and their interaction make interpretation
difficult. Previous studies have suffered in quality due to the use
of the heterogeneous tumour samples or lack of consistency in the
definitions of chemotherapy response. It is also now well recog-
nized that EOC is not one disease entity and that these tumours
are particularly heterogeneous with distinct molecular, biologi-
cal, aetiological, and clinical profiles (3). Therefore future studies
should not group heterogeneous tissue types together, and most
will focus on the commonest form of EOC, high-grade serous
ovarian cancer. Many studies use cell lines which now appear to be
a poor model of ovarian cancer or do not validate significant find-
ings in independent data sets. Stringent criteria as demonstrated
in prognostic biomarker research through REMARK criteria



(67) should also be applied to future work to ensure high-quality
association studies. There is also an additional complexity of
determining differences between primary intrinsic drug resistance
and secondary acquired drug resistance, and there is a need for
high-quality longitudinal studies with paired sequential samples
to determine these changes. In the future, data generated from
patient samples obtained from the British Translational Research
Ovarian Cancer Collaborative (BriTROC) will hopefully address
some of these issues.

It is also vital to determine whether associations of individual
targets and loci are drivers of resistance and thus potential targets
or purely passengers of resistance with no direct biological action
or a consequent contribution to the resistance mechanism itself.
In addition, whether these associations in a heterogeneous cell
population within the tumour mass can be clinically validated still
requires addressing. Future work in the field of epigenetics aims
to answer these questions, with the intention to use these tools
to discover reproducible biomarkers to identify accurately those
with resistant tumours. This will ultimately aid clinical manage-
ment decisions as well as advancing epigenetic drug development
to prevent or reverse these resistant mechanisms.

Declaration of interest: The authors have no disclosures of
interest.
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