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Epigenetic markers and response to
chemotherapy in cancer
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Abstract. The last ten years has seen an explosion in interest in epigenetic mechanisms of control of gene expression. This is
particularly true in the field of cancer research where epigenetic alterations are now regarded as equally important as genetic
alterations in the development and progression of cancer. Of particular interest is altered DNA methylation, which is a key
feature of essentially all tumour types. Aberrant methylation of CpG islands represents an ideal candidate for both diagnostic and
prognostic markers in cancer. It is highly prevalent, very largely tumour specific and potentially far more readily detectible than
most genetic alterations. This review will discuss the genes already identified as potential epigenetic markers of drug response,
as well as the rapidly improving technology for detection of methylation which has greatly expanded the potential sources of
tumour specific DNA that can be used for epigenetic marker analysis.
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1. Introduction

Cancer has long been regarded as a genetic disease
and mutations and deletions of many genes have been
shown to be critical in the development of cancer. How-
ever, in recent years it has become apparent that epige-
netic changes are as important as genetic alterations in
the process of tumourigenesis [6]. Epigenetic changes
in genes can be defined as a heritable change in gene
expression that is not a consequence of a change in the
DNA sequence. Such epigenetic changes fall predom-
inantly into two categories – Covalent changes to DNA
itself, which is essentially limited to DNA methylation
at cytosine residues and secondly modifications of the
DNA associated histones, which can take the form of
acetylation, methylation, phosphorylation or ubiquiti-
nation [4].
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DNA methylation is the only commonly occurring
modification of human DNA and results from the ac-
tivity of a family of DNA methyltransferase (DNMT)
enzymes that catalyse the addition of a methyl group
to cytosine residues at CpG dinucleotides [5]. The hu-
man genome exhibits a clear depletion of CpG dinu-
cleotides, presumably due to the high rate of deami-
nation of 5-methyl cytosine to thymine [5]. However,
the genome also contains small stretches, up to a few
kilobases in length, which are comparatively rich in
CpG dinucleotides, known as CpG islands. Unlike
the bulk of DNA, where the CpG dinucleotides are
highly methylated, the CpG dinucleotides in these is-
lands are usually methylation free in adult tissue and
this pattern of DNA methylation is stably inherited
from one cell generation to the next [5]. The genome
consists of around 30,000 CpG islands and 50–60% of
these are associated with genes, usually within the pro-
moter/1st exon region [6]. The functional importance
of CpG islands was revealed by studies demonstrating
that methylation of CpG islands within gene promot-
ers leads to transcriptional repression of the associated
gene [5].
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DNA methylation in particular has recently shown
great promise as a marker that can be used to predict
outcome or response to therapy in cancer patients and
also as a mechanism for early cancer detection. During
the last ten years there has been an explosion of research
on epigenetic mechanisms of control of gene expres-
sion and this has lead to greatly improved methodolo-
gies for the detection of epigenetic changes in general
and DNA methylation in particular. Consequently al-
terations in DNA methylation can be detected not only
in primary tumour samples, but also in a variety of more
readily obtainable samples (such as serum, saliva or
urine) which makes DNA methylation a very attractive
mechanism for monitoring malignant disease where re-
peat sampling of the primary lesion would often not be
possible. In addition, in contrast to the methylation free
status of CpG islands in normal cells, CpG island hy-
permethylation is highly prevalent in all types of human
malignancy and up to several thousand CpG islands can
be aberrantly methylated in a single tumour [7]. The
highly tumour specific nature of CpG island hyperme-
thylation means that it can readily be detected even in
samples with high levels of contamination with normal
DNA.

2. Hypermethylation of genes and response to
chemotherapy

Genes involved in essentially all facets of tumour de-
velopment and progression have been shown to be tar-
geted by aberrant methylation in human malignancy [6]
and many of these genes,such as those involved in DNA
repair or control of apoptosis, have the clear potential
to influence the response of cancer cells to therapeutic
agents, both by increasing or by decreasing sensitivity
(Fig. 1).

2.1. Genes associated with drug resistance

CpG island methylation of a number of genes has
been linked with poor response to a number of clinically
useful chemotherapeutic drugs. Probably the clearest
example is the mismatch repair (MMR) protein MLH1.
In addition to its role in repair of normally occurring
polymerase errors during DNA replication, the MMR
system plays a key role in recognition and response
to DNA damage induced by a number of commonly
used therapeutic drugs [15]. However, recognition of
such damage by the MMR system leads not to DNA

Fig. 1. Epigenetic markers of increased drug sensitivity and re-
sistance. Hypermethylation of the MGMT, FANCF and MDR1
genes have been reported to correlate with increased sensitivity to
chemotherapeutic drugs, whilst hypermethylation of MLH1, CASP8,
APAF1, MCJ and ASC [24] has been associated with drug resistance.

repair but initiates apoptotic signals through a variety
of pathways, including activation of p53 and p73 [24].

Loss of MLH1 expression is common in colorec-
tal, gastric, endometrial and ovarian cancers, and while
mutations of this gene are rarely found, in the over-
whelming majority of cases loss of expression is re-
lated to hypermethylation of the MLH1 CpG island.
In ovarian cancer cell lines selection for resistance to
cisplatin results in loss of MLH1 expression due to pro-
moter hypermethylation[32]. Reversal of this methyla-
tion, using an inhibitor of the DNMT enzymes, results
in re-expression of MLH1 and re-sensitisation of the
cells to cisplatin, using both in vitro and in vivo mod-
els [27,32]. Similar experiments have also shown that
reversal of MLH1 CpG island methylation in colorectal
cancer cells results in re-sensitisation to 5-fluorouracil
(5-FU) [2].

Clinical studies also confirm the potential utility
of MLH1 methylation as a predictive marker for re-
sponse to chemotherapy. In ovarian cancer assessment
of MLH1 methylation in tumour derived DNA, iso-
lated from serum samples at relapse, identified a much
higher rate of MLH1 methylation following chemother-
apy than before therapy (33% versus 12%) and MLH1
promoter methylation was associated with poor sur-
vival [19]. Similarly, in colorectal cancer, tumours ex-
hibiting microsatellite instability, the hallmark of loss
of MMR activity and almost always due to MLH1 pro-
moter methylation [8], were found to receive no bene-
fit from 5-FU based treatment, whereas patients lack-
ing MSI had clearly improved survival following 5-FU
therapy [28]. These clinical studies confirm the original
in vitro studies suggesting that MLH1 methylation is
an important determinant of chemosensitivity in cancer
cells.

As shown in Table 1 methylation of a number of
other genes has been shown to be associated with poor
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response to a number of different therapeutic agents.
Many of these play important role in the process of
apoptosis or programmed cell death. For example
methylation of Apaf1, which is a key downstream ef-
fector of p53 induced apoptosis [30], in association
with loss of heterozygosity results in loss of expression
in malignant melanoma samples and cell lines and re-
expression following reversal of DNA methylation re-
sults in increased sensitivity to adriamycin [31]. Simi-
larly Caspase-8, a key downstream effector of TRAIL
mediated apoptosis, has been shown to be frequently
hypermethylated in many tumour types, particularly
neuronal tumours. Loss of Caspase 8 has been shown
to be a poor prognostic factor in medulloblastoma [26]
and re-expression of Caspase8 restores sensitivity of
neuronal cancer cells to TRAIL ligand [18]. Other
genes whose functions are less clear may also prove
useful as markers for chemoresponse or survival. For
example the MCJ gene, a member of the DNAJ pro-
tein family of unknown function, was found to increase
sensitivity to a number of chemotherapeutic agents in
vitro [29] and high MCJ methylation levels correlate
both with response to therapy and overall survival in
ovarian cancer [33].

2.2. Genes associated with drug sensitivity

The tumour specificity of most CpG island hyper-
methylation events makes DNA methylation a very at-
tractive therapeutic target, both in primary tumours, but
also for the reversal of clinical drug resistance. How-
ever not all methylation events that influence drug sen-
sitivity in tumours leads to resistance and indeed the
clearest example of a methylated gene that predicts re-
sponse to chemotherapy is the MGMT gene, methy-
lation of which is associated with improved response
to alkylating agents [13]. MGMT is a DNA repair
enzyme that repairs adducts that can be induced by a
number of therapeutically useful alkylating agents and
levels of MGMT have long been known to influence
sensitivity to such agents [13]. MGMT methylation
was first linked to drug sensitivity in 1997 by Watts
and co-workers [36]. And a few years later MGMT
methylation was demonstrated to be a highly significant
predictor of survival in glioma [12]. This observation
has since been confirmed in multiple studies, mainly
in neurological tumours but also in lymphoma [11]. In
addition, the utility of MGMT hypermethylation as a
prognostic factor has been confirmed in a prospective
clinical trial which demonstrated dramatic differences

in survival (62% for methylated patients versus 8% in
unmethylated patients at 18 months) [21].

Although methylation of other genes has also been
associated with drug sensitivity the evidence is some-
what more conflicting than that of MGMT. Numer-
ous reports have investigated the relationship of methy-
lation of the MDR1 gene, which encodes the P-
glycoprotein (P-gp) efflux pump, and drug resistance
and indeed many of these have suggested an inverse
relation ship between MDR1 methylation and expres-
sion of P-gp, with increased methylation being associ-
ated with reduced P-gp expression and consequent in-
crease in sensitivity to chemotherapeutic drugs which
would be substrates for the pump (reviewed in [23].
However, other reports have found no association be-
tween methylation of the gene and expression even in
cell lines [17] and at least one report found that methy-
lation even increased MDR1 expression, through sup-
pression of a repressor element [1]. Overall it remains
unclear if methylation does play a significant role in
suppression of MDR1 expression in cancer. Similarly
a recent report identified a correlation between methy-
lation of the FANCF gene, which plays a role in re-
pair of double strand DNA breaks, and chemoresis-
tance in ovarian cancer [34]. However, this report failed
to demonstrate high levels of methylation of this gene
in primary tumours and a subsequent investigation of
FANCF methylation in over 100 ovarian tumours failed
to identify any evidence of FANCF methylation [35],
suggesting that methylation of FANCF is unlikely to
play a significant role in the chemosensitivity of ovarian
cancer.

3. Detection of methylation

One of the most attractive features of DNA methy-
lation as a marker for drug resistance, and indeed other
aspects of tumourigenesis is the wide array of technolo-
gies now available for detection of methylation. These
include methods that allow for very sensitive detection
of single gene methylation, making it possible to detect
aberrant methylation in a wide variety of sample types
including many which are readily obtainable, includ-
ing serum, sputum and urine, allowing methylation to
be readily used to monitor changes in tumour biology
over the course of treatment. In addition, technologies
are now available for array based detection of methy-
lation at high numbers of CpG islands, enabling for
methylation profiling of tumours.
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Fig. 2. Commonly used methods for the analysis of CpG island DNA methylation. A flow diagram of commonly used methods for the analysis
of single gene and genome wide methylation, detailing the mechanisms by which differential methylation is detected and (for the single gene
methods) their primary technical advantages. Boxed techniques are those that have been used for studies on epigenetic markers of drug resistance.
MeDIP, Methylation analysis by DNA immunoprecipitation [36].

Detection of genomic DNA methylation was initially
carried out primarily through the use of methylation
sensitive restriction enzymes [9]. These enzymes will
only cut DNA at their recognition sequences when the
DNA in not methylated and therefore the failure of the
methylation sensitive enzymes to digest DNA could be
taken as evidence of methylation. However, as detec-
tion was usually carried out by Southern blotting such
analysis was greatly limited by the large amounts of
DNA needed to assess even a single CpG site. How-
ever, analysis of methylation was revolutionised by the
introduction of sodium bisulfite modification (Fig. 2).
Treatment of genomic DNA with sodium bisulfite leads
to the conversion of cytosine residues to uracils (and
then to thymidine in subsequent PCR amplification).
However, methylated cytosines remain unaffected by
bisulfite treatment and consequently a sequence differ-
ence is produced in which methylated CpGs remain
but unmethylated CpGs are converted to TpG. This
was initially used for bisulfite sequencing [16] (Fig. 2),
and was further adapted through the use of methyla-
tion specific PCR (MSP) which allowed for greatly in-
creased throughput [22] and through COBRA analy-
sis [39] (Fig. 2) which allows for rapid quantitation of
methylation levels.

Through the use of these PCR based assays, in par-
ticular MSP, it is now possible to detect aberrant tumour
associated methylation changes in a variety of samples
in which only very small quantities of tumour derived
DNA are present. These include serum [14], urine [20],

sputum [3] and many others. Using such samples
greatly expands the potential uses of DNA methylation
detection for monitoring of treatment, early detection
and potentially even large screening programs, where
access to primary tumour samples is not practical, al-
though the sensitivity of detection is clearly reduced

3.1. Single gene versus array technology

In the above discussion on genes whose methylation
effects drug sensitivity all the analysis was done us-
ing approaches that analyse only a single gene. While
such approaches can clearly identify markers which
may alter the response of tumour cells to treatment, it
is clearly the case that tumour cell response to thera-
peutic drugs will be a multigenic trait and that anal-
ysis of single genes is unlikely to provide precise in-
formation about potential response to therapy. A num-
ber of approaches have now been reported which allow
genome wide analysis of CpG island methylation sta-
tus (Fig. 2) and these provide the possibility of using a
more global approach to the use of methylation to pre-
dict response. However, to date only a single study has
addressed this question. This study used differential
methylation hybridisation to assess the methylation sta-
tus of nearly 8000 CpG islands in ovarian tumours and
demonstrated a very striking correlation between high
methylation levels and poor response to treatment [38].
Clearly such powerful techniques have great potential
for the prediction of chemosensitivity in human cancer,
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however they also have clear drawback compared to
the single gene approach. Firstly, such techniques are
far more technically challenging and require specialist
expertise and equipment, making them unsuitable for
general laboratory use. Secondly, the amount and qual-
ity of DNA required could only be obtained by direct
sampling of the tumour, making them much more lim-
ited in their potential application than the single gene
approaches.

3.2. Quantitation versus qualitative

By far the most frequently used technique for both
methylation analysis in general and for identification of
chemotherapeutic drug response makers is MSP. While
this technique has excellent sensitivity for detection of
the presence or absence of methylation at a single tar-
get gene, it provides only qualitative data. Thus posi-
tives obtained with this technique give no indication as
to whether the identified methylation is present in all
tumour cells or just a tiny fraction. This clearly has
the potential to alter the significance of the identified
methylation. For example, MGMT methylation has
been clearly linked to improved response to a number of
therapeutic agents, presumably due to the importance
of this enzyme during repair of the induced DNA dam-
age. However, if methylation was only present in a tiny
fraction of cells then such improved response would
not be predicted. Also while methylation of the MCJ
gene was found to correlate with response to therapy in
ovarian cancer, this was only true of tumours with very
high levels of methylation and this association would
have been missed without the use of quantitative anal-
ysis [33]. Both the use of COBRA assays and fluo-
rescent PCR based MSP assays [10] have the poten-
tial to overcome this limitation while maintaining the
comparative ease of use of the MSP assay. However,
to date their potential use in the prediction of chemore-
sponse in tumours has not been widely tested, but it is
likely the use of such assays could further improve the
potential of methylation based makers for prediction of
response.

4. Conclusions

The prevalence, high degree of tumour specificity
and comparative ease of detection of aberrant CpG is-
land methylation makes such alterations very attrac-
tive candidates for use as markers of response to ther-
apy in cancer patients. Already a number of markers

are known to be associated with both improved and
poor response to specific cancer therapies. This list
will undoubtedly grow substantially in the upcoming
years, however appropriately sized clinical studies of
such markers will be required to clearly demonstrate
their potential use in the clinic. In addition, appropriate
methodologies will have to be utilised if the potential
of these markers is going to be fully realised. Studies
will have to be performed integrating both quantitative
data at particular loci as well as the use of multiple
epigenetic markers to get a more accurate picture of
potential response to therapy. Furthermore the poten-
tial of methods for genome wide assessment of altered
methylation clearly merits much further study to de-
termine if it could complement, or potentially replace,
single loci markers. Lastly, the potential reversibility of
epigenetic alterations make them ideal candidates for
modulation of tumour cell response to chemotherapy.
Studies have already shown for several of the identi-
fied markers, that reversal of aberrant DNA methyla-
tion can lead to re-sensitisation of tumour cells to ther-
apy. Thus the epigenetic markers identified may also
represent potential therapeutic targets for strategies that
combine conventional chemotherapeutics with epige-
netic based therapies, such as the DNA methylation
inhibitor Decitabine. The potential of such therapeu-
tic approaches is already being tested in early phase
clinical trials.
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