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Silencing genes role in initiation of cancer and clinical impacts

Genes can be silenced by molecular tags being placed on them. This is a normal process 
that controls when and where genes are available to be used. In some cases this silencing 
can be incorrectly applied to genes involved in preventing cancer, causing cancer initiation 
and progression. This review discusses the role of one of these tagging processes, DNA 
methylation and its role in initiation of cancer and implications for treatment.
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The role of aberrant DNA methylation in 
cancer initiation and clinical impacts
Franziska Geissler* , Ksenija Nesic* , Olga Kondrashova, Alexander Dobrovic,  
Elizabeth M. Swisher, Clare L. Scott and Matthew J. Wakefield

Abstract: Epigenetic alterations, including aberrant DNA methylation, are now recognized 
as bone fide hallmarks of cancer, which can contribute to cancer initiation, progression, 
therapy responses and therapy resistance. Methylation of gene promoters can have a range 
of impacts on cancer risk, clinical stratification and therapeutic outcomes. We provide several 
important examples of genes, which can be silenced or activated by promoter methylation 
and highlight their clinical implications. These include the mismatch DNA repair genes 
MLH1 and MSH2, homologous recombination DNA repair genes BRCA1 and RAD51C, the TERT 
oncogene and genes within the P15/P16/RB1/E2F tumour suppressor axis. We also discuss 
how these methylation changes might occur in the first place – whether in the context of the 
CpG island methylator phenotype or constitutional DNA methylation. The choice of assay 
used to measure methylation can have a significant impact on interpretation of methylation 
states, and some examples where this can influence clinical decision-making are presented. 
Aberrant DNA methylation patterns in circulating tumour DNA (ctDNA) are also showing great 
promise in the context of non-invasive cancer detection and monitoring using liquid biopsies; 
however, caution must be taken in interpreting these results in cases where constitutional 
methylation may be present. Thus, this review aims to provide researchers and clinicians with 
a comprehensive summary of this broad, but important subject, illustrating the potentials and 
pitfalls of assessing aberrant DNA methylation in cancer.

Correspondence to: 
Matthew J. Wakefield 
Walter and Eliza Hall 
Institute of Medical 
Research, 1G Royal 
Parade, Parkville, VIC 3052

Department of Obstetrics 
and Gynaecology, 
University of Melbourne, 
Parkville, VIC, Australia

wakefield@wehi.edu.au

Franziska Geissler 
Walter and Eliza Hall 
Institute of Medical 
Research, Parkville, VIC, 
Australia

Ksenija Nesic 
Walter and Eliza Hall 
Institute of Medical 
Research, Parkville, VIC, 
Australia

Department of Medical 
Biology, University of 
Melbourne, Parkville, VIC, 
Australia

Olga Kondrashova 
QIMR Berghofer Medical 
Research Institute, 
Brisbane, QLD, Australia

Alexander Dobrovic 
University of Melbourne 
Department of Surgery, 
Austin Health, Heidelberg, 
VIC, Australia

Elizabeth M. Swisher 
University of Washington, 
Seattle, WA, USA

Clare L. Scott 
Walter and Eliza Hall 
Institute of Medical 
Research, Parkville, VIC, 
Australia

Department of Medical 
Biology, University of 
Melbourne, Parkville, VIC, 
Australia

Department of Obstetrics 
and Gynaecology, 
University of Melbourne, 
Parkville, VIC, Australia

Peter MacCallum Cancer 
Centre and Sir Peter 
MacCallum Department 
of Oncology, University of 
Melbourne, Parkville, VIC, 
Australia

1220511 TAM0010.1177/17588359231220511Therapeutic Advances in Medical OncologyF Geissler, K Nesic
research-article20242024

Review

Introduction
It is now well accepted that carcinogenesis and 
cancer proliferation can be driven by both genetic 
and epigenetic events. Genetic changes directly 

affect the sequence of the DNA in a cell, whereas 
epigenetic changes refer to reversible modifica-
tions to DNA, histones or RNA and can affect 
the structure or function of DNA. Thus, 
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epigenetic changes do not affect the sequence of 
the DNA or RNA, but do influence the way that 
genetic information is read and translated by 
cells. Some epigenetic modifications to DNA can 
be passed to daughter cells, and in some cases 
across generations in organisms.1 DNA methyla-
tion at the fifth carbon of cytosine (5-methylcyto-
sine; 5mC) is a well-studied and highly conserved 
epigenetic modification that is essential for devel-
opment in mammals. It can influence gene 
expression levels, protect cells from repetitive 
element activity, maintain genome stability dur-
ing cell division and enable parental gene imprint-
ing. In mammals, cytosine methylation primarily 
occurs at CpG sites in the DNA sequence.2,3 
Although these CpG sites occur at low frequen-
cies across the mammalian genomes, the major-
ity (60–80%) of them are methylated.4 Less than 
10% of CpG sites are found in CpG dense 
regions of the genome, known as ‘CpG islands’, 
which are often found at transcription start sites 
of genes. In somatic cells, many CpG islands are 
unmethylated and this state is associated with the 
potential for gene expression.5 However, in the 
context of cancer, this balance shifts leading to 
global hypomethylation of the genome coupled 
with acquired methylation of certain CpG 
islands.5 This can lead to silencing of tumour 
suppressor genes, decreased genomic stability 
and, in some cases, activation of protooncogenes 
that can drive carcinogenesis.5–10 Silencing of 
tumour suppressor genes via promoter hyper-
methylation are also described as ‘epimuta-
tions’.11 Indeed, these epigenetic changes can 
have similar effects to genetic mutations in the 
process of cancer development, progression and 
therapy responses. Specific patterns of CpG 

methylation have also been associated with dif-
ferent cancer types, and these have been used as 
biomarkers for cancer detection, prognosis and 
therapeutic outcomes.12,13

Herein, we focus on the impacts of tumour sup-
pressor gene silencing by promoter methylation 
on cancer initiation and therapeutic responses, 
with examples provided. We also examine the 
potential use of unique DNA methylation pat-
terns in cancer for disease risk, diagnosis, moni-
toring and precision medicine.

Aberrant DNA methylation and 
carcinogenesis
The first report of tumour suppressor gene silenc-
ing contributing to cancer formation was in 1989, 
describing methylation of the retinoblastoma sup-
pressor gene, RB1, in individuals with sporadic 
unilateral retinoblastoma.14 Since then, many 
other tumour suppressor genes have been found 
to be silenced via promoter methylation in can-
cers, including MLH1, BRCA1, RAD51C, APC 
and CDKN2A/p16 (Table 1), and aberrant DNA 
methylation has been accepted as a feature across 
multiple cancer types.15 Like genetic mutations in 
these genes, epigenetic silencing appears to be 
enriched in certain cancer types consistent with 
patterns of genetic mutations, suggesting that 
both tumour suppressor silencing and mutations 
can drive carcinogenesis. For example, MLH1 
silencing is found primarily in colorectal16 and 
endometrial cancers17,18, BRCA1 and RAD51C 
methylation in ovarian and breast cancers, and 
APC methylation in gastrointestinal cancers.19 
Hypermethylation of CDKN2A/p16 promoter 

Table 1. Tumour suppressors known to be silenced by DNA methylation in various cancer types. This non-exhaustive list describes 
some well-defined tumour suppressor genes silenced (or in the case of THOR, activated) by DNA methylation (either CpG 
methylation in the promoter or early exons of the gene) across various human cancer types.19–64

Gene name Cellular function Cancer types References

APC Cellular proliferation, migration, DNA 
repair and chromosomal segregation

Oesophageal, gastric, colorectal, 
pancreatic, hepatic

Zhu et al.,19 Barrow et al.33

BRCA1 Homologous recombination DNA repair Ovarian, breast Cgarn,23 Cunningham et al.,24 Kondrashova 
et al.,25 Stefansson et al.27

RAD51C Homologous recombination DNA repair Ovarian, breast, gastric Cgarn,23 Cunningham et al.,24 Nesic et al.28

MLH1 Mismatch DNA repair Colon, gastric, endometrial, non-
small cell lung cancer

Zhang et al.,29 Shen et al.,30 Post et al.,31 Idos 
et al.,32 Helland et al.65

MSH2 Mismatch DNA repair Colon, gastric, endometrial Yamamoto and Imai34
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Gene name Cellular function Cancer types References

CDKN2A (p16) Cell cycle regulation Oesophageal, gastric, colorectal, 
pancreatic, lung, bladder, ovarian, 
breast, melanoma

Wong et al.,20 Guo et al.,35 Ye et al.,36 Tang 
et al.37 Sterlacci et al.,38 Jarmalaite et al.,39 
Bhagat et al.,40 Spitzwieser et al.,41 Guo et al.42

CDKN2B (p15) Cell cycle regulation Leukaemia, liver Teofili et al.,43 Ren et al. 44

INK4-ARF
(p14)

Cell cycle regulation Colorectal, mucoepidermoid 
carcinoma

Kang et al.,45 Nikolic et al.46

RB1 Cell cycle regulation Retinoblastoma, glioblastoma, 
bladder

Benavente and Dyer,47 Nakamura et al.48 
Malekzadeh et al.49

CDH1 Cell adhesion Breast, thyroid Zhu et al.,19 Liu et al.50

IGF2 Cell signalling and cell cycle regulation Wilms’ tumours (loss of imprinting, 
biallelic expression), prostate

Taniguchi et al.,52 Küffer et al.53

STK11/LKB1 Cell polarity, detachment and adhesion, 
cell structure and energy metabolism

Lung, colorectal, clear cell renal Zhao and Xu,54 Koenig et al.,55 Trojan et al.,56, 
Zheng et al.57

TIMP3 Cell migration, proliferation and 
apoptosis

Bladder, kidney, brain, colon, breast, 
lung

Hoque et al.,58 Bachman et al.59

RASSF1 Cell signalling and cell cycle regulation Retinblastoma, lung, breast, prostate, 
glioma, neuroblastoma, kidney

Choy et al.,60 Hesson et al.,61 Pfeifer and 
Dammann62

MGMT DNA repair after alkylating damage Glioma, retinblastoma Choy et al.,60 Yu et al.,63 Hegi et al.64

TERT (THOR) Cell replication and immortality Thyroid, skin, bone, ovarian, bladder, 
lung, brain, prostate, breast, blood, 
colon

Lee et al.21

leads to inactivation of this gene in oesophageal 
adenocarcinoma.20 A more comprehensive list  
of genes and associated cancers is provided in 
Table 1. Certain proto-oncogenes can also be 
activated by loss of promoter methylation, for 
example, BCL2 in B-cell CLL6 and NFATC1 in 
B-cell CLL,7 and this phenomenon is discussed 
in more detail by others.8–10 However, silencing of 
the TERT oncogene is, in contrast, associated 
with promoter region hypomethylation.21,22

When it comes to tumour suppressor methylation 
and carcinogenesis, there tends to be a bidirec-
tional interaction between genetic and epigenetic 
aberrations. Genetic mutations can drive a dys-
regulated epigenetic landscape, whereas DNA 
methylation of tumour suppressors can itself be 
mutagenetic and induce genetic alterations.66

Methylation of mismatch DNA repair genes
MLH1 and MSH2 are important genes in the 
mismatch DNA repair (MMR) pathway, and 
their deficiency leads to a specific pattern of 
genomic hypermutation called microsatellite 

instability (MSI). Approximately 30% of endo-
metrial cancers,65 and 15% of colorectal can-
cers67,68 exhibit MMR deficiency. Loss of MMR 
can happen via germline or sporadic mutations in 
critical MMR genes, and in the case of MLH1 
and MSH2 this can also occur via promoter meth-
ylation and gene silencing (Figure 1).69–73 In colo-
rectal cancer (CRC), the frequency of MLH1 
promoter methylation is approximately 20% and 
is particularly associated with right-sided tumours 
in elderly women.70 MLH1 and MSH2 methyla-
tion have also been identified in patients with the 
inherited cancer syndrome Lynch syndrome.71–73 
The increased MSI resulting from loss of these 
genes can drive genomic instability and cancer 
development.74 MMR is responsible for repair of 
mismatched DNA bases, short insertions or dele-
tions that can occur during DNA replication.69 
These types of errors are more likely to occur at 
repetitive regions of the genome, including micro-
satellites or short tandem repeats.69 Once MMR 
is lost, there is an increase of these errors in 
microsatellites across the genome, leading to 
mutagenic MSI, which drives cancer develop-
ment and progression.69,75

Table 1. (Continued)
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MSI resulting from MLH1 or MSH2 methylation 
can, however, have some positive impacts on 
patient outcomes. High MSI has been demon-
strated to have prognostic value in early stage (II) 
colorectal cancer.79 It has also been shown to sen-
sitize cells to immune therapy by generating neo-
antigens that are presented on the surface of 
cancer cells, distinguishing them from normal 
cells by the immune system (Figure 1).77,78 Thus, 
while methylation of tumour suppressors can 
have implications for the development of cancer, 
it can also harbour positive prognostic and thera-
peutic value in some cases.

Methylation of DNA repair genes involved in 
homologous recombination
Contrasting implications of tumour suppressor 
gene methylation can also be observed for the 
homologous recombination (HR) DNA repair 
genes BRCA1 and RAD51C. BRCA1 promoter 
methylation (meBRCA1) and RAD51C promoter 
methylation (meRAD51C) are detected in up to 
11% and 2% of ovarian cancers, respectively.23,24 
MeBRCA1 has also been found in approximately 
3% of breast cancers,27 and in the triple-negative 
breast cancer (TNBC) subtype this can increase 
up to 22%.26 MeRAD51C may also be found in 
up to 14% of BRCAmutation wildtype TNBC 
(EMBRACE clinical trial80,81). Thus, in these 

cancer types, meBRCA1 and meRAD51C repre-
sent a significant proportion of patients.

The HR pathway is critical for the high-fidelity 
repair of DNA double strand breaks, which are 
highly toxic events for cells. When this pathway is 
inactivated by either mutations of the core genes 
(e.g. BRCA1, BRCA2, RAD51C, RAD51D, 
PALB2) or silencing of BRCA1 or RAD51C, 
other more mutagenic pathways of DNA repair 
compensate.82 Loss of HR is frequently observed 
in high-grade serous ovarian cancer and TNBC, 
usually in the absence of functional TP53 – often 
described as the guardian of the genome. The 
resulting genomic instability can drive not only 
cancer initiation but also cancer progression. 
However, as observed for MMR genes, silencing 
or mutation of these tumour suppressor genes can 
drive cancer on one hand but is also a positive 
biomarker for response to platinum chemother-
apy and targeted PARP inhibitor (PARPi) ther-
apy on the other hand,25,28,83,84 and this is covered 
in more detail later in this review.

In summary, like HR gene mutations, methyla-
tion of BRCA1 and RAD51C can not only serve 
as a driver of cancer but can also be targeted ther-
apeutically, representing a better prognosis for a 
proportion of these patients if targeted therapy is 
implemented.

Figure 1. MLH1/MSH2 gene silencing causes MMR deficiency and drives tumour formation. Loss of MMR 
via promoter hypermethylation and gene silencing or MLH1 or MSH2 causes a form of genomic instability 
called MSI. This can also be observed for cases with mutations in these genes or other MMR genes PMS2 and 
MLH6. MSI creates mutations throughout the genome that can drive cancer formation, with colon, gastric and 
endometrial cancers frequently observed to have MSI. Lynch syndrome due to constitutional epimutations is 
observed in rare cases.76 However, MSI can also generate neoantigens that are presented on the tumour cell 
surface and make these cancers susceptible to immunotherapies.69,77,78

MMR, mismatch DNA repair; MSI, microsatellite instability.
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Methylation of P15/P16/RB1/E2F pathway 
genes
The P15/P16/RB1/E2F pathway is one of the 
most frequently altered pathways in cancer and 
plays a crucial role in regulating cell cycle pro-
gression.85,86 CDKN2A (encoding tumour sup-
pressor p16) and CDKN2B (encoding tumour 
suppressor p15) can negatively regulate CDK4 
and CDK6, resulting in hypo-phosphorylation of 
RB1, which leads to cell cycle arrest. In contrast, 
hyperphosphorylated RB1 releases activated E2F 
transcription factor from DNA, thereby initiating 
DNA replication within S-phase of cell cycle. 
Thus, P15 and P16 function as tumour suppres-
sors in the late G1 phase of cell cycle, preventing 
progression to S-phase.87,88 Mutations in this 
pathway are frequent across various cancer 
types.89 Given the importance of this pathway in 
suppressing tumour formation, a high degree of 
regulation has evolved. Thus, it is unsurprising 
that the CDKN2A, CDKN2B and RB1 tumour 
suppressors can all be silenced by promoter meth-
ylation. Methylation of RB1 has been reported in 
retinoblastoma, glioblastoma, breast cancer and 
bladder cancer. Methylation of CDKN2A has 
been reported in oesophageal, gastric, colorectal, 
pancreatic, lung, bladder, ovarian, breast carcino-
mas and in melanoma (Table 1). Methylation of 
CDKN2B has been found primarily in leukaemias 
and lymphomas (Table 1). We focus on a few 
examples where the prognostic and therapeutic 
impacts have been assessed.

RB1 hypermethylation has been found in approx-
imately 15% of retinoblastoma tumours and is a 
key driver of this cancer type.32 Hypermethylation 
of CDKN2A has been detected in 22–52% of 
non-small cell lung cancers (NSCLC) and has 
been shown by several studies to have a prognos-
tic value in NSCLC.90 For example, in one study, 
patients with hypermethylated CDKN2A had sig-
nificantly shorter survival (median = 21.7 months) 
than patients without CDKN2A hypermethyla-
tion (median = 62.5 months; p = 0.0001, log-rank 
test).91 In Acute Myeloid Leukaemia (AML), 
CDKN2B methylation has been reported in 49–
100% of patients, depending on the population 
analysed,92 and has also been found to correlate 
with poor survival.93

CDKN2A or CDKN2B methylation can cause 
increased levels of CDK4/6, which in turn drives 
hypo-phosphorylation of RB1, suggesting that 
the CDK4/6 inhibitors may be a useful targeted 
therapy for CDKN2A/CDKN2B-methylated 

cancers.94,95 As RB1 is downstream of CDK4/6 
in this pathway, CDK4/6 inhibitors would not 
have an effect in cancers with other mechanisms 
of RB1 inactivation. Demethylating therapies 
have been recommended as a therapeutic strat-
egy for AML patients with CDKN2B methyla-
tion.92 This approach has demonstrated success 
in a colon cancer cell line, where the DNMT1 
inhibitor decitabine could cause demethylation 
of CDKN2A, which appeared to trigger senes-
cence of cancer cells.96 However, it should be 
noted that DNMT1 inhibitors like decitabine 
cause global hypomethylation in cells; thus, it 
would be difficult to assign their efficacy to 
demethylation of a single gene or locus.

TERT oncogene promoter methylation
Methylation of the TERT promoter region is an 
interesting exception to the examples provided so 
far, in that the methylation of this region leads to 
increased expression the TERT oncogene, rather 
than gene silencing.21 Telomerase reverse tran-
scriptase, encoded by the TERT gene, forms a 
critical part of the telomerase complex which 
maintains telomeres but is normally silenced in 
somatic cells. However, TERT gene expression is 
activated in ~90% of cancers, facilitating replica-
tive immortality.97 TERT activation in cancer 
cells can be achieved via mutations in the pro-
moter region, or methylation of upstream CpG 
sites. The TERT hypermethylated oncological 
region (THOR) is a small genomic region con-
taining 52 CpG sites immediately upstream of 
the core TERT gene promoter. Methylation of 
THOR is associated with gene expression, 
whereas unmethylated THOR prevents binding 
of repressive CTCF and is associated with gene 
silencing.21,22 THOR methylation has been 
detected in a range of cancer types, including 
colon, ovarian, breast, lung, brain, prostate, 
bladder and blood cancers21 (Table 1), making it 
an attractive therapeutic target. Targeted de-
methylation of THOR using a modified CRISPR-
dCas9 system has been demonstrated in breast 
cancer cells, and this was shown to result in a 
low-grade phenotype in cell line xenografts.98 
However, the degree of de-methylation using this 
approach was not optimal. Treatment of cancer 
cells pre-clinically with the global de-methylating 
agent 5′-aza-2′-deoxycytidine has also been 
shown to cause THOR hypomethylation and 
TERT gene silencing in many cases,22,99 present-
ing another potential therapeutic avenue for can-
cers with THOR methylation.
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How does aberrant DNA methylation occur 
in the first place?
Tumour suppressors are not generally silenced in 
normal tissues, precisely because they are impor-
tant cellular gatekeepers. So, what goes wrong 
during human development or cell division that 
leads to this phenomenon? In some cases it 
appears that methylation is a critical early step in 
tumour formation,100–102 but in other cases onco-
genic drivers have been found to alter the epige-
nome, for example, activating mutations in KRAS 
in CRC and IDH1 in glioma which drive the CpG 
island methylator phenotype (CIMP).103,104

It is interesting that certain tumour types are 
enriched for inactivation of certain tumour sup-
pressors, whether by mutation or promoter meth-
ylation. For example, BRCA1 methylation is 
frequently observed in cancer types where BRCA1 
mutations are also frequently observed.25,105,106 
This begs the question: is methylation of tumour 
suppressors a random somatic event occurring 
during development that simply promotes forma-
tion of certain cancers, or a directed event that 
reflects the silencing programme of the cell of ori-
gin.107,108 The latter model is based on the idea 
that chromatin features of stem and progenitor 
cells may act as a ‘blueprint’ for methylation pat-
terns that can be adopted by cancer cells, provid-
ing them with stem-like features.107 There appears 
to be evidence for both models, depending on the 
gene and cancer context.

The CpG island methylator phenotype
In some cases, tumour suppressor methylation is 
associated with CIMP, where multiple tumour 
suppressor genes can be methylated concurrently. 
CIMP is primarily detected in colorectal and 
endometrial cancers.109,110 The exact causes of 
CIMP are not fully understood,111 but several 
factors have been described as potential contribu-
tors to its development. Certain genetic muta-
tions or alterations have been proposed to lead to 
the development of CIMP due to their frequent 
observation in CIMP cancer types. The best 
example of this is association between BRAF and 
KRAS oncogene mutations in Colorectal Cancer 
(CRC) and CIMP.103,112 There is evidence that 
activating KRAS mutations can drive CIMP via a 
transcriptional silencing pathway.103 However, 
some recent work using ageing organoid models 
representing a CIMP epigenome showed that in 
the case of BRAF, CIMP is required for BRAF 
mutations to form cancer.113 There is also 

evidence that IDH mutations can drive CIMP in 
glioma by modifying histones and increasing 
global DNA methylation.104 Thus, it is possible 
that the order of CIMP versus oncogenic muta-
tions may depend on the gene and disease con-
text, although further studies are required to 
confirm this.

There are a variety of ways CIMP can develop 
and drive cancer. Age-related changes in DNA 
methylation patterns are well known,100 and 
CIMP has been associated with older age in cer-
tain cancer types.114 It is believed that cumulative 
exposure to various environmental factors over 
time and the gradual accumulation of epigenetic 
changes might contribute to age-related CIMP. 
Chronic inflammation has also been implicated in 
the development of CIMP in some cancers. 
Inflammatory processes can lead to the recruit-
ment of immune cells and the release of cytokines, 
which can influence DNA methylation patterns 
and contribute to CIMP.115 For example, inflam-
mation caused by Helicobacter Pylori infection can 
lead to aberrant DNA methylation in gastric epi-
thelial cells which ultimately drives gastric cancer 
formation.116 Epstein–Barr virus infection, which 
is associated with a number of cancer types, 
including gastric, has also been linked to 
CIMP;117,118 however, this mechanism may be via 
overexpression of DNMT1 following infection 
rather than inflammation.117,119

Although CIMP is always associated with meth-
ylation of tumour suppressor genes, tumour sup-
pressor gene methylation is not always associated 
with CIMP. In fact, in some cases, methylation of 
a single tumour suppressor gene appears to be 
sufficient to drive cancer formation. For example, 
this is observed in cases of constitutional tumour 
suppressor gene methylation, which is described 
in the following section.

Constitutional methylation and cancer  
pre-disposition
Germline mutations in tumour suppressor genes 
are well-known drivers of carcinogenesis, and 
there is now a growing appreciation that aberrant 
methylation of tumour suppressors (i.e. epimuta-
tions) in normal tissues can also play a role in 
cancer formation and pre-disposition.11,102,120 
Constitutional methylation describes methylation 
of specific genes present in normal tissues, con-
fined to one allele and present either in all cells or 
in mosaic form101,102 (Figure 2). It most likely 
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arises early in development as a somatic event 
that then expands through different germ layers 
at varying frequencies and proportions, depend-
ing on the time and location of the event102 
(Figure 2). Constitutional epimutations in vari-
ous genes have been described and linked to 

formation of various cancer types (reviewed in 
detail by101,102,105,121). Most epimutations develop 
independently of changes in the DNA sequence 
and are referred to as primary epimutations. In 
contrast, secondary epimutations are a conse-
quence of a genetic change in a cis or trans-acting 

Figure 2. Cancer caused by somatic mutation, germline mutation or constitutional epimutation.
Three examples of a heterozygous tumour suppressor gene defect that becomes homozygous after a LOH event and drive 
cancer formation. (a) Somatic mutations can occur in individual cells at any point during life, inactivating one copy of the 
tumour suppressor in a given cell. If an additional LOH event occurs, then the wildtype copy of the gene is lost, so there are 
no functional copies remaining. (b) Germline mutations are inherited and affect only one copy of the gene in carriers but 
are present in all cells of the body. Such mutations can greatly increase the risk of cancer over an individual’s lifetime. Like 
somatic mutations, the remaining wildtype copy of the gene can be lost by LOH, leading loss of gene function and cancer 
formation. (c) Epimutations can occur at any stage of development. In some cases, they occur as somatic events only found in 
tumour cells. (d) In other cases, they present as somatic mosaicism, or constitutional methylation, when they occur early in 
development (shown here). This means that multiple populations of cells within an individual will contain the epimutation. The 
earlier in development the epimutation occurs, the more cells/tissues of an individual will be affected. These epimutations 
silence the gene, but typically affect only one allele. The other allele can be lost by LOH, leading to on tumour suppressor gene 
copy that is fully silenced, and this can trigger carcinogenesis. Secondary epimutations are driven by a genetic event and can 
thus be heritable and behave as germline mutations as shown in (b); however, such epimutations are rare.
LOH, loss of heterozygosity.
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factor and can thus be heritable if they occur in a 
germ cell. Secondary epimutations via in-cis 
genetic changes were initially described in the 
1990s for the FMR1 gene, which causes a neu-
rodevelopmental disorder called Fragile X syn-
drome. Since then, such secondary constitutional 
epimutations have been described in other genes 
and for a range of additional disorders, including 
various cancers.73,121,122 For example, a heterozy-
gous c.-107A>T variant in the 5′ UTR of the 
BRCA1 gene has been associated with BRCA1 
promoter methylation, and found to be domi-
nantly inherited (present in all three germ layers) 
in two families affected by familial breast and 
ovarian cancer.122 In cancer, tumour suppressor 
epimutations appear to rely on methylation of a 
single allele followed by inactivation of the wild-
type allele, consistent with Knudson’s two-hit 
model of tumour formation for tumour suppressor 
mutations123,124 (Figure 2). Pathogenic germline 
tumour suppressor gene mutations are present 
soma-wide, and heritable secondary epimutations 
would be detected in the same way.121 In contrast, 
primary epimutations are a somatic event and typi-
cally detected as an organism-wide mosaic pattern 
when arising early in development (Figure 2). 
Therefore, it is not surprising that constitutional 
epimutations are associated with increased cancer 
risk across multiple cancer types and related to a 
variety of tumour suppressor genes.105 For exam-
ple, an association has been observed between con-
stitutional BRCA1 promoter methylation and 
breast or ovarian cancers with BRCA1 promoter 
methylation.125,126 In both tumour types, BRCA1 
promoter methylation is mainly present in white 
blood cells of patients with tumours that have the 
same morphological characteristics as tumours of 
patients with a BRCA1 mutation (BRCA1-like), 
implicating methylation as the mutagenic 
driver.125,126 Indeed, BRCA1 promoter methylation 
is rare outside of these two tumour types, suggest-
ing that the methylation event indeed influences 
tumour initiation.105,125–128

Thus, constitutional methylation of tumour sup-
pressors presents an alternative avenue to cancer 
formation, independent of CIMP. However, it is 
still not clear how epimutations arise during 
development in the first place, and then how 
these aberrant methylation marks are maintained 
in cells across generations of cell division. Perhaps 
the maintenance is a passive mechanism (e.g. 
DNMT1 simply continuing to replicate a meth-
ylation pattern that has formed at random), or 
some other marks or factors may actively instruct 

maintenance of this aberrant methylation.107 It is 
also possible that both mechanisms are true, but 
relevant in different tumour suppressor genes or 
cancer contexts.

Impacts of tumour suppressor methylation 
on cancer therapy responses

Exploiting silencing of tumour suppressor 
genes in the clinic
In some cases, silencing of tumour suppressor 
genes by promoter methylation can have signifi-
cant impacts on therapeutic responses. One 
example already discussed is methylation of 
MLH1 or MSH2 driving MMR deficiency and 
leading to sensitivity to immune checkpoint 
blockade. Another example is the impact of 
BRCA1 and RAD51C methylation on PARPi 
responses in ovarian and breast cancers.25,28,129

BRCA1 and RAD51C are critical genes in the 
homologous recombination DNA repair pathway, 
and mutations in these genes have been shown to 
sensitize ovarian and breast cancer cells to 
PARPi.130 Methylation of these tumour suppres-
sors has been strongly associated with gene silenc-
ing, and genomic signatures associated with 
homologous recombination DNA repair deficiency 
(HRD), like BRCA1/2 mutated cases.28,81,131–134 It 
has been confirmed that meBRCA1 and meR-
AD51C do indeed predict PARPi responses in 
ovarian cancer when in a homozygous state, that 
is, when all cellular gene copies harbour promoter 
methylation and are completely silenced, leading 
to HRD.12,25,28 MeBRCA1 has also been associ-
ated with good prognosis in TNBC patients.26 
However, homozygous meBRCA1 or meRAD51C 
can be lost under platinum or PARPi pressure in 
breast and ovarian cancer, becoming either hete-
rozygous or fully lost.25,28,135 A single unmethyl-
ated gene copy of BRCA1 or RAD51C is sufficient 
to restore HR DNA repair and drive PARPi/plati-
num resistance in ovarian cancers25,28 (Figure 3), 
as is observed for heterozygous pathogenic muta-
tions in these genes. Thus, monitoring for real-
time quantitative methylation in cancers could 
help with clinical decision-making.

An additional example of this phenomenon is 
methylation of the tumour suppressor and DNA 
repair protein MGMT (O6-methylguanine–DNA 
methyltransferase) sensitizing Glioblastoma cells 
to treatment with alkylating agent temozolo-
mide,136 with its expression is associated with 
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temozolomide resistance.137 Thus, the anti-thera-
peutic effects of de-methylation may occur in 
additional circumstances.

Demethylation as a therapeutic strategy
In the last decades, various epigenetic modulators 
have been developed and investigated in preclini-
cal and clinical trials to target DNA hyper- and 
hypomethylation.138 Preclinical research has 
clearly demonstrated the ability of demethylating 
therapies to decrease tumour suppressor promoter 
methylation and restored tumour suppressor gene 
expression, resulting in tumour cell reprogram-
ming and, ultimately, cell death.139–144 DNA 
methyltransferase (DNMT) inhibitors (DNMTi) 
directly impact DNA methylation at a global level 
within treated cells, whereas other epigenetic ther-
apies, such as histone deacetylase inhibitors 
(HDACi) and enhancer of zeste homologue inhib-
itors (EZH2i), can have indirect effects on DNA 
methylation or gene expression, and are thus often 
explored in combination with DNMTi in cancers 
with dysregulated DNA methylation.

As a monotherapy, the most clinically validated 
epigenetic targeted therapies are DNMTi. 5-aza-
cytidine (5-AZA) and 5-aza-2′deoxycytidine 
(decitabine). These are cytidine analogues that 
incorporate into DNA and inhibit DNMT 

activity by trapping it, leading to degradation by 
the proteasome and consequently resulting in 
hypomethylation during cell replication. 5-AZA 
and decitabine were approved by the Food and 
Drug Administration (FDA) in 2004 and 2006 
for single agent therapy of myelodysplastic syn-
dromes (MDS) and chronic myelomonocytic 
leukaemia (CMML).145,146 The relevance of epi-
genetic treatment in haematological malignan-
cies has been established for years and is reviewed 
in Santini et  al.147 However, 5-AZA and decit-
abine have several drawbacks: chemical instabil-
ity, low bioavailability,148,149 and off-target 
effects (primarily myelosuppression) due to non-
selective inhibition.150 Thus, their therapeutic 
use for solid tumours has been limited. To over-
come these drawbacks, more stable nucleoside 
analogues, for example, SGI-110 (guadecit-
abine), and non-nucleoside compounds have 
been investigated. Furthermore, a highly potent 
DNMT1-selective small molecule inhibitor 
GSK3484862 has recently been developed.151 In 
murine embryonic stem cells, this inhibitor 
caused promoter methylation loss and restored 
expression of the VIM gene (encoding vimen-
tin), as well as a global decrease in DNA meth-
ylation levels with limited toxicity.144,152 
However, to date no clinical trials have been 
undertaken with the new selective non-nucleo-
side compounds.

Figure 3. BRCA1 or RAD51C methylation loss and gene re-expression can arise under treatment pressure in 
ovarian cancer, leading to therapeutic resistance.
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The use of epigenetic modulators in multidrug 
combinational therapies has been shown to 
improve cancer treatments and potentially over-
come drug resistance. Indeed, the synergy of epi-
genetic drugs and immunotherapies has recently 
emerged as a very promising field for cancer treat-
ment.153 For example, results of phase I and II 
studies have demonstrated that combining nucle-
oside-based DNMTi with either additional epige-
netic drugs, immunotherapies or chemotherapies 
led to potential benefit in non-small lung can-
cer154–156 and ovarian cancer.157–159 The mecha-
nisms reported to contribute to the synergistic 
effects of DNA hypomethylating and immune-
targeting therapies include modulation of the 
tumour microenvironment,160 direct activation of 
tumour-killing T cells161 changes in immune 
checkpoint pathway expression160,162,163 and gen-
eration of tumour neoantigens that reveal cancer 
cells to the immune system.164,165

It should be noted that in the context of meBRCA1/
meRAD51C ovarian carcinomas, demethylating 
therapies, such as DNMT1 inhibitors, might be 
strategically detrimental for this group of patients, 
where tumour suppressor methylation is a positive 
biomarker for PARPi responses. This is less likely 
to be an issue for MMR pathway loss due to 
MLH1 or MSH2 silencing, as the immune thera-
pies that exploit these defects rely on the existing 
DNA damage (MSI) caused by MMR loss, and 
not an active and continued silencing like that for 
the HR genes. Thus, the use of these agents in 
patients should be weighed against the benefits of 
tumour suppressor methylation that can be tar-
geted by other therapies.

Methods for measuring DNA methylation
Most methods of detecting methylated DNA 
involve bisulphite conversion – a treatment of 
DNA that converts unmethylated cytosines in the 
genome to uracils, but leaves methylated cytosines 
unaltered. Following PCR, the converted 
cytosines are read as thymine; thus, methylated 
and unmethylated bases can be differentiated in a 
variety of assays (reviewed in detail in166,167 and 
summarized in Table 2). However, additional 
new technologies are now emerging that can 
directly read DNA modifications from the native 
DNA (e.g. Oxford Nanopore long-read 
sequencing).168

When designing a test for methylation of a 
genomic region, it is important to consider not 

only which assay to use to answer a given ques-
tion, but also which region of the gene/genome is 
most relevant. For example, if screening for 
tumour suppressor gene silencing via promoter 
hypermethylation, it is important that the region 
of the promoter being analysed is the critical por-
tion that leads to gene silencing.169,170 
Furthermore, gene promoter hypermethylation 
does not necessarily imply that gene expression 
will be affected. For example, unlike BRCA1 pro-
moter methylation, BRCA2 promoter methyla-
tion is not associated with gene silencing in 
epithelial ovarian cancer.171,172 Thus, analysis of 
BRCA2 promoter methylation will not yield use-
ful information about DNA repair status of the 
cancer cells. If analysing methylation that is likely 
to be present at low levels (e.g. constitutional 
methylation, circulating tumour methylation in 
liquid biopsies or low purity tumour samples), it 
is best to opt for highly sensitive and quantitative 
assays, such as droplet digital PCR (ddPCR) or 
targeted bisulphite next-generation sequencing 
(bisNGS).173 It is also important to consider 
whether specific information about individual 
CpG sites within a particular region is needed.173 
This can become important when assessing het-
erogeneous CpG methylation of a gene promoter, 
which is a common occurrence in cancer.28,167 
DNA methylation can also exist in a heterozygous 
state, leading to reduced gene expression, but 
incomplete gene silencing.25,28 Measuring meth-
ylation zygosity can be challenging in patient 
tumour samples due to variable amounts of con-
taminating normal cells; however, highly quanti-
tative methylation analysis combined with tumour 
purity and gene copy number estimates can assist 
with interpretation of results25,28 (Figure 4).

In summary, measuring and interpreting pro-
moter methylation in cancer is not always straight-
forward, and care should be taken when selecting 
technologies and designing assays or experiments 
to assess promoter methylation. In some instances, 
different assays can provide complementary infor-
mation about methylation of a given region,174 so 
it is always important to consider the question 
being posed, the genomic region being analysed 
and the purpose of the assay.

Tumour suppressor methylation in liquid 
biopsies
There is currently a growing interest in the use of 
cancer DNA methylation biomarkers for the 
screening, diagnosis and monitoring of cancer 
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Table 2. Summary of methods available for tumour suppressor methylation testing.

Method name Input material Method details Advantages Limitations

MS-PCR Bisulphite DNA Methylation-specific primers 
amplify a specific region, products 
visualized by gel electrophoresis

Fast, inexpensive and simple 
to perform

Not quantitative, potential 
PCR bias

MethylLight Bisulphite DNA DNA methylation measured a 
fluorescent probe to measure MS-
PCR amplification in real-time

Makes MS-PCR quantitative, 
simple and inexpensive

Only quantitative for 
homogeneous samples, 
potential PCR bias

SMART-MSP Bisulphite DNA Probe-free MS-PCR assay with 
evaluation by HRM

Quantitative, can detect 
heterogeneous methylation

Potential PCR bias, no 
individual CpG information

MS-SSCA Bisulphite DNA PCR of bisulphite DNA followed 
by heat denaturation and 
electrophoresis (SSCA)

Sensitive to 5–10%, can detect 
various epialleles, inexpensive

Semi-quantitative, no 
individual CpG information

MS-DGGE Bisulphite DNA PCR of bisulphite DNA followed 
by denaturing gradient gel 
electrophoresis (DGGE)

Can detect various epialleles, 
inexpensive

Semi-quantitative, no 
individual CpG information

MS-DHPLC Bisulphite DNA PCR of bisulphite DNA followed by 
denaturing high-performance liquid 
chromatography

Fast, quantitative, sensitive, 
cost effective

No individual CpG 
information

MS-HRM Bisulphite DNA DNA binding dye monitors different 
melting profiles of PCR products

Fast, quantitative in some 
cases, sensitive, cost effective

Only semi-quantitative in 
some cases, no individual 
CpG information

Bisulphite 
Pyrosequencing

Bisulphite DNA PCR of bisulphite DNA followed by 
pyrosequencing

Quantitative, sensitive, cost 
effective, can be targeted or 
whole-genome

Shorter sequences 
analysed, only average 
methylation level per CpG 
position

Sequenom 
MassARRAY 
(EpiTYPER)

Bisulphite DNA PCR of bisulphite DNA followed by 
base-specific cleavage and MALDI-
TOF

High-throughput, (semi-
) quantitative analysis of 
multiple CpG sites

Only average methylation 
level per CpG position

MS-SNuPE Bisulphite DNA PCR of bisulphite DNA followed 
by primer extension, detection 
systems include radioactivity, 
chromatogram or fluorescence

Quantitative, multiple 
detection systems

Limited access to certain 
CpG sites, usually only one 
CpG per experiment

COBRA Bisulphite DNA PCR of bisulphite DNA followed 
by digestion with restriction 
endonucleases and gel 
electrophoresis

Fast, inexpensive and simple 
to perform

Qualitative to 
semiquantitative results 
per CpG, limited CpG sites 
per enzyme

Digital MS-HRM Bisulphite DNA Like MS-HRM but using limiting 
amplicon dilutions followed by 
sequencing

Melting profiles of individual 
epialleles in heterogeneous 
samples

Does not provide individual 
CpG information

Digital MethylLight Bisulphite DNA Like MethylLight but PCR 
amplification from single templates

Reduced PCR bias Still not ideal for 
heterogeneous samples, no 
information on epialleles

Targeted bisNGS Bisulphite DNA PCR of bisulphite DNA using 
primers with NGS adaptors 
followed by bisNGS (e.g. on Illumina 
platform)

Highly quantitative, simple, 
relatively inexpensive, 
information on all CpG 
sites and epialleles, NGS 
multiplexing of samples/PCR 
product

Amplicons limited to ~300–
500 bp, PCR multiplexing 
not tested yet

(Continued)
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using blood samples from patients. Indeed, blood 
tests appear to be preferred by patients when 
given a choice of invasive and even other non-
invasive tests.175 Most of these tests are based on 
detection of circulating tumour DNA (ctDNA), 
tumour proteins, exosomes or circulating tumour 
cells and present with multiple advantages over 
conventional tissue biopsies.176 Circulating 
tumour DNA (ctDNA) is released into the 
bloodstream by tumour cells, or circulating 
tumour cells, through processes like apoptosis, 
necrosis and active secretion. It can provide valu-
able genetic and epigenetic information about 
the tumour, such as mutations, copy number 
variations, and DNA methylation changes. 
These, in turn, can be used for non-invasive can-
cer screening, diagnosis, prognosis and disease 
monitoring.177–179

CtDNA methylation is a relatively stable chemi-
cal modification that can be detected in degraded 
and poor-quality DNA samples, like patient 
plasma or formalin-fixed samples. Given that cer-
tain DNA methylation changes are also cancer-
specific, and these changes can occur early in 

cancer development, there has been growing use 
of DNA methylation as a cancer biomarker in liq-
uid biopsies.180 CtDNA methylation in liquid 
biopsies can be analysed as either a single region 
(e.g. a single gene promoter),181–184 as a panel of 
loci (e.g. multiple gene promoters)185–189 or using 
genome-wide epigenetic signatures.181,190,191 
Some of these approaches have been FDA 
approved. For example, Epi proColon [available 
from: https://www.epiprocolon.com/us/.] is an 
FDA approved kit for the detection of SEPT9 
DNA methylation in serum samples. This test is 
based on real-time PCR of bisulphite converted 
ctDNA and has demonstrated an overall sensitiv-
ity of 90% and specificity of 88% for detecting 
CRC at all stages in a retrospective cohort of 
patients.192 Although the Epi proColon test relies 
on a methylation of a single gene, other tests ana-
lysing multiple genes or global epigenetic signa-
tures in ctDNA also show great promise. An 
advantage of these types of tests is that they can 
potentially detect multiple cancer types in a single 
test, making them ideal tools for multi-cancer 
early detection (MCED). The methylation-based 
PanSeer assay (from Singlera Genomics; https://

Method name Input material Method details Advantages Limitations

Illumina methylation 
arrays

Bisulphite DNA Bisulphite DNA is run on a 
microarray chip

Simple, relatively cost 
effective, genome-wide, 
popular option

Only average methylation 
level per CpG position

Whole genome 
bisulphite sequencing

Bisulphite DNA Bisulphite DNA is amplified and 
sequenced

Genome-wide, CpG and 
epiallele resolution

Expensive, computationally 
intensive

RRBS Bisulphite DNA Methylation-insensitive restriction 
enzymes digest DNA, enriching 
for CpG regions in bisulphite DNA, 
followed by sequencing

Relatively inexpensive, higher 
coverage than whole genome 
bisNGS

Some CpG sites might be 
missed

Oxford Nanopore 
Sequencing

Native DNA Targeted capture with nanopre 
sequencing, or no capture and 
adaptive sampling protocol for 
region of interest

No bisulphite conversion 
or PCR bias, long reads for 
phasing of larger regions

Expensive, platform still 
being optimized

MSRE/MRE-seq Native DNA Unmethylated DNA digested by 
restriction enzymes, methylated 
DNA amplified and sequenced

No bisulphite conversion bias Bisulphite DNA may also be 
digested, limited coverage

MeDip Native DNA Methylated DNA is enriched by 
immunoprecipitation, followed by 
sequencing or microarray analysis

No restriction enzyme or PCR 
bias

CpG density can confound 
enrichment, uneven 
coverage

A summary of reported methods that can be used to detect or measure methylation of tumour suppressor promoters.
bisNGS, bisulphite next-generation sequencing; COBRA, combined bisulphite restriction analysis; DHPLC, methylation-specific denaturing  
high-performance liquid chromatography; HRM, high-resolution melt; MALDI-TOF, MALDI coupled time-of-flight mass spectrometry; MeDIP, methylated DNA 
immunoprecipitation; MS-DGGE, methylation-specific denaturing gradient gel electrophoresis; MS-MS-HRM, methylation-specific high-resolution melt; MS-PCR, 
methylation specific PCR; MS-SSCA, methylation-specific single-strand conformation analysis; MS-SNuPE, methylation sensitive-single nucleotide primer extension; 
MSRE/MRE-Seq or Methyl-seq, methylation sensitive restriction enzyme sequencing; RRBS, reduced-representation bisulphite sequencing; SMART-MSP, sensitive 
melting analysis after real time-MS-PCR.166–168

Table 2. (Continued)
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singleraoncology.com/) interrogates 595 regions 
at high sequencing depth using their proprietary 
MethylTitan platform and was shown to detect 

five common cancer types (stomach, oesophagus, 
colorectum, lung or liver) in 88% of post-diagno-
sis patients with a specificity of 96%. PanSeer also 

Figure 4. Definitions of promoter methylation states in tumours. (a) For a tumour suppressor to be fully 
silenced, the critical promoter CpG sites of all gene copies in a cell or tissue must be methylated. (b) If a 
single gene copy loses its promoter methylation, the gene product can be expressed and regain function. 
(c) Methylation zygosity describes combinations of epialleles present at the cellular level. ‘Homozygous 
methylation’ is when all gene copies in a cell have fully/highly methylated promoters (critical CpG sites are 
methylated) and the given gene is silenced. This includes aneuploid cases where one allele has been lost due 
and the remaining hemizygous allele is methylated. (d) ‘Heterozygous methylation’ describes mixtures of fully/
highly methylated and unmethylated epialleles coexisting within each cell. In these cells, gene expression is 
active due to the presence of fully unmethylated epialleles, despite the presence of fully methylated epialleles. 
(e) Cells with no methylated epialleles have full gene expression. In the case of tumour suppressor genes, this 
is the normal state of non-cancer cells. (f) Methylation patterns describe epiallele diversity at the tumour/tissue 
level. ‘Heterogeneous methylation’ describes a highly heterogeneous mixture of epialleles with various CpG 
methylation patterns present in a tumour sample. (g) ‘Homogeneous methylation’ describes a homogeneous 
mixture of fully or highly methylated epialleles, which are dominated by one particular CpG methylation pattern 
in a tissue sample. This can include samples with homozygous methylation within their cells.
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detected cancer in 95% of asymptomatic individ-
uals who were later diagnosed, though longitudi-
nal confirmation is needed.187 The PDACatch 
assay from Singlera is based on the same technol-
ogy as the PanSeer and has recently been approved 
by the FDA for identification of pancreatic ductal 
adenocarcinoma (PDAC) in individuals at high 
risk for the disease and outperforms existing 
PDAC blood markers in terms of sensitivity.188

The Galleri test (from GRAIL; https://grail.com/
galleri-test/), in contrast, analyses > 1 million 
methylation sites in cell-free DNA fragments to 
detect changes in global methylation patterns that 
could indicate cancer presence.190,191 This test 
was developed based on findings from the 
Circulating Cell-free Genome Atlas study 
(CCGA; NCT02889978) showing that whole 
genome bisulphite sequencing outperformed 
WGS and targeted sequencing of short variants/
indels in terms of cancer detection sensitivity, and 
that machine-learning classifiers could be used to 
detect cancer and predict cancer signal origin.193 
The resulting test was found to have a 99.3% 
specificity for detecting cancer193 and was also 
able to predict cancer signal origin with 88% 
accuracy.194 The test can detect a methylation 
pattern common to 50 cancer types, making it 
ideal for general cancer screening.190 Validation 
of prospective patient cohorts is also ongoing in 
the following studies: PATHFINDER 
(NCT04241796) STRIVE (NCT03085888) and 
SUMMIT (NCT03934866), and several suc-
cessful clinical case reports have been recently 
reported.195,196 The results reported from these 
studies so far are extremely exciting, for example 
interim results of PATHFINDER demonstrated 
cancer signal in 1.5% (62/4033) of individuals 
screened, with 40/62 of these having reached 
diagnostic resolution to date.197 Sensitive and 
accurate pan-cancer liquid biopsies would have a 
massive clinical impact by identifying cancer in 
patients early (improving survival outcomes) and 
reducing unnecessary invasive testing in healthy 
people.

It should be noted, that the presence of ctDNA is 
different to constitutional methylation of a par-
ticular tumour suppressor. Although ctDNA is 
tumour derived and may represent early or late 
stage cancer, constitutional methylation is derived 
from normal cells in the body and may only rep-
resent an increased risk of developing a cancer. 
Constitutional methylation may, thus, be a con-
founding factor in the detection of methylated 

ctDNA in liquid biopsies focussed on a single 
gene/region, potentially causing false positive 
results in patients. This should be a consideration 
when designing and interpreting results of such 
tests.

Conclusion
There is a growing appreciation of the impacts of 
epigenetic changes in the development and pro-
gression of cancer.15 Indeed, ‘Non-mutational 
Epigenetic Reprogramming’ has recently been 
added to the Hallmarks of Cancer originally 
described by Hanahan and Weinberg.198 Promoter 
methylation of various genes can have prognostic 
implications across many cancer types. Inter-
estingly, tumour suppressor genes that are fre-
quently silenced by methylation in certain cancer 
types also tend to be frequently inactivated by 
mutations in the same cancer types. This suggests 
that, like mutations, epimutations may be selected 
for during oncogenesis in a tissue and pathway 
specific manner. Amongst other examples of ther-
apeutic implications, evaluation of methylation of 
BRCA1/RAD51C and MLH1/MSH2 promoters 
can predict response to PARP and immune 
checkpoint inhibitors respectively. In the case of 
PARPi treatment of ovarian cancers with BRCA1 
or RAD51C methylation, however, tumour sup-
pressor gene methylation is a therapeutic target 
that can be lost under treatment pressure.25,28,129 
Thus, monitoring of methylation using appropri-
ately designed assays is critical for providing the 
best guidance for clinical decision-making. 
Indeed, we have highlighted the importance of 
appropriate design and selection of assays for 
measuring methylation, as each platform has its 
own advantages and disadvantages. With 
advances in DNA sequencing technologies, it is 
now possible to detect low levels of DNA meth-
ylation in tissue and blood samples. Identification 
of methylation in ctDNA from non-invasive liq-
uid biopsies is opening exciting opportunities for 
early detection of cancer, both for specific cancer 
types and as a pan-cancer screening tool. Multiple 
assays are currently being trialled in patients, and 
preliminary reports have been promising.

There are still many important questions remain-
ing. For example, in cases where tumour suppres-
sor gene methylation is a therapeutic target, are 
there ways in which this methylation could be sta-
bilized to prevent onset of therapeutic resistance? 
Also, could we prevent epigenetic silencing of 
tumour suppressor genes in order to avert cancer 
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initiation? An improved understanding of how 
methylation develops and is maintained in cancer 
cells could provide answers to these and other 
critical questions in the future.
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