Epigenome-wide association studies for breast cancer risk

and risk factors

Annelie Johansson and James M. Flanagan™

Epigenetics Unit, Division of Cancer, Department of Surgery and Cancer, Imperial College London, UK.

ABSTRACT

There have been six epigenome-wide association
studies (EWAS) for breast cancer risk using
blood DNA from prospective cohorts published
thus far, and the only consistent finding is a global
loss of methylation observed in breast cancer
cases compared with controls, with no individual
CpG sites passing validation across studies. In
contrast, a more successful approach has been the
identification of EWAS signatures of cancer risk
factors such as smoking, body mass index, age
and alcohol use with numerous validated CpG
sites. These signatures may be used as a molecular
test to quantify cancer risk associated with these
factors. It is clear from the larger EWAS of risk
exposures that similar-sized large collaborative
studies may be needed to robustly identify DNA
methylation signatures of breast cancer risk.
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INTRODUCTION

Current breast cancer screening methods are
effective; however, they could be improved by
targeting those at highest risk and the idea of
developing a risk-stratified screening strategy is
gaining support [1]. Multiple lifestyle and
environmental factors influence breast cancer
aetiology, including age, hormonal and reproductive
factors, body mass index (BMI), physical activity,
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alcohol intake, smoking, benign breast disease,
high mammographic-density and family history.
The addition of the combined “polygenic risk
scores” integrating genetic risk markers is likely
to make a modest improvement to breast cancer
risk models. However, there is considerable room
for improvement by identifying further independent
risk factors [2]. In this review we consider the
evidence for epigenetic risk markers for breast
cancer.

Recent research has explored the possibility that
epigenetics may play a role in determining cancer
risk. The field of epigenetic epidemiology has
rapidly advanced and numerous studies have
discovered epigenetic markers of breast cancer
risk in white blood cell (WBC) DNA [3-15].
A recent review has summarised 45 studies that
have reported epigenetic traits associated with
breast cancer risk [16]. While replication of
candidate genes and top hits from epigenome-
wide studies have failed to identify any strong
validated biomarkers of breast cancer risk, the
conclusion thus far is that there appears to be an
epigenome-wide loss of DNA methylation in
breast cancer cases many Yyears prior to diagnosis
[10, 13]. The underlying mechanisms of how
epigenetic patterns are altered and how this is
related to cancer risk are unclear. The main
hypothesis proposes that cancer risk exposures,
lifetime and environmental events, can alter the
epigenome and stably modify an individual’s
cancer risk. The best example of this thus far is
the epigenetic signatures of smoking [11, 12, 17]
that partly mediate lung cancer risk [18]. For
breast cancer, a similar model is yet to be described.
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What is epigenetics?

Epigenetic modifications, such as DNA methylation
or histone modifications are key determinants of
chromatin structure, genomic stability and gene
expression. DNA methylation is the addition of
methyl groups to the cytosine in a cytosine-
guanine dinucleotide (CpG) site and generally
leads to gene silencing when gene promoters
become methylated, by blocking the binding of
transcription factors. In contrast, DNA methylation
in the middle of genes (gene body methylation)
appears to have a positive correlation with gene
expression, potentially by preventing aberrant
transcription [19, 20]. This is an important distinction
for interpreting the mechanisms of associations in
EWAS results, as many reported CpG associations
occur in gene body CpG sites. Histone proteins
form the nucleosome around which the DNA is
wrapped and packaged into the nucleus and a
whole range of modifications of these proteins
including methylation, phosphorylation and
acetylation among others dictate their function.
These epigenetic modifications are maintained
during cell division and when perturbed, play a
key role in cancer development [21]. A proportion
of the epigenome is tissue specific and is the
reason why different cell types have different
phenotypes (e.g. brain cells, liver cells, breast
epithelial cells and white blood cells) despite
having identical DNA sequences.

If epigenetic patterns are tissue specific why
investigate WBCs in relation to cancer risk in
other parts of the body? The argument often used
is that cancer causing exposures might affect only
breast epithelial cells or stem and progenitor cells
and would only be detected in this cell type,
in which case looking in a surrogate tissue
such as blood DNA is irrelevant to the disease.
Firstly, it is possible that exposures would affect
blood cells but not epithelial cells, being the
immune/inflammatory system which may then
indirectly act on the breast epithelial cells to
modify risk [22]. However, most evidence
suggests that cancer risk exposures can
independently influence methylation of both cell
types which supports the counter argument that
WBC DNA methylation provides an accurate
surrogate for breast epithelial cells [23]. Indeed,
epigenetic biomarkers have been identified in
WBC DNA that are associated with numerous

cancer risk factors, including genetic polymorphisms
[24], aging [25-27], hormones [28], alcohol [7, 29],
weight or BMI [7, 30, 31], age-at-menarche [32]
and smoking [11, 12, 33]. Furthermore, some
exposure methylation biomarkers are stable over
time [7], and therefore, represent excellent
candidates for biomarkers of cancer risk.

While it is now possible to consider histone
modifications in an epigenome-wide study for risk
[34] the majority of studies have focused on DNA
methylation. There are two main approaches
that have been used thus far for epigenome-wide
DNA methylation studies related to cancer risk;
identifying  DNA methylation biomarkers of
cancer risk directly in an agnostic case-control
study design, and alternatively identifying DNA
methylation biomarkers of known cancer risk
factors. It is important to only focus on studies
that have used prospective cohorts and incident
breast cancer cases with blood samples taken prior
to diagnosis when investigating biomarkers of
cancer risk. Studies that have used breast cancer
cases recruited at or after diagnosis are confounded
by “reverse causation”, the possibility that the
cancer itself is causing the epigenetic changes
detected in the blood DNA and therefore should
not be used to draw conclusions about cancer risk.

Prospective cohort studies for breast cancer
risk-EWAS

To date, there have been six published EWAS
using prospective cohorts to investigate breast
cancer risk with a case-control study design, two
using the low-resolution Illumina 27k DNA
methylation array [3, 15] and four using the 450k
array [10, 11, 13, 35]. Using the Sister Study
cohort Xu and colleagues identified 250 CpG
sites (FDR <0.05) that were significantly different
between cases and controls [15]. The majority
(>75%) of these probes were hypomethylated
in cases compared with controls. Anjum and
colleagues derived a methylation signature
associated with BRCA1 carriers that is also
modestly associated with incident non-familial
breast cancer cases in the UKCTOCS cohort
(area under the curve (AUC) = 0.57 (95%
confidence interval: 0.50-0.64); p = 0.03) [3].
In the first 450k EWAS for breast cancer
risk Shenker and colleagues also derived a
hypomethylation  signature  associated  with
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breast cancer risk in the EPIC-Italy cohort;
however, no individual probes were associated
with breast cancer risk at the genome-wide level
of significance (p < 1e-7) [11]. Given that these
first studies failed to validate any individual CpG
sites across studies, two more recent studies used
a different approach by averaging methylation
across the whole 450k array to investigate whole-
genome methylation levels. Severi and colleagues
reported an average loss of methylation in breast
cancer cases compared with controls (odds ratio
(OR) per 1 standard deviation (SD) change in
methylation = 0.69 (0.50-0.95); p = 0.02) [10].
Combining data from three cohorts van Veldhoven
and colleagues reported a meta-analysis which
showed  significant  heterogeneity  across
populations with the EPIC-Italy cohort, validating
this hypomethylation association with breast
cancer risk (OR per 1 SD = 0.61 (0.46-0.80),
p = 0.0003), while the NOWAC cohort did not
(OR per 1 SD = 1.03 (0.82-1.30), p = 0.81) [13].
One potential explanation for this heterogeneity that
was proposed was the significant difference in
follow up times, with the two studies with the
longer follow up time (MCCS and EPIC-Italy)
showing the association, while the shorter follow
up time of 5 years in the NOWAC cohort did not.
Another explanation may be significant differences
in cohort characteristics and the distribution of
known breast cancer risk factors. Lastly, the
most recent EWAS for breast cancer risk by
Ambatipudi and colleagues used the EPIC cohort
(subjects recruited from lItaly, Spain, UK, The
Netherlands, Greece and Germany) and reported
accelerated methylomic aging associated with
breast cancer risk in post-menopausal women
(OR = 1.07 (1.02-1.11); p = 0.003), but not in
pre-menopausal women (OR = 1.00 (0.95-1.06);
p = 0.94) [35]. This study also reported a genome-
wide hypermethylation in CpG islands associated
with breast cancer risk (OR per 1 SD =1.20 (1.03-
1.40); p = 0.02) in contrast to previous reports.

In summary, the results thus far for EWAS of
breast cancer risk have been inconsistent and
further work is needed to clarify these results.
There are numerous limitations of the studies
published thus far, including relatively small
study sizes with between 100-500 case-control
pairs in each, potential population biases in all
cohorts, the need to adjust for important measured

or unmeasured environmental and lifestyle factors
that influence methylation variation and lastly the
limitation of the 450k array used in only targeting
1.8% of the CpG sites in the genome. Using
whole genome bisulphite sequencing (WGBS)
would address this limitation, but is currently cost
prohibitive on individual subjects [13]. Clearly, as
with exposure-related EWAS discussed below,
large collaborations and consortia approaches will
be needed to address these limitations.

EWAS for cancer risk factors

An alternative approach that has been more
successful has been the identification of EWAS
signatures of cancer risk factors such as smoking
(reviewed in [36]), BMI [7, 30, 31, 37-39], age
[25-27] and alcohol use [7, 29, 40]. This approach
proposes that epigenetic changes in response to
these exposures may provide a biological
mechanism for increased risk and may also
provide a biomarker to quantify the level of risk
associated with the exposure.

Age is the biggest risk factor for cancer.
Epigenetic signatures of age have been identified
and it has been shown that the epigenetic clock is
accelerated in cancer tissues [25, 26]. Two recent
studies have reported accelerated methylomic
aging associated with breast cancer risk [35, 41]
and all-cause and cancer-specific mortality [42].
Advanced epigenetic age is also associated with
known risk factors such as menopausal status
[43], BMI [44, 45], air pollution [46] and smoking
[47]. Unlike many other exposures the changes in
DNA methylation associated with aging results in
increased variance with age, and both hyper- and
hypo-methylation [48].

Other risk exposures such as BMI, smoking and
alcohol consumption are associated largely with
hypomethylation [7, 11, 47, 49]. A number of
consistently identified genes associated with
smoking have been identified; hypomethylation at
loci located in the gene bodies of AHRR and
F2RL2 and the intergenic loci 6p21.33 and 2g37.1
[11, 33]. Furthermore, methylation at AHRR has
been linked to lung cancer risk and methylation at
F2RL3 to cardiovascular diseases (CVD), lung
cancer and all-cause mortality [18, 47, 50, 51],
and the 2g37.1 locus has been further associated
with breast cancer risk [11]. Combining CpG sites



22

Annelie Johansson & James M. Flanagan

into a methylation signature, instead of focusing
on individual CpG sites, could provide a robust
biomarker for the risk exposure. For example
Shenker and colleagues combined four loci (AHRR,
6p21 and two loci at 2g37) into a methylation
index, which could distinguish non-smokers with
high accuracy from former smokers (AUC = 0.82)
[12]. A recent study further supported this strong
predictive ability for current smokers using buccal
cells [52]. However, individual loci could also
potentially provide enough information alone;
methylation at a single CpG site in F2RL3 in
combination with pack-years (lifetime cumulative
smoking intensity) could predict lung cancer
incidence and mortality with high accuracy [51],
and one CpG site in AHRR, cg05575921 for
which the authors have developed a commercial
kit, could discriminate smokers from non-smokers
with a very high accuracy (AUC = 0.99) [53].
Interestingly, in the case of smoking it has been
shown that the DNA methylation changes are
reversible but may take up to 40 years to return
to the levels seen in individuals who have never
smoked [17]. We have proposed that this indicates
that epigenetic signatures represent a biological
memory of past exposures and that the signature
is retained in the exposed stem and progenitor
cells [54]. This matches well with the long term
stability of the methylation levels at these
smoking markers in serial blood samples taken
six years apart [7]. Indeed, smoking associated
DNA methylation changes have been shown to
mediate lung cancer risk [18, 51, 55] and potentially
breast cancer risk [11]. This long lasting epigenetic
response to the exposure provides a biological
mechanism for the long term increased risk of
cancer associated with former smoking.

Increased BMI has been associated with specific
CpG sites; however, findings have been
inconsistent across studies. Most studies have
identified methylation at HIF3A associated with
BMI, in combination with other CpG sites
that often are associated with inflammation,
immunology and cellular responses [56].
Furthermore, CpG sites identified in EWAS of
BMI have been linked to type-2-diabetes [57],
cardiovascular disease (CVD) [30], and cancers
[31]. The largest EWAS for BMI to date has
identified 187 CpG sites associated with BMI
and showed that many significant CpG sites

in blood show the same pattern in adipose tissue,
providing more evidence for the use of blood
DNA as a surrogate of other tissues for exposure-
induced risk assessment [30]. Relevant to breast
cancer, one significant CpG site associated with
BMI in the PHGDH gene is involved in cell
proliferation and over expressed in ~70% of
oestrogen receptor (ER)-negative breast cancers
[37]. Indeed, many BMI associated DNA
methylation sites can be observed in breast tissue
[58], providing a potential hypothesis for a
mechanistic role for BMI in carcinogenesis linked
by DNA methylation alterations.

The mechanisms linking alcohol consumption to
methylation changes and liver disease, colorectal
cancer and breast cancer risk has been previously
described [49]. Significant CpG sites associated
with alcohol consumption in breast cancer include
hypermethylation of the ER-alpha and E-cadherin
genes and decreased promoter methylation in
general [49, 59]. Recently a large collaboration
identified a methylation signature of 144 CpG
sites that can discriminate heavy drinkers from
non-drinkers with high accuracy across several
cohorts (AUC > 0.90) [29]; however this has not
been further linked with any specific cancer risk.
There are many plausible molecular mechanisms
underlying the association between alcohol
consumption and breast cancer risk, which may
be due to lower folate levels in heavy drinkers
that can affect DNA methylation by the decrease
in DNA methyltransferase (DNMT)-activity from
ethanol intake, or through an increase in oestrogen
levels in blood [49]. Further work linking DNA
methylation signatures of alcohol consumption to
cancer risk is therefore needed.

These studies provide an excellent paradigm for
other cancer risk factors that are known to have
long lasting effects such as age-at-menarche, age-
at-first pregnancy, oral contraceptive (OC) use,
hormone replacement therapy (HRT) use, folate
levels or even breast density. Conducting EWAS
and developing exposure-specific methylation
signatures as a molecular quantification of these
risk factors, in contrast to unreliable self-reported
questionnaire data, is likely to be a fruitful avenue
for future research. There is already evidence that
each of these risk factors may lead to epigenetic
changes. For example an older age-at-menarche
has been linked to global hypomethylation in
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blood using the LUminometric Methylation Assay
(LUMA), but no association was yet found
using the 450k array [32]. In an asthma study,
DNA methylation measured in blood was linked
with specific genetic polymorphisms in GATA3
that was also associated with OC use in a young
population [24]. Global hypomethylation in
WBCs was also seen in longer-term users of oral
contraceptives [60]. HRT-users have lower
methylation in blood compared to non-users as
observed in a genome-wide study conducted in
monozygotic twin pairs [61]. A younger age at
first full term pregnancy and number of
pregnancies have been associated with lower
DNA methylation at the ER-alpha gene in breast
tissue [62], and global methylation in blood using
the [*H]-methyl acceptance assay show lower
methylation for nulliparous women and a late age
at first pregnancy [63]. All these risk factors for
breast cancer have one thing in common - they are
known to affect oestrogen exposure, either in
varying the length of time a woman is exposed to
high levels of oestrogens (e.g. age at menarche
and age at menopause), or regulating oestrogen
levels directly (e.g. BMI and parity). It is well
established that oestrogen has a role in the
development of ER+ breast cancer; however, the
mechanism behind this is not fully understood and
one hypothesis could be that oestrogen itself
stably alters DNA methylation and thereby results
in long-term changes in gene expression. It would
be interesting therefore, to conduct EWAS for
long-term oestrogen exposure.

Finally, there are many exposures and risk factors
that are difficult to estimate from questionnaire
data and that can change dramatically over a life
course, such as diet/food intake, exposure to
specific air pollutants, drug/therapy use and physical
exercise. This provides a significant limitation to
studying their association with cancer risk, and
if epigenetic biomarkers of these exposures can be
identified then this limitation could be addressed.
A good example for this that is worth exploring in
future studies could be folate levels which is an
important co-factor for DNA methylation involved
in one-carbon metabolism and is strongly
associated with methylation variation in blood
DNA [13, 64]. Decreased serum folate levels have
also been associated with increased breast cancer
risk in case-control studies, but not in prospective

cohort studies, and perhaps reconsidering this
association stratified by baseline DNA methylation
levels may provide further clarity [65, 66].

Mechanisms and hypotheses

How different exposures actually cause epigenetic
changes that are detectable in blood DNA is
largely unexplored. There are two main hypotheses:
transcriptional changes and DNA damage and
repair. The transcriptional hypothesis argues that
the exposures cause cell-type-specific gene
expression changes that are “locked in” by the
epigenetic reprogramming. Epigenetic changes
are mitotically heritable and therefore any changes
in stem or progenitor cells will persist in
terminally differentiated cell types. Furthermore,
if the exposures are systemic, then any changes
detected in blood DNA are likely to reflect the
changes in other cell types. This supports the
argument that blood DNA acts as a surrogate for
inaccessible tissue types. The DNA damage and
repair hypothesis suggests that the exposures
cause DNA damage and the underlying genetic
changes or DNA repair of that damage dictate the
epigenetic consequences. Examples of this include
treatment with the DNA-damaging agent platinum
which leads to epigenetic changes in blood DNA
[67] which show how DNA damage repair leads
to epigenetic changes [68, 69]. Some exposures
may act via both mechanisms, such as tobacco
smoking which alters transcription of the aryl
hydrocarbon receptor repressor by activating the
Ahr pathway [11] and can also form DNA adducts
that can lead to mutations [70]. Another example
is oestrogen, where oestrogen metabolites can
cause mutations [71] and also alter transcriptional
regulation via the oestrogen receptor [72]. It
remains important to consider the biological
mechanisms causing the epigenetic changes when
interpreting the EWAS results.

CONCLUSION

In conclusion, the results thus far show that the
individual CpG sites tested are not robustly
associated with breast cancer risk in WBC DNA
potentially due to the fact that the effect sizes are
too small to be able to detect with statistical
significance with the sizes of studies used thus
far (n = 100-500 case-control pairs). Some of the
more recent large collaborative EWAS have
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identified and replicated significant numbers of
CpG sites associated with the phenotype of
interest, for example the n = 13,317 subjects used
to identify the 144 CpG sites associated with
alcohol use [29] or the n = 15,907 subjects used to
identify the 2,623 CpG sites associated with
cigarette smoking [73]. It is clear from these
larger exposure studies that similar sized
collaborative studies may be needed to robustly
identify signatures of breast cancer risk. Finally,
there are several unanswered questions regarding
epigenetic risk for breast cancer that require
further work. It remains important to consider
whether epigenetic risk is independent of other
risk models such as genetic risk or
epidemiological risk models if it is to contribute
to clinical risk assessment. Whether epigenetic
risk in general, like smoking associated
methylation changes, are reversible and whether
the effectiveness of prevention (therapeutic or
lifestyle) can be monitored with epigenetics is
also important to establish.
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