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Abstract Breast cancer is the most common malignancy
among women worldwide. Risk assessment is one of the main
services delivered by cancer clinics. Biomarker analysis on
different tissues including the peripheral blood can provide
crucial information. One of the potential epigenetic bio-
markers (epimarkers) is introduced as the peripheral blood
DNA methylation pattern. This study was conducted to eval-
uate the potential value of peripheral blood epimarkers as an
accessible tool to predict the risk of breast cancer develop-
ment. WBC’s DNA was the focus of several case-control stud-
ies at both genome wide and candidate gene levels to reveal
epigenetic changes accounting for predisposition to breast
cancer, leading to suggest that ATM, TITF1, SFRPI,
NUP155, NEURODI1, ZNF217, DBC2, DOK7 and ESR1
genes and the LINE1, Alu and Sat2 DNA elements could be
considered as the potential epimarkers. To address that by
which mechanisms WBC’s DNA methylation patterns could
be linked to the propensity to breast cancer, several contem-
plations have been offered. Constitutional epimutation during
embryonic life, and methylation changes secondary to either
environmental exposures or tumor-mediated immune re-
sponse, are the two main mechanisms. One can deduce that
epimarkers based on their potential properties or regulatory
impacts on cancer-related genes may be employed for risk
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prediction, prognosis, and survival inferences that are highly
required for breast cancer management toward personalized
medicine.

Keywords Epimarker - WBC DNA methylation - Breast
cancer - Risk prediction

Introduction

Breast cancer, with a lifelong risk of one in nine, is the most
common cancer among women [1]. The prognosis of breast
cancer, in particular its survival rate, crucially depends on its
earlier detection. In terms of any interventions, these points
highlight the need for regular life-time screening tests because
of the disease frequency, and the feasibility and safety of such
tests since they may be repeated many times.

Adopting a comprehensive screening approach including
genetic molecular test could be highly recommended for this
intervention. In the case of hereditary breast cancer, there are
specific blood tests, BRCA1/2 mutation analysis that only
covers less than 10 % of breast cancer cases in total, relative
to sporadic form of the disease. For the latter form, although
some new molecular tests namely particular sets of SNPs [2]
have been added to the regular screening methods such as
mammography, predicting the risk of breast cancer develop-
ment in the absence of familial history is still a big challenge.
The current screening methods are criticized by both the low
sensitivity [3, 4] and overdiagnosis pitfalls [5, 6].

Since each screening molecular test only suggests a relative
risk for predisposition to breast cancer, providing a more in-
clusive set of these tests could collectively infer more precise
estimation for risk assessment. In this regard, coupling of epi-
genetic test to conventional molecular panel may even confer
more values, as it could uncover new dimension of molecular
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architecture relative to cancer susceptibility. It is well known
that epigenetic alterations, especially DNA methylation, are
involved in tumorigenesis [7]. These alterations include gene-
specific hypermethylation and global genomic hypomethyla-
tion that are well defined in tumor tissues [8]. However, recent
studies have identified some epigenetic changes in the WBC
genome among breast cancer patients which propose the pre-
dictive value of these changes as new biomarkers. Epigenetic
biomarkers (epimarkers) are noteworthy, because of the sta-
bility of DNA molecules, dynamic nature of epigenetic chang-
es, and availability of different ways for its measurement.

The purpose of this review is to introduce epimarkers as
potential markers in risk prediction, diagnosis, and prognosis
of breast cancer.

Peripheral blood epimarkers

In the case of identifying epimarker in the peripheral
blood shown in Table 1, we have two alternatives: meth-
ylation in DNA of circulating tumor cell and WBC. Since
cell-free DNA of circulating tumor cells originates from
the tumor mass, it can be regarded as a source of diag-
nostic rather than predictive information. Presence of cir-
culatory tumor DNA in low amounts and possibility of
their contamination with normal cell DNA are serious lim-
itations to consider them as reliable source. However, un-
dergoing techniques may overcome these limitations to
catch circulatory tumor cell DNA in good quantity and
purity, giving them a momentum to be apply for diagnos-
tic and prognostic purposes [9]. On the contrary, high
amount and good quality of WBC DNA and more impor-
tantly its predictive potentials and implications concluded
by several case-control studies make it a practical source
to examine the epigenetic changes of WBCs before and
during breast cancer development. Although there is no
known mechanistic correlation between WBC epigenomic
pattern and tumor development by now, such epigenetic
changes may be looked as an independent risk factor quite
long before breast cancer development. Since WBC DNA
is accessible easily, its epigenetic along with its genetic
influences on cancer propensity could be repeatedly eval-
uated in specified time intervals.

History of WBC DNA methylation as epimarker
in cancers

The quest for WBC-based epimarkers was launched in 2001,
when Karen et al. [10] showed a relationship between hypo-
methylation of P53 gene in WBC and risk of lung cancer
development. Consequently, methylation alterations in differ-
ent kind of cancers have been studied, concluding that WBC
DNA methylation can be considered as a surrogate biomarker
for the risk of cancer development, including breast cancer
(Table 2) [27-37].

How methylation of WBC genome was explored
in breast cancer?

According to previous studies mentioned in Table 2, there are
two ways for discovering epimarkers in WBC: searching for
methylation pattern alteration at target gene (candidate gene ap-
proach) and at the epigenomic level (whole genome approach).
In the candidate gene approach, researchers evaluate genes in-
volved in breast cancer carcinogenesis or genes that are mostly
methylated in breast tumors. Although this approach is logical
for DNA methylation studies of circulatory tumor cell, in the
case of WBCs, because of their unknown role in breast cancer,
may not embrace methylation pattern as of the tumor. For this
reason, whole genome approach has been more popular, recent-
ly. In this regard, a WBCs gene which its methylation alteration
pattern is associated with the breast cancer risk will be disclosed,
which does not necessarily mean its direct role in carcinogenesis.

Evidences based on candidate gene approach

BRCAL1, because of the crucial role of its mutations in hered-
itary breast cancer, has been considered as a natural choice to
conduct a candidate gene analysis. In terms of epigenetic
changes, BRCA1 promoter hypermethylation has received
good attention as it offers another alternative inactivation
mechanism for this critical gene. Some studies have shown
an association between WBCs BRCAI methylation changes
and the risk of breast cancer, which was more significant
among sporadic breast cancer cases than the hereditary ones

Table 1  Comparison of peripheral blood epimarkers
Source of epimarkers Characteristic
Amount Purity Diagnostic Predictive Noninvasive
value value accessibility
WBC DNA methylation High Originated only from WBCs No Yes Yes
Circulatory tumor DNA methylation Low Heterogeneous mixture of normal cells Yes No Yes

and tumor DNA
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[14, 22, 38]. Such association was also stronger among cases
with early age at the onset [age <40] and high-grade tumors.
Therefore, some researchers suggested that in sporadic breast
cancer, the first hit may influence somehow BRCA methyla-
tion according to the Knudson’s two hit theory, while such
pivotal role has been given to germ line mutation in hereditary
breast cancer [18, 22, 39-42]. However, while that potential
value for BRCAI methylation as a candidate biomarker has
not been approved by other studies [15, 17, 43], a very recent
investigation on sporadic breast cancer concludes that WBC
methylation signature may have such value conditioned to
prior presence of BRCA1 mutations [25]. In this study,
WBC DNA methylation signature in BRCA1 mutation car-
riers could predict breast cancer risk (area under curve 0.65).
Also, the mentioned signature could predict mortality (area
under curve 0.67) in sporadic breast cancer patients.

In addition to BRCAI, other genes which are involved in
breast carcinogenesis such as estrogen receptor target genes
(ERT), polycomb group target genes (PcGT) and ATM also
have been studied [7, 11], which suggest ATM, NUP155,
ZNF217, PTGS2, TITF1, NEURODI and SFRP1as potential
biomarkers for breast cancer. It should be noted that methyla-
tion of ATM was in a repetitive element in the gene body and
because of notable overlap between methylation in cases and
controls; it seems that this marker alone is not sufficient as a
diagnostic test (which area under curve of 0.59 shows insuf-
ficient specificity as a diagnostic biomarker).

Evidences based on whole genome approach

Since there are uncertainties behind candidate gene(s) selec-
tion, and the logic for representative value of peripheral blood
for epigenetic changes in diseased breast tissue, whole ge-
nome approach could be considered as preferred alternative.
Both hypermethylation and hypomethylation changes of
WBC at genomic level could accompany with cancer
developments.

According to the results of several genomic studies, hyper-
methylation changes of some genes in WBC genome have
been evident in different cancers, including bladder, head
and neck, pancreas, and breast cancers [23, 31, 33, 44, 45].
As a result, a number of genes have been nominated as poten-
tial epimarkers for epigenetic predisposition to breast cancer
with prediction accuracy of 65.8 % [23].

Analysis of global genomic hypomethylation as a well-
known epigenetic manifestation in cancer has been referred
by several whole genome studies. Recent studies have report-
ed that such genomic hypomethylation continuum can be ev-
ident even at WBC DNA level and may detect high-risk wom-
en before developing breast cancer suggesting its value as
predictive biomarker [26, 30, 32, 36]. In this regard, some
researchers have suggested that methylation analysis of

@ Springer

repetitive elements such as LINEI, sat2 and Alu in WBC
may be a surrogate for genomic hypomethylation. Based on
this approach, some studies have shown that these repetitive
elements in the leukocytes of healthy women with a family
history of breast cancer are hypomethylated [16, 46] as well as
breast cancer patients compared to controls [8, 21, 47].

Another way for evaluating global hypomethylation is
measurement of 5-methyl cytosine (Smc) amounts in the ge-
nome. Xu and Ambrosone in two case-control studies showed
that Smc (not methylation of repetitive element) decreases in
the WBC genome in breast cancer patients [12, 48]. The cor-
relation between global 5mc and methylation of repetitive
elements was not reported in another study [49], which makes
it an unresolved controversy.

Limitation in previous studies

Some recent evidence has indicated that different epigenetic
markers in the WBC genome could be considered as potential
biomarkers for risk estimation of breast cancer. However, it is
necessary to reassess these findings through studies with larg-
er sample sizes. Most of the previous investigations were case-
control studies, and the past history of their participants was
not provided. It is important to note that many factors such as
demographic characteristics, environmental exposures, and
even genetic susceptibility can change the leukocyte methyl-
ation signatures [50]. Therefore, these factors may confound
the interpretation of results and should be taken into account in
future studies, which have been properly respected by Bren-
nan et al. study [19], which summoned women from three
large cohorts and followed them for 2—4 years and examined
their past history along with their blood samples that were
taken before cancer development. Another limitation of these
studies is choosing the right candidate genes in the WBC
genome that may reflect methylation deviation in breast can-
cer patients. Therefore, it is highly recommended to adhere
with prospective and whole genome approaches, meanwhile
considering other risk factors which affect the methylation
signature in WBCs.

Biological relevance between WBC genome
methylation and cancers

In spite of the documented association between WBC genome
methylation and breast cancer, there is still a major debate in
this issue:“how such association could be explained at mech-
anistic level?” Here, five explanations for the association be-
tween WBC DNA methylation status and breast cancer are
overviewed:

First, there is a constitutional epimutation which means that
some epigenetic changes can be observed in normal tissues
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(blood) as well as in tumor tissues [13, 51-57]. In this case,
constitutional epimutation can be considered as a consequence
of germ line alteration that is not fully understood. However, it
is clear that in germ line development, there are two phases of
demethylation and remethylation which any remained errors
in each phase can be passed through in the germ line cells [11].
In addition, constitutional epimutation can occur in early de-
velopmental stages at intrauterine phase (Fig. 1—rational 2).
Second, some evidence have indicated that genetic variation
could lead to specific epigenetic signatures [33, 58]; so,
genetic susceptibility may lead to epigenetic alteration
(Fig. 1—rational 1).

Third, lifetime exposures to environmental influences
could change epigenomic map of somatic cell/stem cell,
which in turn is a result of direct or indirect effect by
mutation of driver gene that control DNA methylation
[44] (Fig. 1—rational 3). Such exposures may lead to
the methylation changes in whole body somatic cells or only
in specific tissues like hematopoietic stem cells. Considering
the fact that DNA methylation is a lengthy process and blood
cells have a short life span, their methylation condition may
have been acquired from certain subgroups of hematopoietic
cells.

The other concerns are connected to the nature of immune
system response that is defined by clonal-specific expansion
of leukocytes. There are evidences that different cancers
evoke immune responses in specific manner mirrored by pro-
liferation of particular subset of these immune cells. So, if one
considers that this activation is somehow followed by epige-
netic changes at activated clones, inspection of these changes
could show new information. Therefore, the point is how we

could find the main cellular types/clones to explore their meth-
ylation signature patterns according to the existing type of the
cancer. However, this assumption could still be sound if we
consider that the differential shift or polarization of the im-
mune cells can be also due to cancer-associated environmental
exposures in addition to cancer inflammation itself [20, 59]
(Fig. l—rational 4 and 5).

Future applications of peripheral blood epimarkers

Since epimarkers can help to identify high-risk women for
breast cancer in population, and as epigenetic changes are
reversible [60], it seems that reversing the epigenetic alter-
ations and turning cells back to their normal epigenetic state
can be considered as a future modality in prevention of breast
cancer. On the other hand, because of potentiality of
epimarkers, they can be used for various purposes. Epigenetic
alterations, similar to genetic variations, can change the prog-
nosis and survival parameters in cancer. Some studies on the
ovaries, stomach, and pancreas cancer patients suggested that
hypermethylation of some genes in the WBC genome affects
the survival [61-63]. Another study by Zhuang et al. sug-
gested that DNA methylation can be used as a prognostic
biomarker [64]. Therefore, in near future, different applica-
tions may be defined for epimarkers: therapeutic (e.g., for
epidrugs efficacy assessment), prognostic (for patient survival
assessment), predictive (to adjust the best treatment options),
and recurrence (for estimation of cancer relapse). In this view,
new comprehensive studies holding more statistical power
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and less confounding cracks could pave the way for the era of
epigenetic biomarkers in medicine.

Conclusion

Recent investigations have identified some epigenetic alter-
ations in the WBC genome of breast cancer patients that could
predict the risk of breast cancer. Although the current findings
are quite promising, it seems that application of WBC meth-
ylation pattern as a sensible predicting test for breast cancer
requires more search and research, for example by designing a
prospective and whole genome studies. It is well known that
many factors such as the lifestyle and environmental expo-
sures could affect the WBC methylation signature and should
be considered in future studies.

Conlflicts of interest None
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