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ABSTRACT

The increasing burden of cancer requires identify-
ing and protecting individuals at highest risk. The
epigenome provides an indispensable complement
to genetic alterations for a risk stratification ap-
proach for the following reasons: gene transcription
necessary for cancer onset is directed by epigenetic
modifications and many risk factors studied so far
have been associated with alterations related to the
epigenome. The risk level depends on the plasticity
of the epigenome during phases of life particularly
sensitive to environmental and dietary impacts. Mod-
ifications in the activity of DNA regulatory regions
and altered chromatin compaction may accumulate,
hence leading to the increase of cancer risk. More-
over, tissue architecture directs the unique organiza-
tion of the epigenome for each tissue and cell type,
which allows the epigenome to control cancer risk
in specific organs. Investigations of epigenetic sig-
natures of risk should help identify a continuum of
alterations leading to a threshold beyond which the
epigenome cannot maintain homeostasis. We pro-
pose that this threshold may be similar in the pop-
ulation for a given tissue, but the pace to reach this
threshold will depend on the combination of germline
inheritance and the risk and protective factors en-
countered, particularly during windows of epigenetic
susceptibility, by individuals.
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INTRODUCTION

Our ability to prevent cancer development relies on the de-
tection and mitigation of risk. An important challenge is
to identify people at the highest risk for a particular cancer
through a risk stratification process. Although epidemiolog-
ically the risk has been defined on multiple levels (e.g. family,
lifestyle, genetic), biological investigations have shown that
for a cancer to occur, changes in gene transcription prevail.
But chemical modifications on the DNA and histones that
direct gene transcription and define the epigenome are not
yet part of a risk stratification scheme.

The need for risk stratification

Humans are not equal when dealing with cancer onset. It
is of utmost importance to stratify the risk in order to de-
velop targeted interventions. For most types of cancer there
is not one causative factor but rather a multiplicity of fac-
tors, and their relative contribution to building 100% risk is
not understood. A striking example is the increase of breast
cancer incidence in young women (1). Although hormone
levels might be useful to include for risk stratification in
postmenopausal women, it does not seem to be the case
for younger women (2), and the reasons for increased pre-
menopausal cancer risk are still mostly unknown.

Genetics has been the driver for risk stratification, en-
compassing high risk variants (e.g. BRCA), intermediate
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risk variants (e.g. PALB2, ATM, CHEK?2) and low risk sin-
gle nucleotide polymorphisms (SNPs). The use of polygenic
risk scores (PRS) linked to SNPs may stratify breast cancer
risk regardless of the family history (3). However, even when
integrating all the known genetic factors it only explains
45% of observed familial aggregation (4). It was proposed
that associating genetic risk (including 313 SNPs from Eu-
ropean ancestry (5) in addition to known mutations (6))
and other risk factors might improve risk stratification for
a population with known breast cancer incidence (4). The
other risk factors included lifestyle, reproductive informa-
tion and mammographic density. This combination of fac-
tors revealed that for the population of women in the United
Kingdom, 1.1% might have a lifetime risk of at least 30%
(high risk) and 14.7% might have a risk below 30% but at
least 17%. Women at high risk for breast cancer also in-
cluded those with a 10-year risk at age 40 of at least 8%.
Interestingly, the biggest contributors to this risk stratifica-
tion model were PRS and mammographic density (7), both
having relationships with the epigenome (8,9).

The participation of mammographic density in risk strat-
ification reinforces the importance of tissue architecture
in directing cancer onset. More than two decades ago, it
was demonstrated that even in the presence of genetic al-
terations linked to cancer behavior, a tumor does not de-
velop when the architecture of the normal tissue is main-
tained (10-12). Tissue architecture that encompasses the
organization of cells and their components is controlling
the epigenome (13), and reciprocally, it is controlled by the
epigenome, as we initially demonstrated for the establish-
ment of breast epithelial polarity (14). Thus, the architec-
ture within which the epigenome is exposed to risk factors
is likely to contribute to the transcriptomic response.

The nuclear origins of risk

Easily accessible in the blood, the DNA is currently at the
center of risk stratification, especially in light of the con-
tributions of SNPs identified via genome-wide association
studies (GWAS). Initially, 170 breast cancer susceptibility
loci were identified (5), accounting for 40% of heritability
explained by all common variants on genome-wide SNP ar-
rays. The SNPs are often within regulatory regions, like en-
hancers and sequences for transcription factor (TF) bind-
ing, hence potentially affecting gene transcription. The ad-
dition of functional studies to GWAS are revealing poten-
tial molecular mechanisms of risk through transcription
profiles and redistribution of proteins like CCCTC-binding
factor (CTCF) that affect chromosomal architecture (15).
CTCEF is a major organizer of higher order chromatin via
anchoring and insulation of DNA loops and interactions
with chromatin remodeling proteins, histone modifying en-
zymes and TFs.

It is important to link SNPs associated with cancer risk
with specific molecular mechanisms to identify targets for
interventions, especially since genetic variants confer risks
that depend on breast cancer subtypes, at least estrogen re-
ceptor negative (ER™) versus ER positive (ER*) (5). Con-
sidering the subtypes of cancers in risk stratification un-
derlies the importance of focusing on subgroups within the
general population in which certain forms of breast cancer

are preponderant. The subtyping of cancers in relation to
molecular pathways and individuals is part of molecular
pathological epidemiology (16). Since cancer subtypes are
distinguishable via gene transcription patterns, themselves
enabled by epigenetic modifications that respond to envi-
ronmental exposures, an understanding of epigenetics is im-
perative to improve disease management.

The investigation of the epigenetic risk of cancer is chal-
lenging. The results of epigenome-wide association studies
(EWAS) depend on the sources of normal tissues because
the epigenome is not only tissue-specific but also condition-
specific. Normal looking tissue adjacent to tumors is sub-
ject to field effect and its confounding impact, and breast
tissue donated by cancer-free women needs to be accompa-
nied with sufficient information to estimate cancer risk. Ul-
timately, the identified risk markers will have to be present in
the blood or saliva for routine assessment. For this reason,
DNA methylation, a stable epigenetic mark on circulating
DNA, is a major target of investigation (17-19). However,
most reports highlight different sets of genes when looking
downstream of epigenetic changes associated with risk. This
apparent heterogeneity in possible gene targets is most likely
the illustration of the interaction between the individuals or
groups of individuals and their specific environment, which
makes it difficult to pinpoint the pathways to cancer onset.

Nevertheless, there are commonalities in epigenetic
changes on a global chromatin organization scale. Higher
mean DNA methylation at CpG islands and epigenetic age-
acceleration have been associated with an increased risk of
breast cancer (20). Interestingly, classes of risk modulators
like aging, environmental exposure and diet trigger few but
major changes in the tissue microenvironment that are all
conducive to global alterations in chromatin. Tissue aging is
linked to oxidative stress, in part generated by the accumu-
lation of reactive oxygen species in the extracellular matrix
(ECM) (21); increased body mass index (BMI) is associated
with high leptin production by the adipose tissue, leading to
a proinflammatory microenvironment and oxidative stress;
mammographic density is related to increased ECM stiff-
ness. Combining the different physiological and molecular
consequences of epidemiologically confirmed risks might
lead to additive effects on the epigenome.

In this short-review, using the example of breast cancer,
we are placing epigenetic alterations in the multiparamet-
ric consideration of risk escalation. The integration of the
epigenome in the notion of risk is discussed via evidence
of the interplay between genetic and epigenetic alterations,
the plasticity of higher order chromatin organization and
the emerging investigations of how given risk factors specif-
ically target epigenetic pathways.

INTERPLAY BETWEEN GENETIC AND EPIGENETIC
ALTERATIONS TO DEFINE CANCER RISK

Tissue architecture is capable of taming cancer cells even
in the presence of a plethora of genetic alterations (10).
This seminal demonstration was performed in 3D cell cul-
ture that permits the production of specific tissue architec-
tures. Induction of partial acinus differentiation leading to
the quiescence of cancer cells was accompanied with a redis-
tribution of epigenetic domains in the cell nucleus towards



patterns observed in the phenotypically normal epithelium
(22). Assuming that differentiation characterized by a spe-
cific tissue architecture controls higher order chromatin or-
ganization and its epigenetic structures, there might be pro-
tective epigenome features associated with normal differen-
tiation that are progressively disrupted by the accumulation
of risk factors.

Influence of SNPs on gene transcription control

Candidate causal variants (CCV) are noncoding in major-
ity and primarily located in regulatory regions of gene tran-
scription (23,24). Functional testing of the variants of in-
terest involves mapping to epigenomic datasets that iden-
tify histone marks, like H3K27ac for enhancers (25). The
combination of epigenetic mark H3K27ac, mediator com-
plex subunits (MED) and epigenetic reader bromodomain
containing protein 4 (BRD4) has been used to define super-
enhancers that contribute to cell identity. These marks pro-
vided higher enrichment (i.e. lower P values compared to
those expected by chance) of cancer specific-risk SNPs than
binding profiles of TFs involved in cancer onset (26). By
confirming a relation between enhancer activity and CCVs,
these results bridge epigenetic and genetic fields for cancer
risk assessment.

The consequences of risk-associated genetic variants on
gene transcription control are multiple; however, all the
mechanisms involved seem to alter chromatin interactions.
There might be changes in chromatin-TF interactions as
revealed for FOXAI, at distal regulatory elements, which
leads to allele-specific gene expression (27). FOXAL is la-
beled as pioneer TF since it can interact with compact
DNA and make it accessible to other factors. Here, the
cistromes of FOXA1 were enriched with risk-associated
SNPs. FOXAT1 was also among a cluster of four risk-TF
that share regulatory mechanisms and would favor ER* tu-
mors (28). Such mechanistic studies have required new com-
putational methodologies with the combination of epige-
nomics and genotype imputation with cistromics (i.e., the
investigation of cis-acting targets of trans-acting factors), as
well as grouping putative target genes of TF into regulons
and assessing enrichments in risk loci to identify regula-
tory clusters. The impact of SNPs has also been abundantly
identified for single genes. For instance, SNPs associated
with a decrease in risk were identified within the promoter
of TERT where they reduce promoter activity, without the
involvement of distant regulatory elements (29). However,
CCVs often modulate DNA looping. Locus 8p12 CCVs of
the enhancer of the tumor suppressor gene DUSP4 either
reduce its activity via looping to the gene’s promoter region
or prevent looping to the promoter (30).

SNPs associated with breast cancer risk are also found in
the distribution maps of H3K4mel, a histone modification
found in regulatory regions of genes (27). A similar obser-
vation has been made for many diseases, hence confirming
that an alteration of enhancer function is one of the mech-
anisms associated with genetic risk.

Other categories of genes affected by variants associated
with cancer risk include DNA integrity checkpoints, which
would trigger further loss of homeostasis. For instance,
SNPs in a distal enhancer of the intergenic region 11ql3
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decrease the expression of estrogen-regulated long noncod-
ing (Inc)RNAs CUPID1&2 by reducing chromatin looping
between the enhancer and the gene bidirectional promoter.
Normally, these IncRNAs are regulating the choice of path-
ways used for double-strand break repair (31).

It is not surprising that SNPs impact transcription con-
trol, these alterations residing mostly in regulatory regions
of the DNA. However, the accumulating evidence that
SNPs are related to downstream modifications in a cell
type specific manner, as shown by the examples of FOXAI,
BRD4, H3K4mel and DNA methylation supports the es-
sential role that the epigenome might play in cancer risk.

Epigenetic marks of risk

DNA methylation at specific CpGs is envisioned as a source
for risk markers since these alterations might be found in
circulating DNA. However, it is important to establish that
these methylation patterns exist in the breast at risk for can-
cer. Nested case-control studies from a prospective cohort
of patients with ER* breast cancer revealed that methyla-
tion changes in the CpGs of genes in the normal appear-
ing epithelium mapped metabolic processes linked to fatty
acids, although there was no difference in global methyla-
tion between cases (cancer developed a few years later in the
contralateral breast) and controls. Three genes with methy-
lation changes were validated in breast tissue and blood and
might provide markers to improve risk stratification for the
development of sporadic breast cancer (32). It was also ob-
served that women at higher risk for breast cancer based
on the Gail model are more likely to present methylation of
tumor suppressor genes A PC and RASSFI in the breast tis-
sue (33). The interest in a possible marker may be strength-
ened by additional studies that pinpoint this marker under
different conditions, as shown for APC, since the possible
protection of increasing parity is associated with decreased
methylation of this gene in the breast (34). Like with SNPs,
epigenetic modifications that influence DNA integrity may
contribute to cancer risk. For instance, hypermethylation of
the ATM gene detected in the blood stream was associated
with breast cancer risk and proposed to be included in risk
stratification studies (35).

The partnership between epigenetic modifications and
SNPs highlighted by integrative bioinformatics analysis is
useful to further refine cancer risk. For instance, the ef-
fect of SNPs on methylation may be defined as methylation
quantitative traits loci (36). This method was used to iden-
tify prognostic gene signatures in breast cancer with the aim
of reducing false positives via multiple sources pointing to
the same genes. These CpG-SNP pairs might be particu-
larly useful in risk stratification for primary prevention ap-
proaches.

From a perspective standpoint, the combination of ge-
netic variants and epigenetic marks might be particularly
useful for risk information on specific cancer subtypes. In a
study with women of European and African ancestry, 53 ge-
netic variants were associated with ER* breast cancer and
37 variants were associated with ER™ cancers (25). Risk
variants found in exons of multi-exonic ncRNA genes have
been linked to specific cancer subtypes (37). Some of these
ncRNAs are expressed depending on risk variants, and the
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promoters of many of these RNAs loop to regions that con-
tain risk variants, which suggests that genetic variants con-
trol these RNAs. The inclusion of epigenetic reader BRD4,
that appears to identify risk loci and is cell type specific
(26), might enable the identification of the cellular origin
of risk for cancer subtypes and open new directions for epi-
genetic intervention on select cell populations (38). Overall,
the flexibility of the epigenome makes it an attractive com-
partment to identify mechanisms by which specific factors
lead to risk escalation for different cancer subtypes.

EPIGENETIC ESCALATION OF RISK

The multiplicity of epigenetic modifications occurring
within higher order chromatin organization suggests the
possibility of an epigenetic escalation of risk. Timing is par-
ticularly important in risk escalation for breast cancer, with
windows of susceptibility that account for acute exposure
leading to increased risk or protection over a defined period
of life (e.g. childhood, pregnancy, menopause) and through
chronic impact (e.g. hormonal, aging). Thus, exposure to
environmental factors and lifestyle will have distinct influ-
ences throughout life.

Lifelong risk of aging

Aging is the strongest risk factor that is likely responsible
for the majority of postmenopausal breast cancers. It is pro-
moted in part by an imbalance in anti- and pro-oxidative
factors leading to chronic oxidative stress (21). Differences
in breast aging, in light of its epigenome, compared to the
person’s chronological age have been linked with heightened
breast cancer risk (20,39). The epigenetic clock is based on
DNA methylation at 353 CpG sites calculated by elastic net
regression or 385 CpG sites giving an estimate of mitotic
division (9,39). Intrinsic epigenetic age acceleration (i.e. the
difference between epigenetic [biological] and chronological
ages) is the risk factor associated with aging; its elevation by
one unit has been linked with a 4% increase odds of devel-
oping breast cancer, with age acceleration detected 10 years
prior to diagnosis (20). Logically, epigenetic aging interferes
with the addition and the removal of methyl groups and it
is likely to modify the impact of other influential factors.
Aside from the epigenetic clock, DNA methylation in
breast tissues of aging women has been shown to be en-
riched at enhancer regions and binding sites for chromatin
remodelers Myc and CTCF (40). Moreover, hypomethyla-
tion represented 30.7% of the modified CpG sites and was
identified primarily at binding sites for transcriptional acti-
vators c-Fos and Stat-3. The CpG regions in tissues of aging
women only partially overlapped with those used to esti-
mate tissue age (only 3 and 17 of the 787 CpGs identified
in this study were found in the two epigenetic clock CpG
lists), demonstrating a discrepancy between chronological
(person’s age) and biological (tissue age) that might be im-
portant for disease risk. The fact that these CpG regions
were further modulated in cancer led to the proposition that
they are involved in risk (40). This study performed on a
limited number of individuals (100) highlights the prepon-
derance of aging in DNA methylation changes associated
with breast cancer risk. Strikingly, no CpG sites were sig-
nificantly modified for their methylation level in relation to

BMI, parity and family history that are factors involved in
risk modulation. Whether these other risk factors act on dif-
ferent epigenetic pathways will be important to determine
for risk escalation associated to the combination of differ-
ent risk factors.

Accelerated tissue aging may have consequences on the
impact of TFs since methylation usually prevents their bind-
ing to DNA (41). Moreover, the expression of TF changes
with age hence, so does their binding to regulatory SNPs.
Age-interacting SNPs have been analyzed via a novel SNi-
PAge concept to better understand age-associated pheno-
types (9). In the breast, 536 interaction triplets (TF-SNP-
gene) linked to aging were detected based on TFs that show
reduction in expression with age. Overall, the SNPs identi-
fied were significantly related to breast cancer and located in
open chromatin, often in regulatory regions like enhancers
and promoters, as shown by epigenetic marks H3K27ac and
H3K4me3, respectively. Interestingly, these SNPs were en-
riched in regions that negatively regulate the stress response,
highlighting a potential means for the accumulation of al-
terations leading to increased risk, since an altered response
to stress decreases DNA repair capabilities.

The participation of SNPs in premature aging and breast
cancer onset is not a new observation. In 2007, it was re-
ported that one SNP as well as combinations of multi-
ple SNPs in the WRN gene controlling life span and ag-
ing were associated with breast cancer risk. Very interest-
ingly, the level of significance increased if there was a longer
time between onset of menarchy and first pregnancy, which
confirms the additive effects of two different risk factors
(here aging and a reproductive pattern that influences es-
trogen impact) (42). Also, a rare homozygous CC genotype
in WRN was associated with increased breast cancer risk in
premenopausal women (43).

SNPs associated with aging and their biological func-
tions appear to include DNA methylation that is an essen-
tial modulator of tumorigenesis (9). However, the exact con-
tribution of these SNPs to epigenetic aging remains to be
understood. In the case of the classical WRN gene alter-
ation, differentially methylated regions are different from
those identified in epigenetic aging. These regions are en-
riched in genes that control transcription factor activity
and sequence-specific DNA binding to promoters, possibly
leading to transcriptional misregulation (44). Thus, instead
of furthering standard epigenetic aging, SNPs might bring
cells further away from their normal homeostasis via epige-
netic changes that complement those linked to accelerated

aging.

Epigenetic risk and life events

The nongenetic factors that contribute to risk stratifica-
tion according to epidemiologists encompass BMI, repro-
ductive history and mammographic density (45). These fac-
tors might have a determinant impact on a specific pe-
riod in life, and all appear to induce epigenetic changes.
Here we are discussing these factors in light of the major
physiological disturbances with which they are associated,
namely metabolic disturbances (e.g. pro-inflammatory,
pro-oxidative).



Diet and metabolism. The metabolism has been implicated
in the development of cancers, including breast cancer and
metabolic pathways are modulated by aging, notably via the
relation TF-SNPs (9). High BMI is both the result and a
source of metabolic imbalance leading to pro-inflammatory
and oxidative conditions (21); it acts as a breast cancer
risk inducer among postmenopausal women and a medi-
ator of aggressive breast cancers among premenopausal
women. High BMI has been associated with DNA methyla-
tion changes in breast tissue and blood (46,47). Moreover,
free fatty acids linked to obesity influence ERa and mTOR
pathways, which could impact gene transcription (48). Im-
portantly, an increase in BMI appears to precipitate epige-
netic aging as shown for the liver (49) and can be related
to an increase in age based on DNA methylation in breast
tissues (50). LINE-1 hypomethylation has been proposed
to mediate more than 80% of the effects of BMI on breast
cancer risk (51). Thus, high metabolic disturbance associ-
ated with BMI might contribute to loss of normal epige-
netic balance via both the accumulation of epigenetic aging
alterations and specific changes in transcription control.

In addition to metabolic disorders, specific components
of diets have been studied early on for their impact on the
epigenome or at least their relation to epigenetic changes
(52); however, attempting to link the degree of methylation
of CpGs, nutrient level and breast cancer risk is a difficult
task. The threshold at which the concentration of the nu-
trient studied has biological relevance for cancer risk, as it
was discussed for Vitamin D, is paramount to determine.
Such considerations are essential for elements like the vita-
min D/VDR complex known to control gene transcription
involved in cancer risk and the immune system (53) and for
which there is still a debate regarding its exact role in breast
cancer risk.

Parity and inflammation.  Certain diets and environmental
stresses like pollutants have a proinflammatory effect in the
tissue microenvironment that is considered abnormal and
the source of disorders like cancers. However, a natural con-
sequence of parity in the breast is the elevation of the expres-
sion of genes related to inflammation (54). This inflamma-
tory effect is limited in time, but a slight increase in breast
cancer risk has been documented within two years follow-
ing pregnancy. The epigenetic origin of this phenomenon is
being progressively unraveled. Genes active during cancer
development and coding for proteases MMP9 and calpains
are targeted by p65/p300 during mammary gland involu-
tion (55). The p65/p300 complex is associated with the NF-
kappaB inflammatory pathway, the activity of which has
been known to be tightly controlled by the balance between
histone acetyl transferases and histone deacetylases (56). In
addition to modifications in the ECM, Calpain 1 modulates
preadipocytes through chromatin remodeling, which sug-
gests a profound impact on tissues that control mammary
homeostasis. However, parity is also associated with hyper-
methylation of CpG islands of FOXAI (57), which might
account for the ‘delayed’ protective effects of increasing par-
ity. The TF FOXAI1 facilitates chromatin binding of ER«
and downstream transcriptional activation. Thus, it is envi-
sioned that by favoring epigenetic silencing of FOX A1, par-
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ity would attenuate the estrogen impact on the mammary
gland and decrease breast cancer risk over a long period.

Breast density and ECM stiffness. High mammographic
density has been recognized as an important element for
risk stratification, and SNPs associated with increased
breast density and breast cancer risk have been identified
in GWAS meta-analysis (58). High mammographic density
is partially linked to increased ECM stiffness (via stromal
collagen (59), which is one of the consequences of an in-
flammatory condition (60,61). Thus, breast density is re-
lated to epigenetic mechanisms of risk via inflammatory
pathways. Few studies have been performed on the direct
epigenetic impact of ECM stiffness. However, 3D cell cul-
ture revealed an effect on chromatin organization, notably
via nuclear wrinkling and increased heterochromatin bun-
dles at the nuclear periphery (8). There was also a signifi-
cant decrease in acetylated H4 and an increase in acetylated
H3. The change in nuclear morphometry was related to hi-
stone deacetylase (HDAC) activity. Increased stiffness also
induced chromatin opening, rendering regulatory elements
in the genome more accessible to certain TFs, and primarily
Spl, a regulator of malignant transformation and interac-
tor of chromatin modifying enzymes like class I HDACs 3
and 8 (8). This study brings another dimension to epigenetic
risk escalation via a global reorganization of chromatin that
affects certain categories of TFs. It is expected that a change
of this magnitude would alter the impact on the epigenome
of any additional risk factor, especially since ECM stiffness
is influenced early and later in life by pollutants and nutri-
tion, respectively (62,63).

Overall, many of the risk factors may be related to central
metabolic pathways in cells like inflammatory and oxidative
pathways for which epigenetic mechanisms are being pro-
gressively understood. Nevertheless, other effects specific to
each risk factor ought to be studied for a possible deleteri-
ous influence on the epigenome that would add to that of
inflammatory and oxidative pathways.

CONCLUSIONS

Placing the information highlighted in this short-review
in perspective, risk escalation depends on timing of expo-
sure and the combination of genetic and epigenetic alter-
ations. It is recognized that prepuberty is a window of sus-
ceptibility, notably because of the epigenetic status of the
mammary cells that are primed but not fully differentiated,
making them more susceptible to undergo protective or
deleterious permanent epigenetic changes. Risk escalation
might also depend on ancestry. Many risk loci are common
among women of European, Asian and African ancestry
(25). However, only a small portion of variants common to
African and European ancestries have the same directional-
ity, and in the same risk regions, variants with significance
in terms of risk might be different (25). Moreover, increased
epigenetic aging has been associated with race (40). Eth-
nic difference in age-associated diseases is suggested by the
genomic proximity of ethnicity-associated SNPs and SNPs
linked with aging (9). Whether these relationships could ex-
plain differences in thresholds for the effective impacts of
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Figure 1. Cancer risk escalation in the cell nucleus. It is essential to study changes in the epigenome and its related parameters that are associated with
cancer risk in the normal tissue of origin. For the breast, the luminal epithelium is organized as a monolayer (internal to the layer of myoepithelial cells-
not shown) within which cell heterogeneity is represented by different phenotypes and the presence of a small percentage of progenitor cells. These cells
have a different organization of chromatin and its epigenetic content that might be detectable via a different shape and size of the nucleus. The source
of this tissue might be from reduction mammoplasty (left) or from biopsies from normal-appearing tissue adjacent to tumors (right). The association of
certain epigenetic alterations with risk is sometime confirmed because of an increase or an extension of these alterations in the same DNA regions as cancer
develops and progresses. The breast epithelium may be reproduced in 3D cell culture to enable the mechanistic investigation of risk factors. The nucleus
(pale blue magnified circle) of an epithelial cell at risk may display different types of chromatin alterations, like DNA methylation at CpG sites (often
increased), changes in chromatin loops and anchorage/condensation. The presence of SNPs associated with risk at DNA regulatory regions (e.g. super
enhancers marked by BRD4, TF binding regions) modifies gene transcription via a direct impact on ligand binding or through changes in chromatin
looping. Depending on the risk factors (red bubbles) one or more effect on chromatin has been identified so far such as changes in DNA methylation,
TF binding or expression, and chromatin compaction. Importantly, risk factors may also feed into others’ effects and could strengthen the extent of
alterations as shown by the dashed red arrows. There are at least three possible measurable means (written in blue) to build up risk and that could help
identify epigenome-related thresholds to cancer onset: DNA methylation profiles, genetic alterations and gene expression profiles. Moreover, SNPs and
DNA methylation influence each other leading to the accumulation of genetic alterations. As illustrated in the ‘risk escalation’ box, how the risk is built in
the chromatin is likely to influence the speed at which the epigenome loses control of normal differentiation and the resulting subtype of cancer. The blood
stream is an important compartment to routinely measure cancer risk because of the presence of circulating DNA, ncRNAs and exosomes. Circulating
DNA and ncRNAs might be specific or nonspecific indicators of risk, whereas exosomes might be traceable to a specific tissue at risk. The combination of
different measurable parameters might be necessary to identify a risk of cancer in a specific tissue and how the risk was built (i.e., the epigenetic pathways
altered, the type of cells involved) so that interventions may be tailored to the origin(s) of the increase in risk.



nutrients and BMI levels on risk among ethnic groups re-
mains to be determined.

Measurable markers are necessary for risk stratification.
A multiparameter, medical biology approach to risk strat-
ification should combine genetic and epigenome-related
markers, since reaching a risk level necessary for tumor on-
set is likely to entail the accumulation of nuclear changes.
We propose that risk escalation in the cell nucleus encom-
passes the reciprocal influence of genetic and epigenetic al-
terations on DNA integrity and the targeting of different
features of chromatin organization (Figure 1).

The essential participation of the epigenome in risk esca-
lation is linked to the possibility of increasing or decreasing
the degree of DNA methylation at CpGs of regulatory re-
gions depending on risk and protective factors. Moreover,
in light of studies with the type of microenvironmental alter-
ations that the risk factors generate, changes in gene expres-
sion leading to tumor onset rely heavily on DNA methyla-
tion, as well as alterations in DNA looping and chromatin
packing.

Many more investigations are necessary to understand
how the combination of major risk factors builds up genetic
and epigenetic alterations, not only to identify risk mark-
ers but also to design targeted interventions to decrease
cancer risk with a precision prevention approach. For in-
stance, knowing the specific epigenetic pathway responsi-
ble for changes in DNA methylation is paramount to apply
proper preventive treatment (17).

Models for such investigations need to be carefully se-
lected. The organization of the epigenome of the noncancer-
ous cells of the tissue of origin appears to determine the
mutation patterns of cancers for this tissue (64). This find-
ing means that there is a continuity in the accumulation of
risk from cancer onset to progression via an interplay be-
tween the genome and the epigenome. It also suggests that
it is paramount for in vitro models of cancer risk with hu-
man cells to reproduce proper tissue architecture since it is
responsible for higher order chromatin organization (22).
These models ought to include the type of cells (e.g. luminal
progenitor) and the differentiation stages corresponding to
specific windows of risk susceptibility, since these elements
appear essential to determine the types of breast cancer (at
least ER— or ER+) (65) for which there are also correspond-
ing SNPs and epigenetic changes (66).

Future investigations ought to determine how
epigenome-related parameters specific for an increased risk
in a specific organ might be measurable in blood samples.
The organization of the epigenome appears specific to each
tissue; thus, tissue-specific risk markers, if present in the
blood through free DNA or exosomes, are within reach.
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