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Abstract

Background Few studies have examined epigenetic age acceleration (AA), the difference between DNA methylation
(DNAm) predicted age and chronological age, in relation to somatic genomic features in paired cancer and normal
tissue, with less work done in non-European populations. In this study, we aimed to examine DNAm age and its
associations with breast cancer risk factors, subtypes, somatic genomic profiles including mutation and copy number
alterations and other aging markers in breast tissue of Chinese breast cancer (BC) patients from Hong Kong.

Methods We performed genome-wide DNA methylation profiling of 196 tumor and 188 paired adjacent normal
tissue collected from Chinese BC patients in Hong Kong (HKBC) using Illumina MethylationEPIC array. The DNAmM

age was calculated using Horvath's pan-tissue clock model. Somatic genomic features were based on data from RNA
sequencing (RNASeq), whole-exome sequencing (WES), and whole-genome sequencing (WGS). Pearson’s correlation
(n, Kruskal-Wallis test, and regression models were used to estimate associations of DNAm AA with somatic features
and breast cancer risk factors.

Results DNAmM age showed a stronger correlation with chronological age in normal (Pearson r=0.78, P<2.2e—16)
than in tumor tissue (Pearson r=0.31, P=7.8e—06). Although overall DNAmM age or AA did not vary significantly by
tissue within the same individual, luminal A tumors exhibited increased DNAmM AA (P=0.004) while HER2-enriched/
basal-like tumors exhibited markedly lower DNAmM AA (P=<.0001) compared with paired normal tissue. Consistent
with the subtype association, tumor DNAmM AA was positively correlated with £ESRT (Pearson r=10.39, P=6.3e—06)
and PGR (Pearson r=10.36, P=2.4e—05) gene expression. In line with this, we found that increasing DNAm AA was
associated with higher body mass index (P=0.039) and earlier age at menarche (P=0.035), factors that are related to
cumulative exposure to estrogen. In contrast, variables indicating extensive genomic instability, such as TP53 somatic
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mutations, high tumor mutation/copy number alteration burden, and homologous repair deficiency were associated

with lower DNAM AA.

Conclusions Our findings provide additional insights into the complexity of breast tissue aging that is associated
with the interaction of hormonal, genomic, and epigenetic mechanisms in an East Asian population.

Keywords Asian, Breast cancer subtype, DNA methylation, Epigenetic aging, Genomic characteristics

Background

Globally, breast cancer is the leading cause of cancer inci-
dence and deaths among females [1]. Chronological age is
a well-established risk factor for breast cancer. However,
the chronological age of an individual may not reflect the
true biological age of a specific organ, such as the breast.
Indeed, individuals of the same chronological age may
undergo biological processes at different rates [2]. Epi-
genetic markers, such as DNA methylation (DNAm), in
a specific organ may capture the cumulative effects of
endogenous and exogenous exposures in that organ and
therefore may be a better proxy for the age of the organ
than chronological age.

Several epigenetic age estimators have been developed
using DNA methylation levels in a few loci in the human
genome, and these estimators are highly correlated with
chronological age. A recent study investigating hormo-
nal factors and these epigenetic age estimators in healthy
breast tissues reported that earlier age at menarche and
higher body mass index (BMI) were associated with
increased DNAm age acceleration (AA), defined as a pos-
itive deviation of epigenetic age from chronological age
[3]. These findings suggest that exposure to cumulative
estrogen may accelerate DNAm age. Several studies have
looked at DNAm AA and breast cancer subtypes, which
are also related to cumulative estrogen. In a recently pub-
lished work, Castle et al. developed a breast tissue-spe-
cific epigenetic clock using next-generation sequencing
data and found that DNAm age acceleration was seen in
hormone receptor positive and human epidermal growth
factor receptor-24+ (HER2+) breast cancer subtypes but
not in triple negative breast cancers (TNBC) [4]. These
results agree with the findings using a pan-cancer tissue
DNAm measure (Horvath clock) in The Cancer Genome
Atlas (TCGA) data, which showed that DNAm AA was
positively associated with hormone receptor positivity
but negatively associated with tumor mutational bur-
den (TMB) and TP53 mutations in breast tumors [5].
However, TCGA does not represent the general patient
population, particularly non-European subjects. Previous
studies have shown that breast cancer in Asian women
may manifest differently compared to their Western
counterparts with respect to the earlier age at onset and
higher prevalence of luminal B and HER2-positive breast
cancer subtypes [6], suggesting that breast tissue aging

in Asian women may exhibit different patterns from
those observed in European women. Investigating epige-
netic age in normal breast tissue and paired tumors and
its association with patient and tumor characteristics in
diverse populations may improve our understanding of
genomic and epigenomic processes that drive the com-
plex tissue aging in breast cancer and its subtypes. To
that end, we estimated DNAm age in breast tumor and
paired adjacent normal tissues of an East Asian popula-
tion and related DNAm AA with cancer genomic features
and breast cancer risk factors.

Materials and methods

Hong Kong breast cancer (HKBC) study participants

The information on the study design and biospecimen
collection included in this work has been previously
described [7]. Briefly, breast tumor and paired tumor-
adjacent normal fresh frozen breast tissue samples were
collected from treatment-naive breast cancer patients
diagnosed and treated in two Hong Kong (HK) hospi-
tals between 2013 and 2016. Participants were included
based on the criteria: (a) being female, (b) between 20
and 84 years old, (c) diagnosed with breast cancer no
more than 3 months prior to the recruitment interview
and histologically confirmed (International Classification
of Disease, Tenth Revision, code 50), and (d) of Chinese
ethnicity and resident of Hong Kong for at least 5 years.
Patients with pre-surgery treatment were excluded from
the study. Medical records and questionnaires were uti-
lized to retrieve clinical characteristics and breast cancer
risk factors for each patient. The current study included
196 tumor and 188 paired normal with methylation pro-
filing data available. The study protocol was approved by
the ethics committees of the Joint Chinese University of
Hong Kong-New Territories East Cluster, the Kowloon
West Cluster, and the National Cancer Institute (NCI).
All subjects provided a written informed consent prior to
the surgery.

DNA methylation analysis and DNA methylation age
estimation

Pathology review and DNA extraction were conducted
at the Biospecimen Core Resource (BCR, Nationwide
Children’s Hospital, Columbus, OH) on paired tumor
and adjacent normal breast tissues samples. DNA was
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extracted only on tumor samples with >50% tumor cells
and on normal tissue with 0% tumor cells. Methylation
profiling was performed using the Infinium Methylatio-
nEPIC BeadChip (Illumina, San Diego, CA) at the Cancer
Genomics Research Laboratory (CGR). Quality control
(QC) was performed using the basic intensity R package
minfi. Raw methylated and unmethylated intensities were
background corrected and dye-bias-equalized to correct
for technical variation in signal between arrays.

To calculate DNA methylation age, we employed a
pan-tissue clock, a model proposed by Horvath (https://
dnamage.genetics.ucla.edu) [5] since it applies to female
breast tissue [3, 8]. Horvath clock combines information
from 353 CpGs, and it was designed using DNA meth-
ylation data from multiple tissue types, which makes this
model robust for the breast tissue samples.

Additional genomic data

RNA sequencing (RNASeq), whole-exome sequencing
(WES), and whole-genome sequencing (WGS) data were
available for most of these patients (Fig. 1). Sequencing
methods and bioinformatic analyses were described pre-
viously [9-11].

PAMS50 subtype (luminal A, luminal B, HER2-enriched,
basal-like, and normal-like) was defined by an absolute
intrinsic subtyping (AIMS) method using RNASeq data
[12]. Normal-like tumors were not included in the strati-
fied analyses due to inadequate sample size, but they
were analyzed in overall analyses. For patients without
RNASeq data (n=6), subtype was defined using the
immunohistochemical status of estrogen receptor (ER),
progesterone receptor (PR), and HER2. Breast cancer
subtypes using immunohistochemical data were defined
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as follows: luminal A-like (ER+/PR+/HER2—); lumi-
nal B-like (ER4+/PR—; or ER—/PR+; and/or HER2+);
HER2-enriched (ER—/PR—/HER2+); and TNBC (ER—/
PR—/HER2—). Among six patients, whose tumor subtype
was defined immunohistochemically, four of them were
of luminal A, one of them was of HER2-enriched type,
and one was defined as TNBC subtype (we grouped the
TNBC tumor with basal-like ones in the analysis).
Methods for somatic mutation and copy number alter-
ation (SCNA) analyses, based on WES/WGS data, were
previously described in our previous HKBC genomic
study [10]. WGS-based analyses such as mutational sig-
nature, telomere length, and homologous recombina-
tion deficiency (HRD) were described in detail in Zhang
et al. [11]. We measured HRD and the percent genome
influenced by somatic copy number alterations (PGS)
as markers for genomic instability. HRD, which leads to
accumulation of genomic aberrations that manifest as
genomic instability, is associated with BRCAness and is
a molecular biomarker for administrating PARP inhibitor
(PARPi) or platinum-based (Pt) chemotherapy in breast
cancer [13]. HRDetect score was estimated by combining
single nucleotide variation (SNV) signature 3, SNV signa-
ture 8, structural variant (SV) signature 3, SV signature 5,
HRD index from copy number profile, and deletion frac-
tions with microhomology, all associated with HRD [14].
HRDetect score was dichotomized using a pre-deter-
mined cutoff point of 0.7 [14]. In addition to classifying
these tumors being mutant (Mut) or wildtype (WT) for
a TP53 mutation using DNA sequencing data, we also
classified them as mutant-like (Mut-like) or wildtype-like
(WT-like) using a validated RNA-based method which
combines information from TP53-dependent genes and
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reflects TP53 pathway activity [15]. The expression-based
p53 loss-identifying signature is shared by different BC
subtypes and provides prognostic information [15].

Other aging-related makers included the two COSMIC
clock-related mutational signatures based on single-base
substitution (SBS), SBS1 and SBS5, and telomere length,
both estimated using WGS. In addition, we also evalu-
ated the expression of CDKN2A, a marker of cellular
senescence, from RNASeq data.

Tumor purity was assessed using the ESTIMATE algo-
rithm using RNASeq data [16] to adjust the analyses of
tumor genomic features.

Statistical analysis

DNAm AA was estimated to be the residual from
regressing DNA methylation age on chronological age,
for each tissue type. Pearson correlation was used to esti-
mate correlations between DNAm age or DNAm AA and
different characteristics such as chronological age, gene
expression levels, proportions of mutational signatures,
and telomere length. Kruskal-Wallis test was performed
to evaluate differences of median DNAm AA across dif-
ferent groups. Logistic regression models were used to
assess the associations between risk factors/somatic
genomic features and DNAm AA in tumor and normal
tissue, respectively, where DNAm AA was the independ-
ent variable and adjusted for tumor stage and purity (for
tumor samples) and percent area of fat on tissue slide (for
normal breast tissue samples). Generalized linear regres-
sion modeling was used to evaluate the impact of tumor
characteristics on tumor tissue DNAm AA. To determine
which of the variables among molecular subtype, TP53
mutation status, tumor mutational burden (TMB), ESRI
(estrogen receptor 1) expression, and PGS was predictive
of DNAm AA when accounting for each other, we mod-
eled DNAm AA as the outcome variable and included
the genomic factors jointly as explanatory variables. All
statistical tests were two-sided and performed using SAS
version 9.4 (SAS Institute, Cary, NC, USA) or R version
3.6.3 (R Foundation for Statistical Computing, Vienna,
Austria).

Results

Study populations

Our study population was comprised of 196 breast can-
cer patients from the Hong Kong breast cancer study
(HKBC). (Fig. 1 and Table 1). Most patients were older
than 50 years old and had early-stage (I or II) and luminal
tumors (Table 1).

DNAm age and its acceleration
Consistent with previous data, Horvath’s estimated
DNAm age was highly correlated with chronological
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Table 1 Patient characteristics in Hong Kong (HKBC) dataset

HKBC (N=196)

Characteristic N (%)
Age, year

<50 37(18.9)

50-60 58(29.5)

>60 101 (51.6)
BMP, kg/m?

<25 95 (55.2)

25-30 55(32.0)

>30 22(12.8)
Age at menarche, year

<14 100 (54.1)

>14 85(45.9)
Parity

Nulliparous 17.9.1)

Parous 169 (90.9)
Age at first birth, year”

<25 61 (38.6)

>25 97 (61.4)
Menopausal status

Pre 43 (23.2)

Post 142 (76.8)
Age at menopause, year

<50 63 (53.4)

>50 55 (46.6)
PAMS50¢

Luminal A 70(41.2)

Luminal B 51 (30.0)

HER2-enriched 28 (16.5)

Basal 21(12.3)
Clinical stage

vl 91 (85.1)

/v 16 (14.9)
TP53 mutation status

No 124 (72.1)

Yes 48 (27.9)

@ BMI Body mass index
5 Among parous women
¢ Among menopausal women

4 AIMS was used to infer tumor subtype

age in normal breast tissue samples (Pearson r=0.78,
P<2.2e—16; Fig. 2A). In tumor samples, as expected,
DNAm age showed a weaker correlation with chronolog-
ical age (Fig. 2A). We observed no significant age acceler-
ation in either tumor or adjacent normal tissue (Fig. 2B).

DNAm age acceleration and breast cancer subtypes
Overall, the median DNAm AA was not significantly
different between tumor and histological normal
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tissue (Fig. 2B); however, luminal A tumors exhib-
ited increased DNAm AA (P=0.004) while HER2-
enriched/basal-like tumors exhibited markedly lower
DNAm AA (P=<0.0001) compared with paired nor-
mal tissue. In addition, DNAm AA in tumors showed
greater variations than that in normal tissue and sig-
nificantly differed by breast cancer subtype. Specifi-
cally, HER2-enriched or basal-like tumors were more
likely to have lower median DNAm AA compared
to that in luminal breast tumors (Kruskal-Wallis
P=4.2e—12; Fig. 3A). Subtype differences in DNAm
AA remained statistically significant when we adjusted
for tumor purity and stage. In adjacent normal tissue,
DNAm AA did not vary by tumor subtype (Kruskal—-
Wallis P=0.88; Fig. 3A).

Given the observed difference with breast can-
cer tumor subtypes, we investigated DNAm AA with
respect to gene expression levels of ESRI (estrogen
receptor 1) and PGR (progesterone receptor) in these
women. We found that DNAm AA was positively asso-
ciated with ESRI and PGR gene expression in both
tumor and normal tissue samples (Fig. 3B), suggesting
that the activation of estrogen signaling pathway may
accelerate breast tissue aging.

DNAm age acceleration and genomic features

Taking advantage of the DNA (WGS or WES) and RNA
sequencing data we have for the cancer patients in this
study, we looked at several genomic features in relation
to epigenetic aging. We found that DNAm AA in tumor
tissue was negatively correlated with measures of
tumor aggressiveness and genomic instability, includ-
ing the presence of TP53 mutations (Fig. 4A), mutant-
like TP53 functional status based on gene expression
data (see Methods, Additional file 1: Figure S1) [15],
higher tumor mutational burden (TMB, Fig. 4B), higher
HRDetect score (a mutational signature-based score to
predict homologous repair deficiency) (Fig. 4C), and
increased percent genome influenced by somatic copy
number alterations (PGS) (Fig. 4D). Given that HER2-
enriched and basal-like tumors are more likely to have
higher TMB, TP53 mutations, and genomic instabil-
ity, it is possible that the associations between these
genomic features and DNAm AA might be mediated
through molecular subtypes. To address this ques-
tion, we modeled DNAm AA as the outcome variable
and molecular subtype, ESRI expression, TP53 muta-
tion status, TMB, and PGS jointly as explanatory vari-
ables, and we found that 7P53 and TMB showed the
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most significant associations with DNAm AA (Table 2).
When examining these associations separately in each
subtype, we found that none of the examined genomic
features was associated with DNAm AA within lumi-
nal A tumors, while TP53 mutation status and TMB
showed correlation with DNAm AA among other sub-
types (Additional file 2: Figure S2, Additional file 5:
Table S1). Similar results were observed in breast
tumors from TCGA (n=559, Additional file 3: Figure
S3, Additional file 6: Table S2). These results suggest
that TP53 mutations may influence epigenetic aging
independently of molecular subtype. While hormone
receptor expression and 7TP53 mutations are likely
the driving force of the observed different direction of
DNAm AA between luminal A and basal-like tumors,
additional mechanisms may exist that contribute to
variations of DNAm AA within luminal A tumors.

Overall, we observed weak but consistent correla-
tions between DNAm AA and other aging markers.
Notably, DNAm AA in tumor tissue was positively cor-
related with two clock-like COSMIC mutational signa-
tures SBS1 and SBS5 (Fig. 5A, B). There was a negative
correlation between telomere length and DNAm AA
in normal (Pearson ry,maq=—0.31, P=0.007) but
not in tumor tissue (Pearson ry,,..=—0.09, P=0.43;
Fig. 5C). We also found positive correlations between
DNAm AA and the expression of CDKN2A, a marker of
cellular senescence (Pearson ryg,ma=0.51, P=5e—05,
Fig. 5D), which again, were only seen in normal tis-
sue. In tumor tissue, the associations varied by tumor
subtype, with basal-like tumors showing negative cor-
relations with DNAm AA (Additional file 2: Figure
S2). Interestingly, we observed significantly higher
CDKN2A expression levels in basal-like tumors as com-
pared to tumors of other subtypes (Fig. 5E). The upreg-
ulation of CDKN2A and its negative correlation with
DNAm AA may suggest extensive cellular senescence
in basal-like tumors that may lead to dysregulations of
epigenomic processes.

To address whether DNAm age estimation was influ-
enced by SCNAs in the CpG sites used in Horvath’s
clock, which might have led to the inaccurate measure-
ment of methylation levels at these loci, we excluded
tumors displaying extensive SCNAs in the Horvath
clock sites in a sensitivity analysis. Overall, the results

(See figure on next page.)
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did not differ significantly from those based on all sub-
jects (Additional file 4: Figure S4).

DNAm age acceleration and breast cancer risk factors
Finally, we investigated normal tissue DNAm AA in rela-
tion to several established breast cancer risk factors such
as reproductive characteristics and BMIL. Consistent with
previous findings, we found that DNAm AA was associ-
ated with higher BMI and earlier age at menarche (Fig. 6,
Additional file 7: Table S3). In sensitivity analyses, we fur-
ther adjusted for percent fat area on tissue slide and found
the association with BMI remained significant (P=0.023),
while the association for age at menarche became nonsig-
nificant (P=0.409).

Discussion

In this study, using a pan-tissue DNAm age estimator and
leveraging extensive genomic data from breast cancer
patients in an East Asian population, we estimated epige-
netic aging in human breast tissue from tumor as well as
cancer adjacent normal breast tissue samples, and investi-
gated whether the DNA methylation-based age accelera-
tion of the diseased breast tissue differed by breast cancer
subtype and other genomic characteristics. Consistent with
findings from a previous analysis primarily based on Euro-
pean samples [5], DNAm AA showed a different direction
in luminal and non-luminal tumors, with an age accelera-
tion in luminal A and luminal B tumors and an age decel-
eration in HER2-enriched and basal-like tumors. In line
with this, we found that DNAm AA was positively associ-
ated with ESRI and PGR expression but negatively asso-
ciated with tumor aggressiveness and genomic instability
measures, including 7P53 mutation status/RNA-based
functional status, tumor mutational burden, HRD score,
and percent of genome influenced by SCNAs. Our data
corroborated previously reported associations between
DNAm age and breast cancer subtypes, TMB, and TP53
mutations, which were primarily based on TCGA data [5],
in our East Asian population and extended the investiga-
tion by comprehensively analyzing DNAm AA in relation
to additional genomic alterations, other aging markers, and
breast cancer etiologic factors.

A recently published work by Castle et al. reported a
higher DNAm AA in breast tumor compared to the adja-
cent normal and normal breast tissue [4]. Using Hor-
vath clock, we did not observe significant DNAm age

Fig. 4 Distributions of DNAm age acceleration by genomic features. A Distribution of DNAm age acceleration by DNA-based TP53 mutation status.
B Distribution of DNAm age acceleration by tumor mutation burden categorized using tertials (71 =< 1.0, 72=1:0-1.95, T3 = > 1.95); C Distribution
of DNAmM age acceleration by HRDetect score (dichotomized using 70% as a cutoff); D Distribution of DNAm age acceleration by percent genome
with somatic copy number of alterations (SCNAs). Kruskal-Wallis test was used to formally assess median differences by each genomic feature,
separately. Pearson correlation test was utilized to test for significance of linear relationship between percent genome with SCNAs and DNAm age

acceleration
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Table 2 Associations between DNAmM age acceleration in tumor
tissue and tumor characteristics in Hong Kong breast cancer
women

Characteristic B (SE)? P value®
Tumor subtype
Luminal A Ref. —
Luminal B 511 (3.1) 0.098
HER2 —792(42) 0.064
Basal —987(5.2) 0.059
TP53- Mut vs. TP53-WT —9.89(3.5) 0.006
Tumor mutation burden —0.58(0.2) 0.017
PGSP —6.29 (4.8) 0.195
ESR1 0.81(0.5) 0.084

Bold denotes a statistical significant result with P-value < 0.05

@ Results were obtained from running multivariate linear regression analysis,
where age acceleration was treated as the outcome

b Percent genome with copy number alterations

acceleration in cancer patients’ tumor or adjacent normal
tissue. However, there was a weaker correlation between
epigenetic and chronological age in in tumor than in nor-
mal tissue. This is not surprising since molecular processes
associated with normal cellular functions and aging, such
as proliferation, apoptosis, and inflammation are dysregu-
lated in cancer cells. Therefore, the DNA methylation pat-
tern that underpins epigenetic clocks is likely to be different
and more heterogeneous in tumor than that of normal
cells, leading to disrupted age estimates. Consistently, we
observed weak but expected correlations between DNAm
AA and other aging markers such as shortened telomere
length and increased cell senescence in normal but not in
tumor tissue.

Interestingly, when stratified by intrinsic subtype,
luminal tumors showed positive AA, while tumors
typically of more aggressive nature (HER2+ and basal-
like) demonstrated negative AA. Of note, this simi-
lar trend was previously reported in studies by Castle
et al. [4] and Horvath [5]. Our observation of positive
correlation between DNAm AA and expression levels
of ESRI and PGR in the accompanied RNASeq data
further supports the hypothesis that an activation of
ER signaling pathways, which are key oncogenic driv-
ers of luminal breast cancers, may synergize with age-
related epigenetic processes and promote tissue aging
through regulating cell proliferation. This is consistent
with the concept of ‘breast tissue age’ developed by
Malcolm Pike [17], suggesting that lifetime estrogen
exposure may drive epigenetic breast aging. Our find-
ings that early age at menarche and high BMI, which
are related to cumulative exposure to estrogen, were
associated with increased DNAm AA support this
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hypothesis. Similar associations between epigenetic age
and estrogen related exposures were also reported in
a previous study by Sehl et al. based on healthy breast
tissues [3]. On the other hand, the lower DNAm AA
associated with non-luminal tumors is intriguing, given
that the number of mutations and SCNAs generally
increase with age [18] and non-luminal tumors tend to
have higher mutational and SCNA burden than luminal
tumors. To better understand subtype-specific differ-
ences in epigenetic aging, we further evaluated DNAm
age in context of several genomic features and addi-
tional aging markers. Consistent with the lower DNAm
AA observed among non-luminal cases, we found
that lower DNAm AA was also associated with higher
tumor mutational burden, TP53 mutations and pathway
function, percent of genome affected by SCNAs, and
homologous repair deficiency, all of which are indica-
tors of higher genomic instability. Similar associations
of DNAm AA with breast cancer subtypes and 7TP53
mutations were previously reported in studies based
primarily on TCGA data, where TP53 mutations were
associated with significantly lower age acceleration in
five different cancer types including breast cancer [5,
19]. It is unlikely that these associations were entirely
driven by the measurement artifact since the associa-
tions remained significant when we restricted our anal-
ysis to tumors without extensive SCNAs in genomic
regions containing the Horvath clock sites. Rather, the
more plausible explanation is that extensive genomic
alterations especially when coupled with TP53 inactiva-
tion that occur more often in more aggressive subtypes
like basal-like tumors may stimulate multiple molecular
processes such as cell senescence, chronic inflamma-
tion, and epithelial-to-mesenchymal transition, which
may in turn disrupt normal age-related processes. For
example, although transient cell senescence, which is
indicative of functional p53 signaling in response to
many forms of DNA damage, is recognized as a tumor
suppressor mechanism, persistent senescence accom-
panied by p53 inactivation would promote a senes-
cence-associated secretory phenotype (SASP), which
stimulates the secretion of numerous proinflamma-
tory cytokines and growth factors that may modulate
the epigenome and disrupt normal tissue structure and
function [20]. In our study, we indeed observed a signif-
icantly higher expression of CDKN2A, a cell senescence
marker, in basal-like tumors as compared to tumors of
other subtypes, a finding that we replicated in TCGA
breast (Additional file 3: Figure S3) and was reported
by Cheng et al. using TCGA data [21]. In addition,
oncogene-induced senescent cells could also re-enter
the cell cycle and present with a much higher tumor
initiation potential (enhanced cancer-cell stemness),
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resulting in a highly aggressive tumor phenotype [22], tumors are known to contain a higher percentage of
such as basal-like tumors. It was shown that stem- breast cancer stem cells than the other subtypes [23].
like cells had younger epigenetic age [5] and basal-like The distinct epigenetic aging patterns observed

in basal-like tumors further highlight the biological
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uniqueness of this subtype and suggest that epigenetic
age may be a useful measurement to better understand
this subtype. For example, in our analysis, none of the
basal-like tumors showed positive DNAm AA. The vari-
ations of DNAm AA by cancer type and subtype may
also lead to inconsistent results using epigenetic aging in
prognosis prediction. Although advanced epigenetic age
is often associated with higher risks of disease and mor-
tality in normal and cancerous tissues, lower epigenetic
age has been associated with poor survival in breast can-
cer [19] and glioma [24].

One of the major strengths of our study is the exten-
sive genomic data from breast cancer patients in an East
Asian population, which allowed us to comprehensively
evaluate epigenetic aging in relation to breast cancer
driver mutations, functional pathways (such as estrogen),
and other aging markers. In addition, we also investigated
the effect of key breast cancer risk factors on epigenetic
age, which was rarely examined in previous studies. The
major limitation of our study is the small number of sub-
jects, which results in limited statistical power, especially
for subtype-stratified analyses. However, we validated all

major findings in TCGA (Additional file 3: Figure S3).
Another limitation is lack of outcome information, which
limited our ability to understand the clinical relevance of
our findings.

In conclusion, we conducted a comprehensive evalua-
tion of DNAm AA in relation to breast cancer subtypes,
somatic alterations, and major etiologic factors using
data derived from an East Asian dataset. Our findings
demonstrate similar patterns of Horvath clock in esti-
mating breast tissue age in a non-European population
to what were reported in European populations. We
replicated the previously reported diverging patterns of
DNA methylation-based age acceleration by tumor sub-
type that were primarily based on European patients,
with luminal tumors displaying increased age accelera-
tion while HER2-enriched/basal-like tumors exhibiting
age deceleration. By leveraging the extensive genomic
data from RNASeq and WGS, we further showed that
the different directions in DNAm AA by breast cancer
subtypes are largely driven by opposing mechanisms
related to estrogen exposures and genomic alterations.
Our findings highlight the complexity of epigenetic aging
in cancer tissue and the need for additional mechanistic
studies.
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