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Abstract

Background

Breast cancer (BrCa) is the most common cancer for women globally. BrCa incidence varies
by age and differs between racial groups, with Black women having an earlier age of onset
and higher mortality compared to White women. The underlying biological mechanisms of
this disparity remain uncertain. Here, we address this knowledge gap by examining the
association between overall epigenetic age acceleration and BrCa initiation as well as the
mediating role of race.

Results

We measured whole-genome methylation (866,238 CpGs) using the lllumina EPIC array in
blood DNA extracted from 209 women recruited from University Hospitals Cleveland Medi-
cal Center. Overall and intrinsic epigenetic age acceleration was calculated—accounting for
the estimated white blood cell distribution—using the second-generation biological clock
GrimAge. After quality control, 149 BrCa patients and 42 disease-free controls remained.
The overall chronological mean age at BrCa diagnosis was 57.4 + 11.4 years and nearly
one-third of BrCa cases were self-reported Black women (29.5%). When comparing BrCa
cases to disease-free controls, GrimAge acceleration was 2.48 years greater (p-value =
0.0056), while intrinsic epigenetic age acceleration was 1.72 years higher (p-value = 0.026)
for cases compared to controls. After adjusting for known BrCa risk factors, we observed
BrCa risk increased by 14% [odds ratio (OR) = 1.14; 95% ClI: 1.05, 1.25] for a one-year
increase in GrimAge acceleration. The stratified analysis by self-reported race revealed dif-
fering ORs for GrimAge acceleration: White women (OR =1.17; 95% CI: 1.03, 1.36), and
Black women (OR = 1.08; 95% CI: 0.96, 1.23). However, our limited sample size failed to
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detect a statistically significant interaction for self-reported race (p-value >0.05) when exam-
ining GrimAge acceleration with BrCa risk.

Conclusions

Our study demonstrated that epigenetic age acceleration is associated with BrCa risk, and
the association suggests variation by self-reported race. Although our sample size is limited,
these results highlight a potential biological mechanism for BrCa risk and identifies a novel
research area of BrCa health disparities requiring further inquiry.

Background

According to the World Health Organization, breast cancer (BrCa) is the most common can-
cer for women worldwide, with over 2.3 million diagnoses in 2020 [1]. In the United States,
BrCa is the most common malignancy and the second most lethal cancer for women [2], cor-
responding to one in every six cancer deaths in women [3]. In terms of morbidity and mortal-
ity, well-established disparities exist among different racial and ethnic groups [2, 3]. Although
BrCa incidence is slightly lower for Black women compared to White women, with rates of
127.1 and 132.5 per 100,000 population, respectively, Black women have a 40% higher mortal-
ity rate compared with White women (28.0 vs. 19.9 per 100,000) [3]. Furthermore, Black
women have an earlier age of onset compared to White women, and the incidence of BrCa
before age 45 is higher for Black women compared to White women [2].

Regardless of race, several well-established risk factors are known to increase the likelihood
of developing BrCa: aging [4], alcohol consumption [5], obesity [6], parity [7], and age at men-
arche [8]. Aging in general is a prominent risk factor for the majority of cancers, including
BrCa [9, 10], and it is positively correlated with incidence. Seventy-seven percent of women
diagnosed with BrCa are over the age of 50, whereas fewer than 1% are diagnosed in their 20s
[11]. This large variation in BrCa incidence by age of onset has motivated cancer investigators
to identify and better understand the underlying biological mechanisms of aging. For example,
recent research has interrogated the association between decreasing telomere length, a hall-
mark of aging, and BrCa risk [12-17]. A series of epidemiological studies reported a significant
negative correlation between telomere length and BrCa incidence [12-14]; however, subse-
quent studies failed to observe a significant association [15, 16], or even reported an inverse
effect [17]. Additional biomarkers of aging are needed to assess associations with diseases,
such as cancer.

Another growing area of research has focused on using DNA methylation (DNAm) aging
as a marker of biological aging. DNAm aging is an epigenetic modification in which changes
in DNA methylation patterns in different regions of the genome can regulate gene expression
and are associated with the biological aging process [18]. The first-generation epigenetic clock
was proposed over a decade ago, and utilized DNAm from multiple tissues to correlate DNAm
age with chronological age [19]. Although the first-generation clocks provided valuable
insights of aging and age-related diseases, several limitations have been observed. The develop-
ment of second-generation epigenetic clocks (i.e. GrimAge clock, PhenoAge clock) utilize a
larger panel of CpG sites and expanded their modeling beyond chronological aging to improve
the accuracy and broader representation of aging associated DNAm changes, thus potentially
predicting age-related health outcomes [20, 21].
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Second-generation clocks have been studied to correlate with the incidence of all-cancers
[20], as well as specific cancers [22-24]. Kresovich et al. observed that DNAm age acceleration,
was significantly associated with increased risk of developing BrCa [23]. In this study, the
authors reported that a five-year acceleration in DNAm age was associated with an 15%
increase in odds of BrCa risk using the PhenoAge clock [23]. However, in a separate study, the
findings showed no significant relationship between GrimAge acceleration (GrimAA) and
overall BrCa incidence and only a weak positive association was observed between GrimAA
and invasive BrCa [25].

Although most of the research to date on cancer and epigenetic aging has studied the asso-
ciation of overall epigenetic aging with cancer risk, emerging research on biological aging has
suggested that changes in leukocytes play a crucial role in the aging process and have potential
implications for the pathogenesis of age-associated diseases [26]. This has been defined as
intrinsic epigenetic age acceleration (IEAA), which measures cell-intrinsic aging processes,
adjusting for extra-cellular differences in leukocyte counts [27]. Population-based studies have
revealed significant differences in IEAA between individuals with Parkinson’s disease and con-
trols [28].

However, the role of intrinsic aging acceleration on BrCa in human populations has not
been well studied. The objectives of this study, therefore, are (1) to determine the association
of age acceleration measures with BrCa risk, and (2) assess these associations stratified by self-
reported race. We hypothesize BrCa cases have a greater biological age compared to disease-
free controls, and this association is mediated by self-reported race.

Results
Descriptive statistics

We started with 209 individuals and then we excluded 15 duplicates plus 3 samples based on
our QC pipeline. Table 1 provides descriptive statistics for our study population. More than
one-third of our study participants were self-reported Black women (N = 65). The overall
mean age of BrCa cases and disease-free controls was 57.4 + 11.4 years and 54.4 + 12.4 years,
respectively. The majority of BrCa subtypes were ER+ (55.7%) and HER2- (79.9%). In addi-
tion, the average age at menarche, 12.7 years, was similar for both BrCa cases and disease-free
controls. Over half of the BrCa cases were parous, 59.7% (N = 89), with at least one childbirth.
Similarly, slightly more than half of the disease-free controls (54.8%) reported at least one
childbirth. The average BMI was similar between BrCa cases and disease-free controls,

30.0 +7.89 vs 29.7 + 8.62. The majority of BrCa cases were never smokers (54.4%), and slightly
less than half of disease-free controls (45.2%) were never smokers. Although the missingness
for parity and age at menarche was high, rates were similar by disease status. Among BrCa
cases, pre-treated DNA was collected from 47 (31.5%) women and post-treated DNA from 102
(68.5%) women. Overall, BrCa treatment type was known for ~80% of DNA that was collected
post-treatment. Among the post-treatment group, 55% of the women underwent chemother-
apy or a combination of chemotherapy and radiotherapy. Post-treated DNA samples were col-
lected in 8% of the women who underwent surgery alone and treatment status was missing for
slightly over 20% of the women.

Breast cancer cases had higher epigenetic age acceleration

We evaluated the association between the two age acceleration measures, GrimAA and IEAA
(defined as the residual obtained by regressing GrimAge on chronological age adjusting for
blood cell composition estimates), with BrCa. Using the GrimAge approach [20], we observed
an increased mean GrimAA of 2.48 years for BrCa cases compared with disease-free controls
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Table 1. Demographic information of study population by breast cancer status.

Breast cancer cases (N = 149) Disease-free controls (N = 42)

Age

Mean (SD) 57.4 (11.4) 54.4 (12.4)
Self-reported Race

Black 44 (29.5%) 21 (50.0%)

White 105 (70.5%) 21 (50.0%)
BMI

Mean (SD) 30.0 (7.89) 29.7 (8.62)

Missing 7 (4.7%) 4(9.5%)
Smoking Status

Never 81 (54.4%) 19 (45.2%)

Former 46 (30.9%) 12 (28.6%)

Current 16 (10.7%) 5(11.9%)

Missing 6 (4.0%) 6 (14.3%)
Age at menarche (years)

Mean (SD) 12.7 (1.42) 12.7 (1.62)

Missing 47 (31.5%) 17 (40.5%)
Parity

No 13 (8.7%) 5(11.9%)

Yes 89 (59.7%) 23 (54.8%)

Missing 47 (31.5%) 14 (33.3%)
ER

Negative 64 (43.0%) NA

Positive 83 (55.7%) NA

Missing 2 (1.3%) NA
HER2

Negative 119 (79.9%) NA

Positive 22 (14.8%) NA

Missing 8 (5.4%) NA
Tumor grade

1 12 (8.1%) NA

2 47 (31.5%) NA

3 69 (46.3%) NA

Missing 21 (14.1%) NA
Treatment status at DNA collection

Pre-treatment 47 (31.5%) NA

Post-treatment 102 (68.5%) NA

Surgery only 8 (7.8%) NA

Chemotherapy only 19 (18.6%) NA

Radiotherapy only 16 (15.7%) NA

Both chemotherapy and radiotherapy 37 (36.3%) NA

Missing 22 (21.6%) NA
GrimAA

Mean (SD) 0.59 (4.80) -1.89 (5.93)
IEAA

Mean (SD) 0.39 (4.22) -1.33 (4.88)

SD standard deviation; BMI Body mass index; ER estrogen receptor; HER2 human epidermal growth factor receptor

2; GrimAA GrimAge acceleration; IEAA Intrinsic epigenetic age acceleration; NA not applicable

https://doi.org/10.1371/journal.pone.0308174.t001
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Fig 1. Boxplots of different epigenetic age acceleration measures in breast cancer cases (orange) and disease-free controls (pink). A. Boxplot of
GrimAge acceleration between breast cancer cases and disease-free controls, B. Boxplot of intrinsic epigenetic age acceleration between breast cancer
cases and disease-free controls.

https://doi.org/10.1371/journal.pone.0308174.9001

(Fig 1A; p-value = 0.0056). Slightly attenuated, BrCa cases exhibited a significant 1.72-year
higher IEAA compared with disease-free controls (Fig 1B; p-value = 0.026).

The results for our three logistic regression models are presented in Table 2. First, we per-
formed a univariable logistic regression between age acceleration (GrimAA or IEAA) and
BrCa status in Model 1. The result indicated that GrimAA was positively associated with BrCa
risk (OR = 1.11; 95% CI: 1.03, 1.20; p-value = 6.82x107). A similar effect size was observed for
IEAA adjusted for leukocyte cell type, with an OR of 1.10, implying that each unit increase in
IEAA could lead to a 10% increased odds of BrCa (p-value = 0.02; 95% CI: 1.01, 1.20).

Next, we included age and self-reported race in Model 2. Model 3 was further expanded to
encompass variables in Model 2 as well as other known risk factors for BrCa (Table 2). Com-
pared with the univariable model, the effect size of GrimAA tends to increase sequentially with
the addition of BrCa explanatory variables: Model 2 OR = 1.13 (95% CI: 1.05, 1.23; p-
value = 1.58 x10%;) and Model 3 OR = 1.14 (95% CI: 1.05, 1.25; p-value = 2.86x10~). The

Table 2. Logistic regression models by different epigenetic age acceleration measures.

Model 1* OR [95% CI] P value Model 2° OR [95% CI] P value Model 3° OR [95% CI] P value
GrimAA 1.11 [1.03, 1.20] 6.82x10° 1.13 [1.05, 1.23] 1.58x10™ 1.14 [1.05, 1.25] 2.86x107
IEAA 1.10 [1.01, 1.20] 0.02 1.14 [1.04, 1.25] 4.50x10 1.13 [1.03, 1.24] 0.01

GrimAA GrimAge acceleration; IEAA Intrinsic epigenetic age acceleration; OR odds ratio; CI confidence interval

* Model 1 is the univariable logistic regression model between different epigenetic age acceleration measures and BrCa risk.

" Model 2 is the multivariable logistic regression model including age and self-reported race as covariates.

© Model 3 is the multivariable logistic regression model including age, self-reported race and other known BrCa risk factors (BMI, age at menarche, parity, smoking

status) as covariates.

https://doi.org/10.1371/journal.pone.0308174.t1002

PLOS ONE | https://doi.org/10.1371/journal.pone.0308174  October 24, 2024 5/13


https://doi.org/10.1371/journal.pone.0308174.g001
https://doi.org/10.1371/journal.pone.0308174.t002
https://doi.org/10.1371/journal.pone.0308174

PLOS ONE

Epigenetic aging and breast cancer risk

Table 3. Multivariable logistics regressions stratified by self-reported race*.

Black participants White participants
(Ncase = 44, Ncontrol = 21) (Ncase = 105, Ncontrol = 21)
OR [95% CI] P value OR [95% CI] P value
GrimAA 1.08 [0.96, 1.23] 0.22 1.17 [1.03, 1.36] 0.02
IEAA 1.07 [0.94, 1.23] 0.32 1.15[1.01, 1.35] 0.05

GrimAA GrimAge acceleration; IEAA Intrinsic epigenetic age acceleration; OR odds ratio; CI confidence interval
Note
* Stratified analyzes were performed here using Model 3 in Table 2 (multivariable logistic regression models

including age, self-reported race, and other known BrCa risk factors)

https://doi.org/10.1371/journal.pone.0308174.t003

IEAA effect for Model 2 and Model 3 increased by 4% and 3%, respectively, compared to
Model 1. However, the effect estimates for age acceleration from Model 2 and Model 3 were
nearly identical (Table 2).

Epigenetic age acceleration impacts BrCa risk by self-reported race

We then evaluated whether epigenetic age acceleration differs by self-reported racial groups in
disease-free controls. Both self-reported racial groups had an estimated epigenetic age lower
than chronological age in controls. However, disease-free Black women exhibited 2.79 years
higher age acceleration in GrimAA on average compared with White women (S1A Fig, p-
value = 0.13). Similarly, the mean IEAA was estimated as 2.57 years greater for Black women
than for White women (S1B Fig, p-value = 0.09). These results imply that on average, the effect
of age acceleration on BrCa risk when compared to disease-free controls is slightly greater
among Black women compared to White women.

We further investigated the presence of an interaction effect between epigenetic age acceler-
ation and self-reported race. The stratified analysis by self-reported race in Table 3 demon-
strated that GrimAA had a significant association with BrCa risk in White women, with an OR
of 1.17 (p-value = 0.02; 95% CI: 1.03, 1.36). Accounting for leukocyte components, the effect
size for IEAA in White women decreased, yielding an OR of 1.15 (p-value = 0.05; 95% CI:

1.01, 1.35). In comparison to White women, the OR for Black women was observed to be
smaller, 1.08 (95% CI: 0.96, 1.23). The stratified analysis revealed different ORs for IEAA
based on self-reported race, however, the interaction term failed to reach statistical significance
(p-value >0.05).

Discussion

Using a retrospective case-control study design, our data suggests that: (1) both GrimAA and
IEAA are positively associated with the risk of developing BrCa, and (2) self-reported race
modifies the observed association.

GrimAA showed that BrCa cases aged, on average, 2.48-years faster than controls, and a
one-year increase in GrimAA was associated with a 14% increased risk of BrCa, after adjusting
for potential BrCa risk factors. More specifically, the risk of developing BrCa is 1.48 with a
three-year increase in GrimAA. Likewise, a three-year increase in IEAA yields an OR of 1.44
for a woman developing BrCa.

GrimAA consistently showed a statistically significant association with BrCa in both the
unadjusted and adjusted analyses. This finding is not surprising, partially because GrimAge
clock is constructed on 7 plasma proteins, e.g. leptin and cystatin C, and smoking pack-years
[20]. Among plasma proteins, plasma leptin levels have been shown to be a reliable biomarker
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of BrCa risk in premenopausal women [29, 30]. Further, previous studies demonstrated similar
findings [23, 31, 32]. A recent study reported that DNAm predictors of leptin and cystatin C
were strongly associated with BrCa incidence even after correcting for BrCa risk factors [31].
Our study further validated that DNAm predictors of cystatin C (p-value = 0.03) and leptin (p-
value = 0.007) remained strongly associated with BrCa incidence adjusting for known BrCa
risk factors and white blood cell compositions. Therefore, the significant association between
BrCa and GrimAA may partly be due to the inclusion of CpGs near these plasma proteins,
thereby capturing a causal mechanism closer to BrCa initiation.

In addition to GrimAA, we also observed significant findings in IEAA with BrCa. IEAA is
derived from GrimAge clock accounting for white blood cell composition, thus mitigating the
impact of cell composition on epigenetic age estimates. IEAA demonstrated a similar signifi-
cant result compared to GrimAA, albeit with a slightly attenuated effect size. Kresovich et al.
[33] previously reported that circulating leukocyte profiles may serve as a marker of BrCa risk.
This insight helps in elucidating that the attenuated effect size in our study suggests that bio-
logical age and blood cell composition may both be signals of BrCa risk, potentially due to a
shared or overlapping pathway.

We evaluated the robustness of our associations by comparing the mean age acceleration
between the DNA collections pre-treatment and post-treatment using the Wilcoxon test. The
results, shown in S2 Fig, indicate significant differences in GrimAA (p < 0.001), but no signifi-
cant differences in IEAA (p = 0.80) between the two groups. In S1 Table, the ORs from Model
2 range from 1.09-1.13 for IEAA by BrCa treatments on post-treatment collected DNA com-
pared to disease-free controls. This range includes the OR effect observed in the pre-treatment
collected DNA (OR = 1.11) compared to disease-free controls, this demonstrating a minimal
impact. This observation has been previously published literature [34, 35], suggesting that
IEAA may be less sensitive to unaccounted factors, thereby mitigating the effects of residual
confounding. However, nearly 20% of BrCa treatment information was missing from women
who had their DNA collected post-treatment, and this may affect our results.

We also examined the association between BrCa risk and other commonly used methyla-
tion clocks, such as the Horvath clock [19] and PhenoAge clock [21], as well as DNAm-based
metrics of aging rates [36]. The results are presented in S1 Table. PhenoAge acceleration
yielded a similar direction to our reported GrimAge acceleration, likely due to its similar
objective of predicting mortality and incorporation of clinical measures in the model develop-
ment. However, the Horvath clock displayed an opposite direction of association, possibly
attributable to its design specifically for predicting chronological age. The DNAm-based met-
rics of aging rates (DunedinPACE), often referred to as the “third-generation clock”, serve as a
biomarker measuring the human pace of aging [36] and exhibited a similar and significant
association with BrCa risk (OR = 1.37; 95% CI: 1.08, 1.79; p-value = 0.014). It’s important to
note that while we reported associations measured by different epigenetic clocks, the results
are not directly comparable, as each clock was developed differently with distinct objectives.

In a supplementary analysis of disease-free controls presented in S1 Fig, our data suggested
that in our control cohort, the biological GrimAge is consistently lower than the chronological
age for both Black and White individuals, with a more pronounced difference observed in
White women compared to Black women. This finding is interesting compared to our interac-
tion model, suggesting that age acceleration measures have a greater protective effect at base-
line among individuals of self-reported European ancestry compared to self-reported African
ancestry. However, when an individual develops BrCa, this effect became more pronounced in
self-reported White individuals. In our sample, Black women age faster than White women
using both epigenetic clocks. However, likely due to the limited sample size, the results failed
to reach statistical significance. While prior studies have shown similar findings, earlier results
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were generated from populations consisting of both males and females [20, 29]. Tajuddin et al.
conducted a prospective longitudinal study by selecting middle-age African American and
White participants below poverty status, and concluded that African American individuals
exhibited faster intrinsic aging compared to White individuals, although the observed differ-
ence did not reach statistical significance [37]. In addition, recent findings suggested that 110
of the 353 CpGs in the Horvath clock and neighboring stress-responsive genes can be regu-
lated by glucocorticoid receptor activation, and showed an enriched association with aging-
related diseases in African American individuals [38]. Although widespread data on CpGs for
the GrimAge clock is lacking, the DNAm clock shows promise as a biomarker that could
potentially connect health disparities and disease risk factors, particularly in BrCa.

Our study is unique due to the racially diverse study population. A majority of previous
studies were conducted among individuals of European decent [25, 39], and cannot be extrap-
olated to non-European populations. Our study helps to address this scientific gap. In addi-
tion, we applied the latest epigenome wide technology (Infinium MethylationEPIC array), and
chose multiple measurements of epigenetic aging acceleration, including universal and intrin-
sic measures. We also tested the interaction effect for age acceleration and self-reported race in
modifying BrCa risk, an important and sometimes overlooked relationship. However, our
study has several limitations. The moderate size of our study population must be taken under
consideration when interpreting our results and our limited analysis of individual hormone
receptors due to minimal statistical power. Furthermore, we relied on self-reported race rather
than estimated genetic/continental ancestry, thus potentially leading to misclassification of
race at the individual level. These are areas of focus in future analyses.

Conclusions

In summary, our study demonstrated that epigenetic age acceleration is positively associated
with BrCa risk. An increased GrimAA and IEAA are both associated with the risk of BrCa,
after adjusting for potential confounding risk factors. The stratification analysis by self-
reported race indicated differences in effect measures, however a test for interaction failed to
reach statistical significance (p-value >0.05). This suggests that varied DNAm patterns among
self-reported racial groups may be important in age-related BrCa health disparities. Although
our sample size is moderately sized, our results provide evidence of a novel research direction
in cancer disparities research. Additional studies with larger sample sizes are needed to repli-
cate our findings.

Materials and methods
Study population

The present study is a subset of a case-control study including 209 women recruited from Uni-
versity Hospitals Cleveland Medical Center (UHCMC) between 2007 and 2019, including 160
BrCa cases and 49 disease-free controls. BrCa cases were patients diagnosed with BrCa at
UHCMC and disease-free controls were mammography screened with no previous history of
cancer. At recruitment, all participants completed a survey and provided a blood sample. Clin-
ical and long-term follow-up data was collected for each participant from medical records.
Demographics including self-reported race and lifestyle variables were self-reported through a
survey at recruitment. The molecular subtypes were abstracted from medical records. Human
subjects research was approved by the Institutional Review Board at UHCMC (Protocol
#CASE3116) and written consent was obtained for all study participants. Annotated research
databases were accessed starting on 10/23/2022 and currently continues.
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DNA methylation measure

Genomic DNA was quantified by Qubit Fluorometer (Invitrogen) and qualified by agarose gel
and processed for methylation assays. The Infinium MethylationEPIC BeadChip (Illumina) is
a comprehensive array that covers over 850,000 methylation sites quantitatively across the
genome at single-nucleotide resolution following the Infinium HD assay (Illumina). An input
of 250ng of gDNA was used for the bisulfite conversion using the EZ DNA Methylation Kit
(Zymo). Once bisulfite conversion was complete, the Infinium HD protocol was followed
using the MethylationEPIC BeadChip. First, the DNA was amplified, fragmented, and precipi-
tated to prepare for hybridization to the Beadchip. Eight samples can be loaded onto one Bead-
chip. Single-base extension of the oligos on the BeadChip was performed on the hybridized
DNA. Beadchips were then scanned on the Illumina iScan system. All raw data, along with the
corresponding manifest file, decode file, and sample sheet were uploaded into Illumina’s Gen-
omeStudio Methylation software module. Internal controls were checked within the software
to validate complete bisulfite conversion and successful processing of the Infinium HD assay
for each sample. Data was processed for downstream analysis. The DNAm level was estimated
as B values, ranging from 0 (unmethylated) to 1 (fully methylated) for each probe.

A quality control pipeline was performed using the minfi package in R 4.3.2. In brief, probes
were removed with a detection p-value, which is always used for assessing individual probe
performance, greater than 0.05 in more than 5% of all samples [40]. Samples with a mean
detection p-value greater than 0.05 were excluded. The cross-reactive probes and probes over-
lapping with known SNPs were also excluded. We then performed background correction,
normalization, and batch effect adjustment. After all processes, three samples were dropped
from the study population, and § values for 807,893 methylation probes were obtained.

Epigenetic clock measurement

Both GrimAA and IEAA was calculated using the online DNAm age calculator [20] (https://
dnamage.genetics.ucla.edu/home). In order to quantify aging acceleration, we defined Gri-
mAA as the residual from regressing chronological age over methylation GrimAge. A positive
GrimAA indicated the study participant was biologically older than their chronological age
indicated, whereas a negative GrimAA identified a study participant who was biologically
younger than their chronological age at the time of blood draw. Our DNAm estimation
accounted for the influence of cellular heterogeneity by adjusting for measures of cell abun-
dance. In our analysis, we included the following estimated white blood cell compositions:
naive CD8+ T cells, exhausted CD8+ T cells, plasmablasts, CD4+ T cells, natural killer cells,
monocytes, and granulocytes [27]. The abundance of naive CD8+ T cells, exhausted CD8+ T
cells, plasmablasts was determined using a previously published approach [41], while the
remaining cell types were imputed using a different approach [42]. IEAA measures were
derived to eliminate the confounding effect of cell abundance. IEAA was defined as a residual
of regressing GrimAge on chronological age and adjusting for white blood cell compositions.

Statistical analysis

We performed statistical analysis via R 4.3.2. The association between age acceleration and
BrCa status was evaluated by Student’s t-test. OR for BrCa risk and 95% CI were calculated
using unconditional logistic regression, where the dependent variable was BrCa status (BrCa
case vs cancer-free control) and the independent variable was an epigenetic age acceleration
measure. Both univariable and multivariable logistic regression models were conducted. The
univariable Model 1 included the epigenetic age acceleration variable alone. The multivariable
model of epigenetic age acceleration additionally adjusted for self-reported race (Black/White)
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in Model 2 and multiple BrCa risk factors [self-reported race (Black/ White), BMI (continu-
ous), age at menarche (continuous), parity (Yes/ No) and smoking status (Never/ Former/
Current)] were added to the epigenetic age acceleration in Model 3. To maintain a comparable
sample size for Model 3, missing data were imputed using the mean value for continuous vari-
able (e.g. age at menarche) stratified by self-reported race using linear regression. Categorical
variables (e.g. smoking status and parity) missing values were imputed by assigning them to an
independent category. A stratified analysis based on self-reported race was performed using
different age acceleration measures, also adjusting for multiple BrCa risk factors. The interac-
tion model was carried out by adding an interaction term between self-reported race and age
acceleration measures in Model 3. Statistical significance was defined as a p-value <0.05, and
all statistical tests were two-sided.

Supporting information

S1 Fig. Boxplots of different epigenetic age acceleration measures of disease-free controls
by race. A. Boxplot of GrimAge acceleration in disease-free controls between Black and
White, B. Boxplot of intrinsic epigenetic age acceleration in disease-free controls between
Black and White.

(TIF)

S2 Fig. Boxplots of different epigenetic age acceleration measures by treatment status at
DNA collection. A. Boxplot of GrimAge acceleration between the DNA collections pre-treat-
ment and post-treatment, B. Boxplot of intrinsic epigenetic age acceleration between the DNA
collections pre-treatment and post-treatment.

(TTF)

S1 Table. The effect between different types of treatments on various epigenetic age accel-
eration measures.
(DOCX)

S2 Table. The associations between multiple epigenetic clocks and breast cancer risk.
(DOCX)
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