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Introduction: Breast cancer continues to be the leading form of cancer among

women in the United States. Additionally, disparities across the breast cancer

continuum continue to increase for women of historically marginalized

populations. The mechanism driving these trends are unclear, however,

accelerated biological age may provide key insights into better understanding

these disease patterns. Accelerated age measured by DNA methylation using

epigenetic clocks is to date the most robust method for estimating accelerated

age. Here we synthesize the existing evidence on epigenetic clocks measurement

of DNA methylation based accelerated age and breast cancer outcomes.

Methods: Our database searches were conducted from January 2022 to April

2022 and yielded a total of 2,908 articles for consideration. We implemented

methods derived from guidance of the PROSPERO Scoping Review Protocol to

assess articles in the PubMed database on epigenetic clocks and breast cancer risk.

Results: Five articles were deemed appropriate for inclusion in this review. Ten

epigenetic clocks were used across the five articles demonstrating statistically

significant results for breast cancer risk. DNA methylation accelerated age varied

by sample type. The studies did not consider social factors or epidemiological

risk factors. The studies lacked representation of ancestrally diverse populations.

Discussion: DNA methylation based accelerated age as captured by epigenetic

clocks has a statistically significant associative relationship with breast cancer

risk, however, important social factors that contribute to patterns of methylation

were not comprehensively considered in the available literature. More research is

needed on DNAmethylation based accelerated age across the lifespan including

during menopausal transition and in diverse populations. This review

demonstrates that DNA methylation accelerated age may provide key insights

for tackling increasing rates of U.S. breast cancer incidence and overall disease

disparities experienced by women from minoritized backgrounds.

KEYWORDS

epigenetic clocks, accelerated age, DNAm, breast cancer, underrepresented populations
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fonc.2023.1150731/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1150731/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1150731/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1150731/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.1150731&domain=pdf&date_stamp=2023-03-15
mailto:celina@arizona.edu
https://doi.org/10.3389/fonc.2023.1150731
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.1150731
https://www.frontiersin.org/journals/oncology


Valencia et al. 10.3389/fonc.2023.1150731
Introduction

Despite advances in breast cancer screening technologies and

extensive research on the disease, breast cancer persists as having

the heaviest cancer burden in women in the United States (U.S.)

with marked disease disparities occurring in minoritized

populations. Since 2004, there has been a 0.4% rate increase of

breast cancer incidence with estimates suggesting 1 in 8 women will

be affected by this diagnosis in their lifetime (1). Over the last

decade the rate of early onset breast cancer, diagnosis before the age

of 50, has increased significantly (2, 3). Early onset breast cancer is

often a more aggressive disease type, is diagnosed at a later stage,

and the prognosis is often poor (2). Patients that survive early onset

breast cancer are faced with different survivorship issues impacting

their quality of life (4). Increasing breast cancer rates, particularly

early onset disease, is a pressing public health issue that requires

new clinical and translational approaches for curbing these disease

trends. A closer consideration of accelerated biological age may

provide promising avenues for disease prevention, particularly for

early onset breast cancer.

Age remains one of the strongest predictors of breast cancer (5,

6) making it unclear why increasing rates of early onset breast cancer

is occurring in the U.S. One potential pathway for understanding the

growing trend of early onset breast cancer is identifying the role of

accelerated biological age in breast cancer risk. Biological age is

marked by progressive declines in the body’s systems also referred to

as the hallmarks of aging (7, 8) and these declines increase

vulnerability to disease and death. Of the nine hallmarks of aging

(7, 8), seven have been implicated in the development of breast

cancer, these markers are: genomic instability (9), telomere attrition

(9), epigenetic alterations (10), deregulated nutrient-sensing (11, 12),

mitochondrial dysfunction (12), cellular senescence (11), and altered

intercellular communication (11). The findings of these shared

molecular hallmarks in predicting breast cancer risk have been

contradictory (9, 11).

To date, the epigenetic alteration of DNA methylation is the

most robust predictor of biological age (13, 14). DNAmethylation is

an epigenetic marker that occurs on cytosine nucleotides most often

in the context of CpG (cytosine-phosphate-guanine) islands and

often correlates with age (15). DNA methylation (DNAm) is an

established hallmark of oncogenesis and pathophysiology of cancer

progression (14). The consideration of the difference between

biological age and chronological age as captured by DNAm, and

the increased risk for cancer development viaDNAm provides a key

site of inquiry for disease prevention. This review focuses on

elucidating the available evidence on DNAm in breast cancer risk

as a potential marker for surveillance and intervention as DNAm

has been found to be reversible and modifiable via lifestyle and

psychological intervention (16, 17) (Figure 1).

Epigenetic clocks were developed using machine learning to

create multivariate weighted sums of DNAmethylation at CpG sites

across the genome to assess biological age (14). Three distinct

biological processes are captured by this measurement tool:

DNAm-based age estimator (13), the physiological process of
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aging (14), and the body’s sensitivity to social adversity (18–20).

Epigenetic clocks categorized as second-generation have integrated

clinical biomarkers that are surrogates of stress into their algorithm

to assess healthspan whereas first-generation clocks predicted

lifespan (13). They have been found to be a predictive tool for

various health outcomes including cancer, menopausal timing, and

mortality (21). The prediction capacity for menopausal timing, as

well as cancer and mortality, is particularly salient for breast cancer

as menopause is used as a delineating factor within the disease, pre-

and post-menopausal, and these categories are affiliated with

different epidemiological risk factors. As a predictor for breast

cancer, DNAm has had substantial translational applications to

address issues of poor diagnostics and identifying clinical

biomarkers of disease (22), however, the interaction of race and

social environments in epigenetic clocks for disease risk have not

been comprehensively considered (23).

Here our review demonstrates DNAm based accelerated age as

captured by epigenetic clocks has an associative relationship with

breast cancer risks, however, important social factors that

contribute to patterns of methylation were not considered in

these studies. The included studies showed that DNAm

accelerated age during critical life stages such as the menopausal

transition may play a role in the development of breast cancer.

None of the included studies considered methylation patterns over

time limiting our ability to assess the magnitude of fluctuating

DNAm accelerated aging over time. The studies did not consider

the role of social adversity, an established factor in patterns of

methylation (5), on DNAm accelerated age leaving a gap in our

understanding of the interplay of social adversity driven DNAm

accelerated age and breast cancer risk. Additionally, the studies

lacked inclusion of ancestrally diverse individuals making it difficult

to discern the race and social environment interaction on

methylation patterns that may shape breast cancer disparities,

particularly in early onset disease. The findings of the review

demonstrate that epigenetic clocks provide a useful tool for

tackling the trend of increasing breast cancer incidence in the

U.S. and may provide key insights to better understand disease
FIGURE 1

Breast Cancer riskis influenced by biological age measured by
epigenetic clocks.
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disparities. However, more research is needed on social factors of

methylation and epigenetic clock measurement.
Methods

We developed our methods and approach using guidance

provided by the PROSPERO Scoping Review Protocol to ensure a

rigorous literature review. Database search terms specifically for

PubMed were developed in consultation with a research librarian.

The search term language is as follows: (“Breast Neoplasms”[Majr]

OR breast cancer [tiab] OR breast cancers [tiab]) AND

(“Epigenesis, Genetic”[Mesh] or “DNA Methylation” [mesh] OR

“Epigenomics”[Mesh] OR epigenesis [ti] OR epigenetic [ti] OR

epigenetics [ti] OR dna methylation [tiab] OR BeadChip* [tiab])

AND (“risk factors” [mesh] or “risk” [mesh] OR “risk assessment”

[mesh] OR “genetic predisposition to disease” [mesh] OR risk [tiab]

OR risks [tiab] OR predictor* [tiab] OR association [tiab] OR

correlat* [tiab] OR clock [tiab] OR clocks [tiab]). A total of seven

searches of PubMed using search terms were completed by study

team members from January 2022 to April 2022. The searches

yielded a total of 2,908 articles. Seventy-five articles were identified

as suitable for additional review and discussion for inclusion in

this review.

The eligibility for inclusion was: 1) the study must use an

epigenetic clock to assess epigenetic accelerated age in their sample,

2) primary outcome is breast cancer risk, 3) U.S. based study sample

4) published in a peer-reviewed PubMed indexed journal, 5) must

have been published by April 30, 2022. Three individuals (AV, DS,

and CIV) independently conducted reviews of all titles and abstracts

yielded in the searches to assess the inclusion and exclusion criteria

of each article. In the first round of reviews duplicate articles were

identified and removed. During the independent reviews, the three

individuals made decisions on the reviewed articles eligibility for

inclusion. Articles that had conflicting decisions for inclusion or

exclusion made during the independent reviews were discussed by

the reviewers (AV, DS, CIV). Final decisions were made on the

article with conflicting decisions based on consensus. In instances

where consensus could not be reached, CIV made the final decision

for inclusion. Through this process a total of five articles were

identified as suitable for inclusion in the review.

Following the team decision phase, articles identified as being

appropriate for inclusion were then examined for data extraction.

Data extraction was conducted using a uniform extraction tool that

identified the research design, study sample, specimen type, analysis

conducted, and study results. Data extraction and coding was

conducted by DS, AV, and CIV. Next, we completed a data

summary phase conducted by DS and CIV. As the studies

included in the review were subjected to the peer review process

of a PubMed indexed journal, this process was assumed to provide a

robust critical appraisal of the scientific product within the studies

in this review. Lastly, an additional level of scrutiny was applied to

articles via discussions between DS, JD, and CIV to identify

recurring themes and methods across the studies. The identified

themes of the included studies are outlined in the results section.
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Results

To assess the evidence on the utility of epigenetic clocks in

predicting breast cancer risk, we used the PROSPERO Scoping

Review Protocol for guidance on conducting a high-quality review.

We first conducted a comprehensive search on the PubMed

database to capture relevant articles. We then independently

reviewed and applied the outlined inclusion and exclusion criteria

to the articles yielded in the database search. We extracted the data

for the studies deemed appropriate for inclusion for this review.

Lastly, we synthesized the findings of the included papers to identify

important evidence and themes. A total of five articles met the

inclusion criteria (Table 1) (24–28).
Studies lacked ancestrally diverse samples
and social risk factors

The data sources used by these studies included Komen Breast

Tissue Bank (26, 28), the prospective cohort Sister Study (25, 27),

National Cancer Institute Genomic Data Commons (24), and

samples from clinical settings (24). The study of the Sister Study

(25) had the largest sample sizes of N=2,764. The rest of the studies

analyzed data from observational and clinical sources with sample

sizes. The smallest sample size was found in the study conducted by

Hofstatter et al. (28), with a sample size of N=88. Blood and breast

tissue samples were the most frequently used biospecimen (Table 1).

Non-Hispanic White (NHW) is the population represented in the

highest numbers across all five studies, with the most diverse sample

found in Rozenblit et al. (26) at 75% NHW reporting an inclusion of

178 African American women (n=178). The design of the majority of

studies included was case control with only the Sister Study cohort

study providing an opportunity to consider the role of

epidemiological risk factors and patterns of methylation over time.

Time varying analysis would provide important insights on crucial

surveillance periods to reduce breast cancer risk. Breast cancer risk

factors that are also epigenetic age accelerators like socioeconomic

position (5, 20) were not considered in the included studies.
Epigenetic clocks measurement of DNAm
accelerated age was associated with
breast cancer

The studies included in this review indicate that DNAm

accelerated age as measured by epigenetic clocks had an

associative relationship with the development of breast cancer.

This indicates that DNAm accelerated age may serve as an

important and understudied disease risk factor. A total of 10

different epigenetic clocks were used (Table 1). The Horvath clock

was most frequently used appearing in three of the five studies (24–

26). The included studies found that DNAm age from the following

epigenetic clocks had a statistically significant association with

breast cancer: Hannum (25), Horvath (25), Levine (25, 26),

GrimAge (25, 27), DNAmAge (28), and Yang (26).
frontiersin.org

https://doi.org/10.3389/fonc.2023.1150731
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Valencia et al. 10.3389/fonc.2023.1150731
DNAm accelerated age correlates
with chronological age and varied by
biosample type

The studies determined there was a correlation between DNAm

measured by epigenetic clocks and chronological age. Ren et al. (24)

applied the Horvath clock to data from the Genomic Data

Commons (N=1076) and had a high correlation of DNAm and

chronological age (r=0.96). Kresovich et al. (25) using the Sister

Study (N=2,764) found correlations with Hannum (r=0.88),

Horvath (r=0.87) and Levine (r=0.83) DNAm age and
Frontiers in Oncology 04
chronological age. Rozenblit et al. (26) tested for correlations of

DNAm age and chronological age in both cases and controls. For

breast tissue (n=84), five of the six clocks used showed significant

correlations ranging from the Levine clock r=0.35 to the Lin clock

r=0.68. In peripheral blood (n=170) all six epigenetic clocks DNAm

correlated with chronological age (17).

Studies conducted by Ren et al. (24), Rozenblit et al. (26),

Hofstatter et al. (28), showed there were differences in DNAm

accelerated age based on the type of sample where the epigenetic

clock was applied. Ren et al. (24) found that there was a

deaccelerated, or younger, DNAm age in the malignant breast
TABLE 1 Studies Included in Review.

Source Study
Design

Data
Source

Tissue
Sample

Epigenetic
Clock

Outcomes

Rozenblit M, Hofstatter E, Liu Z, et al. Evidence of accelerated
epigenetic aging of breast tissues in patients with breast cancer is
driven by CpGs associated with polycomb-related genes. Clin
Epigenetics. 2022;14(1):30. Published 2022 Feb 24. doi:10.1186/
s13148-022-01249-z

Case-
control
(N=270)

4 cohort
studies

Peripheral
blood

Breast
tissue

Horvath

Hannum

Levine

Horvath 2

Lin

Yang

All epigenetic clocks strongly
associated with breast cancer status

75% Non-
Hispanic
White
women

Levine and Yang clocks were
associated with breast cancer and
showed significant age acceleration

Kresovich JK, Xu Z, O'Brien KM, Weinberg CR, Sandler DP,
Taylor JA. Methylation-Based Biological Age and Breast Cancer
Risk. J Natl Cancer Inst. 2019;111(10):1051-1058. doi:10.1093/jnci/
djz020

Case-
cohort
(n=1289)

Sister
Study

Blood
DNAm

Hannum All clocks were strongly correlated
with chronological age (p <.001)

Non-
Hispanic
White
women

Horvath
(multi-tissue)

All clocks had statistically significant
association with breast cancer risk

Ages 35-
75 years
old

Levine
PhenoAge

Levine PhenoAge had best fit (p
<.001)

Kresovich JK, Xu Z, O'Brien KM, Weinberg CR, Sandler DP,
Taylor JA. Epigenetic mortality predictors and incidence of breast
cancer. Aging (Albany NY). 2019;11(24):11975-11987. doi:10.18632/
aging.102523

Case-
cohort
(n=1294)

Sister
Study

Whole
blood
sample

GrimAge Clocks were not associated with
breast cancer incidence

Non-
Hispanic
White
women

Mortality
Score

Invasive and ductal carcinoma in
situ one positively but weakly
associated with GrimAge

Ages 35-
75 years
old

Hofstatter EW, Horvath S, Dalela D, et al. Increased epigenetic age
in normal breast tissue from luminal breast cancer patients. Clin
Epigenetics. 2018;10(1):112. Published 2018 Aug 29. doi:10.1186/
s13148-018-0534-8

Case-
control
(N=88)

Komen
Tissue
Bank

Breast
tissue

DNAmAge Epigenetic age acceleration in non-
cancerous breast tissue in patients
with luminal breast cancer was
significantly higher than in
unaffected women91.4%

Non-
Hispanic
White
women

Ren JT, Wang MX, Su Y, Tang LY, Ren ZF. Decelerated DNA
methylation age predicts poor prognosis of breast cancer. BMC
Cancer. 2018;18(1):989. Published 2018 Oct 17. doi:10.1186/s12885-
018-4884-6

Secondary
data
analysis
(N=1085)

Genomics
Common
Data
83.5%
Non-
Hispanic
White
women

Breast
tissue

Horvath Younger DNAm age in cancerous
tissues of breast predicted poorer
prognosis in the sample
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tissue versus non-malignant breast tissue and the younger DNAm

age predicted a poorer prognosis. The Pearson coefficient for

between DNAm and chronological age were r= 0.85 (p <0.01) for

normal breast tissue and r=0.30 (p <0.01) for malignant breast

tissue (24). Hofstatter et al. (28) (N=88) demonstrated the

epigenetic age in the non-tumor tissue of women with luminal

breast cancer was substantially higher than the breast tissue of

women without breast cancer. In the age-matched comparison

normal breast tissue the normal tissue of the breast cancer patient

was approximately five years older, or more, which the study

attributed to treatment effects (28). The study conducted by

Rozenblit et al. (26) found that peripheral blood (n=170) has a

higher age correlation than was observed in breast tissue (n=84).

Additionally, Rozenblit et al.’s (26) findings showed that accelerated

DNAm in the non-malignant breast tissues of women with breast

cancer have methylation signatures that more closely resemble

tumors than the breast tissue of the women without cancer.

Kresovich et al. (25) identified a period of age acceleration

predating menopausal transition as an independent risk factor for

breast cancer in the Sister Study sample. Ren et al. (24) findings also

indicated that breast cancer patients that were premenopausal had

DNAm age that was decelerated. The other studies included in this

review examined the DNAm age in the period post-breast cancer

diagnosis. More research is needed that examines periods of DNAm

age acceleration across the lifespan that may signal breast cancer risk.
Discussion

Our review identifies a gap in the literature on the assessment of

social factors, such as adversity and epidemiological risk factors, as a

driver of DNAm accelerated age measured by epigenetic clocks. This

is a critical gap as there is substantial overlap in factors that result in

DNAm age acceleration (5) and breast cancer risk (29). As a predictor

for breast cancer, DNAm has substantial translational applications to

address current issues of poor diagnostics and identifying clinical

biomarkers of disease (22) the addition of social factors in the

assessments of DNAm and breast cancer risk can provide

meaningful insights for curbing patterns of disease disparities (30).

Epigenetic clocks have been developed to be applied to different

biosamples such as tissue, blood, saliva, and cells such as buccal

epithelial cells (31). Comparison of malignant and non-malignant

tissue within the samples of the included studies showed varying

DNAm ages (24, 26). Ren et al.’s (24) and Hofstatter et al. (28)

studies demonstrate that there is a difference in DNAm accelerated

age in normal breast tissue versus malignant breast tissue. Rozenblit

et al. (26) also found that peripheral blood had a different and

higher DNAm age than the breast tissue. The variance in DNAm

age may indicate that the different biosamples are indicating

different mechanisms of biological aging, a larger question

currently being investigated in the field of epigenetics (5). These

differences in samples being used complicate our ability to compare

across different studies. As epigenetics is a nascent science, the field

would benefit from the establishment of uniform approaches to

standardize evidence and validate findings for comparison allowing

for more generalizability.
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Menopausal transition and menopause are major milestones in

women’s lives with health implications that extend beyond

reproductive capacity (32). The importance of time periods

surrounding menopause was highlighted in the work of Kresovich

et al. (25). Previous evidence has indicated women with late menopause

onset were epigenetically younger than women with early menopause

onset (33). Timing of menopause has been found to occur earlier in

Black women (34) and Latina women (35). The variance of menopausal

transition and onset may be the result of social positionality based on

socioeconomic factors, exposure to adversity, and environmental

factors (34, 35). More evidence is needed to begin to disentangle the

associative relationship of these constructs to better understand these

complex and overlapping drivers of methylation and breast cancer.

The data gap of ancestrally diverse populations in human genetic

research has been previously discussed (19). Validation studies

available on epigenetic clocks have demonstrated inconsistent

predictive capabilities in ancestrally diverse populations (23). The

inconsistency of predictive capacity of epigenetic clocks in

ancestrally diverse populations may arise from cumulative

biological impact of chronic exposure to socially structured

stressors tied to race/ethnicity that would not be captured in

NHW the population most often represented in epigenetic clock

studies (23). In the U.S., minoritized women experience greater

disparities and face more negative breast cancer outcomes, including

a higher rate of mortality (36), which are often attributed to various

social determinants of health (29, 37–40). A better understanding of

the function of DNAm accelerated age in minoritized women may

provide key insights into the role of biological age in the patterns of

breast cancer disparities across minoritized women in the U.S. As the

samples in these studies demonstrate, there is a critical need for more

studies in this area that focus on diverse populations.

This review paper comprehensively syntheses the available

evidence on epigenetic clocks in breast cancer to understand the role

of DNAm accelerated age in breast cancer risk with the goal of

identifying translational tools to target disparities experienced by

minoritized women. Epigenetic clocks are a promising tool for breast

cancer risk surveillance and should be evaluated for integration into

clinical practices for disease prevention intervention which could bring

us closer to alleviating the overall breast cancer burden experienced by

women. As DNAm is reversible and modifiable through psychological

(16, 41, 42) and lifestyle interventions (17), more evidence on the role

of DNAm in diverse populations may provide new opportunities for

intervention targeting breast cancer disparities. Future research on

epigenetic accelerated age, as measured by epigenetic clocks, is an

important consideration towards better understanding breast cancer

risk and disparities. More research is needed to expand our

understanding of the role of epigenetic accelerated age in early onset

breast cancer, periods of epigenetic acceleration across the lifespan, the

role of social factors on DNAm accelerated age in women with breast

cancer, and more inclusive and diverse study samples.
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