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Abstract

Background: Cancer and its treatments may accelerate aging in survivors; however, research has 

not examined epigenetic markers of aging in longer-term breast cancer survivors. We examined 

whether older breast cancer survivors showed greater epigenetic aging than non-cancer controls 

and whether epigenetic aging related to functional outcomes.

Methods: Non-metastatic breast cancer survivors (n=89) enrolled pre-systemic therapy and 

frequency-matched controls (n=101) ages 62–84 years provided two blood samples to derive 

epigenetic aging measures (Horvath, Extrinsic Epigenetic Age [EEA], PhenoAge, GrimAge, 

Dunedin Pace of Aging) and completed cognitive (FACT-Cog) and physical (SF-12) function 

assessments at approximately 24–36 and 60-months post-enrollment. Mixed-effects models tested 

survivor-control differences in epigenetic aging, adjusting for age and comorbidities; models for 

functional outcomes also adjusted for racial group, site, and cognitive reserve.

Results: Survivors were 1.04–2.22 years biologically older than controls on Horvath, EEA, 

GrimAge, and DunedinPACE measures (p=.001 to .04) at approximately 24–36 months post-

enrollment. Survivors exposed to chemotherapy were 1.97–2.71 years older (p=.001 to .04), and 

among this group, an older EEA related to worse self-reported cognition (p=.047) relative to 

controls. An older epigenetic age related to worse physical function in all women (p<.001 to .01). 

Survivors and controls showed similar epigenetic aging over time, but Black survivors showed 

accelerated aging over time relative to non-Hispanic white survivors.

Conclusion: Older breast cancer survivors, particularly those exposed to chemotherapy, 

showed greater epigenetic aging than controls that may relate to worse outcomes. If replicated, 

measurement of biological aging could complement geriatric assessments to guide cancer care for 

older women.

Precis:

Older breast cancer survivors were biologically older than matched non-cancer controls across 

multiple epigenetic aging measures at 24-months or more after enrollment (which was pre-

systemic therapy for survivors). Older breast cancer survivors who had received chemotherapy 
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showed the greatest epigenetic aging, and among this group, an older epigenetic age was 

associated with worse self-reported cognition relative to controls.

Keywords

Breast cancer; older adults; epigenetic clock; DNA methylation; cognitive function; physical 
function; biological aging

Cancer is largely a disease of older age1–3 and 60% of women newly diagnosed with 

breast cancer are age 60 years and older.4,5 Providing cancer care for older women is 

complex because even at the same chronological age, women may vary considerably in their 

biological age.6 Biological aging refers to a gradual and progressive process of damage 

accumulation within systems due to life course experiences and exposures that leads to a 

loss of system reserve and increased risk of cancer and other age-related diseases, disability, 

and mortality.1,6–8 Cancer is a unique disease because its treatment causes damage and 

drives further aging.2,9–12 Assessing biological aging in cancer patients and survivors is 

important because it may affect their ability to manage the rigors of cancer therapy, 

functional outcomes, and cancer progression.2,11,13–18 However, biological aging is not 

always clinically apparent in oncology settings and is usually captured indirectly through 

measures such as comorbidities, poly-pharmacy, or functional limitations noted in geriatric 

assessments.19

Several markers or ‘hallmarks’ of biological aging have been identified, including telomere 

length, cellular senescence, and epigenetic alterations (e.g., changes in DNA methylation 

patterns),1 and are increasingly being investigated in clinical settings with the goal of 

using them to guide clinical care.6 Prior studies with breast cancer survivors have shown 

short-term increases in biological aging from before to up to one-year post-treatment 

based on epigenetic measures20 and cellular senescence marker p16INK4a.21–23 Epigenetic 

measures are useful because they capture biological aging over the life course, correlate 

with chronological age across a range of tissues and cell types, predict functional and 

mortality outcomes, and show feasibility for potential clinical use.24 However, previous 

reports have not specifically included older women or measured biological aging in a 

matched non-cancer control group. Further, no studies have examined epigenetic markers 

of aging in longer-term cancer survivors (i.e., more than one-year post-treatment) or tested 

whether epigenetic aging relates to common concerns in survivors, such as cognitive and 

physical function.

We used data from the Thinking and Living with Cancer (TLC) cohort to examine 

epigenetic aging in breast cancer survivors ages 60 years or older enrolled prior to systemic 

therapy and frequency-matched non-cancer controls. We focused on longer-term epigenetic 

aging starting from 24-months post-enrollment to allow for recovery from acute effects 

of cancer and its treatment. We tested the hypotheses that: (1) survivors would be older 

biologically and have faster rates of epigenetic aging than controls; (2) survivor-control 

differences would be largest among survivors exposed to chemotherapy; and (3) epigenetic 

aging would relate to worse cognitive and physical function, particularly among survivors 

exposed to chemotherapy. Finally, to explore how cancer may act together with differences 
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in life course experiences to accelerate epigenetic aging, we tested whether Black survivors 

had different rates of epigenetic aging than white survivors. Previous research with non-

cancer populations has suggested that exposure to social adversity and discrimination may 

contribute to observed heterogeneity in aging, including racial differences in epigenetic 

aging between Black and white adults.25–30 Racial disparities in breast cancer treatment-

related adverse events, including increased risk for frailty and cognitive decline among 

Black relative to white survivors, have also been identified.31,32 In this study, we explore 

whether there are differences in epigenetic aging between Black and white cancer survivors. 

These preliminary results are intended to inform future studies testing whether biological 

aging markers might be clinically useful to guide treatment and survivorship care and inform 

the development of interventions to prevent or slow functional declines, as well as identify 

survivors that may be particularly vulnerable to accelerated aging following treatment, such 

as Black cancer survivors.

Methods

The TLC study is an ongoing national, multi-site study enrolling participants from 

hospitals and affiliated community practices in Washington, DC (Georgetown University), 

New York City (Memorial Sloan Kettering Cancer Center), New Jersey (Hackensack 

University Medical Center), Tampa (Moffitt Cancer Center), Los Angeles (City of Hope 

Comprehensive Cancer Center), and Indianapolis (Indiana University School of Medicine). 

All institutional review boards approved the study protocol (ClinicalTrials.gov Identifier 

NCT 03451383) and written informed consent was obtained from each participant. TLC 

study methods have been previously reported.16,33,34 This investigation involved a secondary 

longitudinal analysis of biological aging.

Study Population

TLC began recruitment in 2010; the study is ongoing. Eligible survivors were 60 years or 

older, newly diagnosed with primary non-metastatic breast cancer, English-speaking, and did 

not have neurological disease. Survivors were enrolled post-operatively but pre-systemic 

therapy. Concurrent non-cancer controls met the same eligibility and were frequency-

matched to survivors by age (within 5-years), racial group, education, and site. Participants 

were assessed at enrollment and annually thereafter for up to 60-months.

TLC began blood collection and biobanking in 2016. This analysis includes women who had 

at least two blood samples collected at study assessments 24- to 60-months post-enrollment 

between January 1, 2016, and March 4, 2020. The latter date was selected to reflect 

assessments completed before the COVID-19 pandemic when the study was temporarily 

paused. If a participant had more than two samples available, samples with the longest time 

interval between them were selected. The final analytic sample included 89 survivors and 

101 controls frequency-matched to survivors by age, racial group, education, site, and time 

between samples (Figure 1). This subsample was similar to the larger TLC cohort, except 

that they were younger (67.0 [SD=4.9] vs. 68.3 [SD=6.5], p=.009) and had fewer depressive 

symptoms (CES-D; 4.6 [SD=5.2] vs. 6.3 [SD=7.3], p=.002) at enrollment, although the 

latter was not a clinically meaningful difference.35
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Data Collection

Blood samples were obtained on the same day or within one week of study assessments. 

Whole venous blood was collected in EDTA tubes, centrifuged, and total leukocytes (buffy 

coat) were frozen immediately at −80°C. Samples were shipped on dry ice in a single batch 

to the UCLA Cousins Center for Psychoneuroimmunology for DNA extraction using the 

automated QIAsymphony instrument and DNA Midi kit (Qiagen) following manufacturers’ 

protocols. DNA was quantified using Quant-iT™ PicoGreen dsDNA kit (Qiagen).

To measure epigenetic aging, the Illumina Infinium Methylation EPIC BeadChip (Illumina, 

San Diego, CA) was used to quantify DNA methylation levels at more than 850,000 

cytosine-phosphate-guanine (CpG) methylation sites according to the manufacturer’s 

protocol. All samples for a given woman were run in a single batch on the same chip. 

Each chip was balanced with survivors and controls, with a randomized location within the 

chip, to minimize laboratory variability. All testing was blinded to survivor-control status. 

DNA methylation data were processed following standard protocols (additional details in 

Supplementary Methods).36–38

Measures

We investigated several well-established, a priori-specified epigenetic estimates of biological 

aging, which capture slightly different aspects of the aging process (Supplemental Table 

1). The most widely used approach to measuring epigenetic aging, termed the ‘epigenetic 

clock,’ has been proposed as a global marker of biological age because it correlates with 

chronological age across a range of tissues and cell types.36,39,40 We measured the Horvath, 

Extrinsic Epigenetic Age (EEA), Phenotypic Age (PhenoAge), and GrimAge epigenetic 

clocks and the Dunedin Pace of Aging methylation (DunedinPACE) measure. The Horvath 

clock is derived from CpG sites that are highly correlated with chronological age and is 

independent of cell type.36 The EEA clock also relates strongly to chronological age and 

upweights estimates of plasmablasts, naïve T and late-differentiated T cell proportions to 

account for age-related changes in cell-type composition.24,40 PhenoAge was developed 

to relate to phenotypic signs of aging (i.e., morbidity, mortality, circulating biomarkers 

of system decline),41 whereas GrimAge was developed to capture surrogate estimates of 

plasma markers and is a strong predictor of mortality.42 DunedinPACE was developed using 

a longitudinal study of biomarkers and estimates an individual’s rate of epigentic aging 

per chronological year.43 These measures have been linked to physical limitations,44,45 

frailty,46–48 cognitive declines,49,50 and early mortality.47,51–54

At each study assessment, neuropsychological tests assessed attention, processing speed, 

and executive function (APE) and learning and memory (LM), as described previously,55 

with lower scores indicating worse performance. The 18-item Functional Assessment 

of Cancer Therapy-Cognitive Function (FACT-Cog)56,57 Perceived Cognitive Impairment 

(PCI) subscale measured self-reported cognition, with lower scores indicating greater 

impairment; scores that differ by 4–5 points are considered clinically meaningful. The 

Medical Outcomes Study Short Form-12 (MOS SF-12)58 Physical Component Summary 

(PCS) scale assessed physical function, with lower scores indicating worse functioning.
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Chronological age at the first blood sample and comorbidities at enrollment (≤2 vs. >2) 

were evaluated as covariates in analyses examining survivor-control differences in epigenetic 

aging. Analyses of associations between epigenetic aging and cognitive and physical 

function considered additional covariates related to these outcomes in previous research: 

racial group (white vs. non-white), site, and cognitive reserve (WRAT-4 Word Reading 

subtest score).16

Statistical Analysis

Survivor and control groups were compared using chi-square tests and t-tests. To examine 

whether longitudinal changes in each epigenetic measure differed between groups, we 

conducted separate linear mixed-effects models that included group, time (years between 

blood samples, aligned at first sample), and an interaction term for group and time, adjusting 

for chronological age and epigenetic aging at the first blood sample and comorbidities. If an 

interaction was not statistically significant, it was removed from the final model and results 

reflect group differences in epigenetic aging at the first blood sample. To examine whether 

survivor-control differences in epigenetic aging differed by treatment, a second set of models 

compared three groups: survivors who received chemotherapy (with or without hormonal 

therapy), survivors who received hormonal therapy alone, and controls.

To test the hypothesis that epigenetic aging would be associated with cognitive or physical 

function, we conducted separate multiple regression models that included each epigenetic 

aging measure, group, and an interaction term for epigenetic aging and group as predictors 

of each functional measure, adjusting for chronological age at the first blood sample, 

comorbidities, racial group, site, and WRAT-4 score (the latter in cognitive models only). 

We tested these concurrent associations at the first blood sample only, as survivor-control 

differences in change in epigenetic aging over time were not observed. These analyses were 

then repeated to compare the three groups. If an interaction was not statistically significant, 

it was removed from the final model to examine associations between epigenetic aging and 

functional outcomes in the full sample, adjusting for group.

In secondary exploratory analyses that examined racial group differences in survivors’ 

epigenetic aging, linear mixed-effects models included racial group (Black vs. non-Hispanic 

white), time, and an interaction term for racial group and time, adjusting for chronological 

age and epigenetic aging at the first blood sample and comorbidities.

Statistical significance was determined using a two-sided p-value <.05. We also provided 

results adjusted for multiple testing using a false discovery rate of 5%.59 Analyses were 

conducted using SAS Version 9.4.60

Results

Participant Characteristics

Participants were 62 to 84 years old, had an average of 15 years of education, and most self-

identified as non-Hispanic white (78.9%; Table 1). Due to matching, there were no survivor-

control differences in sociodemographic factors. Most survivors had early-stage cancer and 

32.6% received chemotherapy. Survivors were biologically older than controls on unadjusted 
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Horvath, EEA, and DunedinPACE measures at the first blood sample (Supplemental Table 

2). The majority of first blood samples were collected at 24- or 36-months post-enrollment 

(78.4%); most second blood samples were collected at 60-months post-enrollment (71.1%; 

Supplemental Table 3).

Differences in Epigenetic Aging Between Groups

At the first blood sample, survivors were 1.04 to 2.22 years older on the Horvath, EEA, and 

GrimAge measures (p=.006 to .035) and had a faster DunedinPACE (p=.001) than controls, 

adjusting for covariates (Figure 2; Table 2). These differences were largest among survivors 

who received chemotherapy (with or without hormonal therapy), who were 1.97 to 2.71 

years older on the Horvath, EEA, and GrimAge measures (p=.001 to .04) and had a faster 

DunedinPACE (p=.002) than controls. Survivors who received hormonal therapy alone were 

1.61 years older on the Horvath measure (p=.04) and had a faster DunedinPACE (p=.02) 

than controls. However, survivors and controls aged at a similar rate over time.

In exploratory analyses, Black survivors showed a larger increase in epigenetic age on the 

Horvath (p=.03) and PhenoAge (p=.048) measures from the first to second blood sample 

compared to non-Hispanic white survivors (Figure 3; Supplemental Table 4).

Concurrent Associations between Epigenetic Aging and Cognitive and Physical Function

Overall survivor-control differences in associations between epigenetic aging and functional 

measures were not observed (data not shown). In analyses that compared the three groups, 

among survivors who received chemotherapy, an older EEA was associated with worse 

self-reported cognition relative to controls (p=.047), with a similar but marginal association 

for GrimAge (p=.08; Figure 4; Supplemental Table 5). The other epigenetic aging measures 

were not associated with self-reported cognition, and none of the epigenetic measures were 

related to performance on neuropsychological tests. In follow-up analyses that examined 

these associations in all women regardless of survivor-control status, an older Horvath age, 

PhenoAge, and GrimAge and a faster DunedinPACE related to worse physical function 

(ps<.001 to .01; Supplemental Table 6).

Discussion

This preliminary report presents unique, new data comparing longer-term epigenetic aging 

among older breast cancer survivors to that of matched non-cancer controls. We found that 

survivors were older biologically than controls across multiple epigenetic aging measures at 

the first observed timepoint, approximately 24- to 36-months after enrollment (which was 

pre-systemic therapy for survivors). Survivors exposed to chemotherapy (with or without 

hormonal therapy) showed the largest differences, followed by those on hormonal therapy 

alone, relative to controls. Interestingly, survivors and controls did not differ in their rate of 

change in epigenetic aging (i.e., slopes) from the first to second timepoint, suggesting that 

they increased in parallel over time. There were, however, racial differences in epigenetic 

aging over time among survivors, with Black survivors showing a larger increase in 

epigenetic age from the first to second timepoint than non-Hispanic white survivors.
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Prior studies of biological aging in breast cancer survivors have found short-term increases 

from before to up to one-year post-treatment, based on epigenetic measures and cellular 

senescence marker p16INK4a.20,21 Breast cancer survivors who received chemotherapy 

and/or radiotherapy also had higher DNA damage and lower telomerase (an enzyme 

that protects telomeres) 3–6 years after treatment relative to surgery alone,61 which 

was associated with worse cognitive function.62 We extend these investigations by using 

a chronologically older sample, including a concurrent non-cancer control group, and 

examining longer-term biological aging in the period 24-months or more after enrollment 

(which was pre-systemic therapy for survivors). We focused on this period to allow for 

the completion of all active therapy (surgery, radiotherapy, chemotherapy, and targeted 

treatments).

Together with previous studies, our results suggest that some of the biological aging 

observed immediately following active therapy persists for up to 60-months and is greater 

than would be expected in the absence of cancer. Given that we did not observe survivor-

control differences in the rate of change in epigenetic aging (i.e., slopes) from the first 

to second observed timepoint, it is possible that the effects of cancer and its treatment 

on biological aging may level off after a few years. However, since most survivors in 

our sample were receiving five years of hormonal therapy, it will be critical to re-assess 

these findings in studies with follow-up beyond completion of that regimen. Additionally, 

given that biological aging increases the risk of cancer,54,63,64 we cannot determine whether 

our and others’ results reflect greater biological aging among survivors prior to diagnosis. 

Advancing the field of cancer and aging will require longitudinal survivor-control designs 

and cohorts with data prior to cancer diagnosis to more fully understand the temporal 

dynamics of biological aging in the cancer context.

In terms of the associations between epigenetic aging and functional measures, we found 

that an older epigenetic age was concurrently associated with worse self-reported physical 

function in all women (regardless of survivorship status) and worse cognition in survivors 

who received chemotherapy but not in controls. At an epigenetic age of 70, survivors had 

an adjusted cognition score that was more than six points lower than controls with the same 

epigenetic age, which is a clinically meaningful difference.16,65 Interestingly, epigenetic 

aging was associated with self-report but not with neuropsychological assessments of 

cognition in this sample, suggesting that the more global self-report measure may be more 

sensitive in reflecting underlying epigenetic differences between groups than objectively 

assessed cognitive performance, underscoring the value of including patient-reported 

outcome measures in research on late effects of treatment. This is consistent with our 

previous finding that inflammation, another hallmark of aging, related to worse self-reported 

cognition among survivors, especially those receiving chemotherapy.66 Our results are also 

consistent with prior research in non-cancer populations linking epigenetic aging to worse 

cognitive and physical function in older adulthood.43,44,46,48,49 However, given the small 

number of survivors who received chemotherapy in our sample, these findings should 

be replicated. It will also be useful to test whether specific chemotherapeutic agents are 

linked to biological aging and longer-term functional declines and to explore the additive 

or interactive effects of multi-modality therapy regimens, as research has also linked breast 

cancer radiotherapy to biological aging 3–6 years after treatment.61
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Although exploratory, we found that Black survivors showed accelerated epigenetic aging 

on two measures from the first to second observed timepoint relative to non-Hispanic 

white survivors, after adjusting for covariates. Given the small number of Black survivors 

in our sample, future research should address this question in a larger sample and test 

whether differences contribute to disparities in functional outcomes. Beyond racial group 

identity, future investigations should also consider life course experiences such as exposure 

to stressful or traumatic life events and racial discrimination prior to and after cancer 

diagnosis, which previous studies have linked to accelerated epigenetic aging67,68 and other 

biological aging markers.69,70

Our results should be considered in light of study limitations. Although TLC is a relatively 

large study, the protocol for blood collection was a recent addition, limiting the sample 

size for this analysis. The subsample included in this preliminary report was generally 

comparable to the larger study cohort and the analysis yielded statistically significant effects, 

even with the smaller sample. Also, TLC participants had a high level of education and 

were in relatively good health, reducing generalizability. However, since the characteristics 

of our sample are associated with less biological aging in the general population,28,71,72 our 

results may have underestimated epigenetic aging and/or biased survivor-control differences 

toward the null. Finally, given that approximately one-third of older survivors in our sample 

received chemotherapy, we were unable to test the impact of different treatment regimens. 

This will be an important direction for subsequent studies, especially as the chemotherapy 

and hormonal therapy landscape continues to evolve.

This is the first investigation of longer-term biological aging in older breast cancer survivors 

and matched non-cancer controls. We found that survivors showed greater biological aging, 

as measured by epigenetic assays, than controls. Older breast cancer survivors who had 

received chemotherapy showed the greatest epigenetic aging, and among this group, an older 

epigenetic age was associated with worse self-reported cognition. The exploratory finding of 

racial group differences in the rate of change of biological aging is thought provoking and 

suggests that studying the intersectionality of aging and cancer may provide insights into 

causes of cancer disparities. Given emerging evidence in humans and mice suggesting that 

epigenetic aging may be modifiable by behavioral and pharmacological interventions,73–79 

these preliminary results can also inform future studies testing whether biological aging 

markers might be clinically useful as early indicators of risk that can be used to tailor 

survivorship care, including interventions to maintain health and prevent or slow functional 

declines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CONSORT diagram for the epigenetic aging sub-study within the Thinking and Living 
with Cancer (TLC) Study.
CONSORT diagram showing the sample of (a) older breast cancer survivors and (b) 

matched controls without cancer. This epigenetic aging study includes a subset of women 

who provided two blood samples between 24- and 60-months post-enrollment (which 

was pre-systemic therapy for survivors). Non-cancer controls were frequency-matched to 

survivors based on age (within 5 years), racial group, education, enrollment site, and time 

between blood samples.
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Figure 2. Differences in epigenetic aging between older breast cancer survivors and non-cancer 
controls at the first blood sample, approximately 24- to 36-months after enrollment (which was 
pre-systemic therapy for survivors).
Point estimates for differences in (a) adjusted epigenetic age and (b) adjusted Dunedin 

Pace of Aging (DunedinPACE) at the first blood sample for all survivors (n=89), as well 

as survivors who received chemotherapy (without or without hormonal therapy; n=29) 

or hormonal therapy alone (n=51), relative to matched non-cancer controls (n=101) at 

the first blood sample. Models adjusted for chronological age at the first blood sample 

and comorbidities. Error bars represent 95% confidence intervals for each point estimate. 

**p<.01, *p<.05.
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Figure 3. Longitudinal changes in epigenetic aging between the first and second blood samples 
among Black or non-Hispanic white older breast cancer survivors.
Linear mixed-effects models showing estimated longitudinal epigenetic aging from the first 

to second blood samples, collected between approximately 24- to 36-months and up to 

60-months post-enrollment, in Black (n=7) and non-Hispanic white (n=69) breast cancer 

survivors based on (a) Horvath clock and (b) PhenoAge clock estimates. Models adjusted 

for chronological and epigenetic age at the first blood sample and comorbidities. Error bars 

represent 95% confidence intervals for each point estimate.
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Figure 4. Associations between adjusted Extrinsic Epigenetic Age (EEA) and self-reported 
cognition among older breast cancer survivors by systemic therapy modality and non-cancer 
controls at the first blood sample, approximately 24- to 36-months after enrollment.
Multiple regression models showing the association between adjusted EEA clock scores and 

self-reported cognition (FACT-Cog PCI scores) for survivors who received chemotherapy 

with or without hormonal therapy (n=29) and those who received hormonal therapy alone 

(n=51) relative to controls (n=101,). Models adjusted for chronological age at the first blood 

sample, comorbidities, racial group, site, and cognitive reserve (WRAT-4 score). Error bars 

represent 95% confidence intervals for each point estimate.
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