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Abstract

Background: Premature menopause is an independent risk factor for cardiovascular disease in 

women, but mechanisms underlying this association remain unclear. Clonal hematopoiesis of 

indeterminate potential (CHIP), the age-related expansion of hematopoietic cells with 

leukemogenic mutations without detectable malignancy, is associated with accelerated 

atherosclerosis. Whether premature menopause is associated with CHIP is unknown.

Methods: We included postmenopausal women from the UK Biobank (N=11,495) aged 40–70 

years with whole exome sequences and from the Women’s Health Initiative (WHI, N=8,111) aged 

50–79 years with whole genome sequences. Premature menopause was defined as natural or 

surgical menopause occurring before age 40 years. Co-primary outcomes were the presence of (1) 

any CHIP and (2) CHIP with variant allele frequency (VAF) >0.1. Logistic regression tested the 

association of premature menopause with CHIP, adjusted for age, race, the first 10 principal 

components of ancestry, smoking, diabetes mellitus, and hormone therapy use. Secondary analyses 

considered natural vs. surgical premature menopause and gene-specific CHIP subtypes. 

Multivariable-adjusted Cox models tested the association between CHIP and incident coronary 

artery disease (CAD).

Results: The sample included 19,606 women, including 418 (2.1%) with natural premature 

menopause and 887 (4.5%) with surgical premature menopause. Across cohorts, CHIP prevalence 

in postmenopausal women with vs. without a history of premature menopause was 8.8% vs. 5.5% 

(P<0.001), respectively. After multivariable adjustment, premature menopause was independently 

associated with CHIP (all CHIP: OR 1.36, 95% 1.10–1.68, P=0.004; CHIP with VAF >0.1: OR 

1.40, 95% CI 1.10–1.79, P=0.007). Associations were larger for natural premature menopause (all 

CHIP: OR 1.73, 95% CI 1.23–2.44, P=0.001; CHIP with VAF >0.1: OR 1.91, 95% CI 1.30–2.80, 

P<0.001) but smaller and non-significant for surgical premature menopause. In gene-specific 

analyses, only DNMT3A CHIP was significantly associated with premature menopause. Among 

postmenopausal middle-aged women, CHIP was independently associated with incident coronary 

artery disease (HR associated with all CHIP: 1.36, 95% CI 1.07–1.73, P=0.012; HR associated 

with CHIP with VAF >0.1: 1.48, 95% CI 1.13–1.94, P=0.005).

Conclusions: Premature menopause, especially natural premature menopause, is independently 

associated with CHIP among postmenopausal women. Natural premature menopause may serve as 

a risk signal for predilection to develop CHIP and CHIP-associated cardiovascular disease.
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Introduction

Cardiovascular disease is the leading cause of death among women in the United States and 

globally,1 and cardiovascular risk increases substantially following menopause.2 The mean 
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age at menopause in Western nations is approximately 51 years, but approximately 10% of 

women undergo menopause before age 45 years, and at least 1% experience menopause 

before age 40 years.3, 4 Premature menopause, defined as menopause onset before age 40, is 

associated with accelerated biologic aging,5, 6 cardiovascular disease, and all-cause 

mortality,7 with higher cardiovascular risks observed at progressively earlier menopausal 

age.8, 9 As the association between premature menopause and cardiovascular disease appears 

partially independent of traditional cardiovascular risk factors,9–11 multi-society 

cardiovascular guidelines now classify premature menopause as a “risk-enhancing factor” to 

guide allocation of primary-prevention statin therapy for women otherwise at intermediate 

risk of atherosclerotic cardiovascular disease (ASCVD).12, 13

Despite the well-described cardiovascular risks associated with premature menopause, the 

responsible mechanisms remain unclear. Historically, increased cardiovascular risks were 

attributed to loss of cardioprotective estrogen effects; however, in a recent study, hormone 

therapy did not lower cardiovascular risks associated with premature menopause,9 and 

randomized trials of postmenopausal hormone replacement therapy have not specifically 

targeted women with premature menopause.14 Relevant mechanisms, however, may extend 

beyond estrogen deficiency. In the largest genome-wide association study of age at natural 

(i.e., non-surgical) menopause to date, roughly two-thirds of genetic associations mapped to 

DNA damage repair pathways,15 implying that women with natural premature menopause 

may be predisposed to accumulate genetic damage; such damage or its downstream 

consequences may represent one mechanism of accelerated aging in women with natural 

premature menopause that may heighten cardiovascular disease risk.

Clonal hematopoiesis of indeterminate potential (CHIP) is the expansion of hematopoietic 

stem cells with somatic mutations in leukemia-associated genes, typically defined as a 

variant allele prevalence among circulating blood cells (i.e., variant allele frequency, VAF) 

>2% in the absence of detectable hematologic cytopenia, dysplasia, or malignancy.16, 17 

CHIP is a relatively common age-associated phenomenon, affecting 10% of individuals 

older than 70 years.18–20 CHIP-associated mutations occur most commonly in 1 of 3 genes: 

DNMT3A and TET2, both of which function as tumor suppressor genes through DNA 

methylation and demethylation, and ASXL1, a chromatin-binding transcriptional regulator.
17 CHIP is associated with elevation in inflammatory cytokines and accelerated 

atherosclerosis in animal21, 22 and human23, 24 studies. Whether a history of premature 

menopause is associated with CHIP is currently unknown.

This study tested whether premature menopause overall and stratified by mechanism of 

menopause (natural and surgical premature menopause) was associated with elevated risk of 

CHIP among postmenopausal women in the UK Biobank and Women’s Health Initiative 

(WHI). We further investigated the association of CHIP with incident coronary artery 

disease (CAD) events in these cohorts.
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Methods

Study cohorts

Researchers may apply for UK Biobank data access (https://www.ukbiobank.ac.uk/). WHI 

data are available to investigators in dbGaP (Accession Number: phs001237.v2.p1). The UK 

Biobank is a population-based cohort of >500,000 UK adult residents recruited between 

2006–2010 and followed prospectively via linkage to national health records.25 At baseline, 

participants underwent phlebotomy and provided detailed information about medical history, 

medication use including prior and current hormone therapy, and reproductive history, 

including history of menarche, menopause, parity, and gynecologic surgery. In the present 

study, the UK Biobank cohort included postmenopausal women aged 40–70 years at blood 

draw with complete reproductive history data and available whole exome sequences. As 

described previously,24 the UK Biobank cohort was restricted to unrelated European 

ancestry women. Follow-up in the UK Biobank occurred through March 2020 for inpatient 

diagnosis codes and May 2020 for the death register.

The WHI (NCT00000611) is a prospective, multicenter study of women recruited at 40 

centers throughout the United States between 1993 and 1998.26 Participants enrolled in a 

clinical trial (hormone therapy, calcium/vitamin D supplementation, or dietary modification) 

or in an observational study. A sub-sample of unrelated WHI women who were 50–79 years 

old at the time of phlebotomy and underwent whole genome sequencing as part of the 

National Heart, Lung, and Blood Institute’s Trans-Omics for Precision Medicine (TOPMed) 

program (total N=11,023) were included in the present analysis.27 To avoid effects of study 

treatments on outcomes, women in the WHI hormone therapy trial with blood draw ≥2 years 

after the screening visit (n=486) were excluded. Follow up in WHI occurred through March 

2019.

In both cohorts, related women within 3 degree of relatedness were identified using the 

Kinship-Based Inference for Genome-Wide Association Studies tool28 and excluded. 

Women with incomplete, unknown, or discordant reproductive history data were also 

excluded (Figure 1). This research was conducted under UK Biobank application number 

7089. All participants provided informed consent. The Massachusetts General Hospital 

Institutional Review Board approved secondary use of these data.

Exposures

The primary exposure was premature menopause, defined as natural or surgical menopause 

occurring before age 40 years, for consistency with cardiovascular society guidelines,12, 13 

as ascertained by participant self-report. Natural premature menopause was defined as any 

menopause occurring before age 40 years not resulting from surgery. Natural premature 

menopause, surgical premature menopause, surgical menopause with bilateral oophorectomy 

vs. hysterectomy only (to enable comparisons in women with ovarian conservation vs. 

removal), age at menarche, parity, and nulliparity constituted secondary exposures. 

Reproductive history, medical conditions, medication use, and health habits were 

systematically ascertained at study enrollment in both cohorts, and anthropomorphic data 

and vital signs were measured by study staff.25, 26
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Sequencing and CHIP detection

UK Biobank exomes were sequenced from whole blood-derived DNA at the Regeneron 

Sequencing Center (Tarrytown, NY).29 The MuTect2 software30 analyzed exomes to detect 

somatic mutations in DNMT3A and TET2, using a pre-defined list of pre-leukemic CHIP 

driver mutations, in the UK Biobank (Supplemental Table I).24 WHI whole genomes were 

sequenced from whole blood-derived DNA at the Broad Institute of Harvard and MIT 

(Cambridge, MA). The MuTect2 software analyzed genomes for the presence of CHIP 

driver mutations in 74 genes in WHI (Supplemental Table II).31 In both cohorts, common 

germline variants and sequencing artifacts were excluded as before.24, 31 Compared with 

whole genome sequencing (>30X sequencing depth), the greater depth of whole exome 

sequencing (>50X) affords greater sensitivity to detect CHIP clones with VAF ≤0.1.31 In the 

<1% of women with >1 CHIP mutation, the CHIP gene and VAF used in analyses were 

assigned based on the CHIP mutation with the largest VAF. Mosaic chromosomal alterations 

(mCAs) were generated from genotype array data among UK Biobank participants as 

previously described.32, 33 Mutational signature analysis was performed using the 

“MutationalPatterns” package in R version 3.6.0.34

Outcomes

The co-primary study outcomes were the presence of (1) any CHIP and (2) CHIP with VAF 

>0.1, as larger CHIP clones above this threshold have previously been more strongly 

associated with adverse clinical outcomes.18, 24 The three most commonly mutated CHIP 

drivers (DNMT3A, TET2, and ASXL1) were each tested as separate secondary outcomes.

Additional models tested the association of CHIP with incident CAD. Incident CAD was 

defined in the UK Biobank by the appearance of a qualifying International Classification of 
Diseases (ICD) code in the study record as used previously9, 35 with ICD codes 

corresponding to acute myocardial infarction and coronary artery revascularization 

(Supplemental Table III) and in WHI as a composite of fatal and non-fatal myocardial 

infarction or coronary artery revascularization using standardized physician review, 

classification, and adjudication as previously described.36

Statistical analysis

Participant characteristics were compared between women with vs. without a history of 

premature menopause for continuous variables using the Student’s t-test or Wilcoxon rank-

sum test, as appropriate, and for categorical variables using Pearson’s chi-squared test or 

Fisher exact test. Primary analyses tested the association of premature menopause with 

CHIP, for both UK Biobank and WHI, using multivariable logistic regression models, 

adjusted for age, the first 10 principal components of ancestry, current or former tobacco 

use, diabetes mellitus, and a history of current or previous hormone therapy use. Models 

testing associations among WHI participants were additionally adjusted for race/ethnicity, 

enrollment in the WHI observational study vs. clinical trial, and whether women were 

randomized to hormone therapy vs. placebo. To account for diabetes status, models of UK 

Biobank participants were adjusted for type 2 diabetes mellitus; as diabetes subtypes were 

not available in WHI, models of WHI participants were adjusted for any treated diabetes 

mellitus. For primary analyses, models were run separately in each cohort and meta-

Honigberg et al. Page 5

Circulation. Author manuscript; available in PMC 2022 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analyzed with fixed effects models using the “rmeta” package in R 3.6.0. We conducted a 

variety of sensitivity analyses, including: additionally adjusting for BMI; excluding women 

with history of cancer, women with history of gynecologic surgery, and women enrolled in 

the WHI hormone therapy trial; and stratifying by age <70 years (middle age) vs. ≥70 years 

at blood draw. In exploratory analyses, we tested the association of hormone therapy use 

with CHIP using logistic regression with the same covariates as the primary analyses, 

stratified by age at menopause.

Additional models tested the association of CHIP with incident CAD using Cox proportional 

hazard models, adjusted for age, the first 10 principal components of ancestry, current or 

former tobacco use, prevalent diabetes mellitus, systolic blood pressure, antihypertensive 

medication use, cholesterol-lowering medication use, BMI, prior hysterectomy, and a history 

of prior hormone therapy use; WHI models were further adjusted for race/ethnicity, 

enrollment in the WHI observational study vs. clinical trial, whether women were 

randomized to hormone therapy, and an inverse probability weight37 (to account for the non-

random selection of women for whole-genome sequencing in WHI). Follow-up began at 

blood draw, and women with CAD diagnosed prior to blood draw were excluded from 

incident CAD analyses. Incident CAD models for WHI participants were additionally 

stratified by age <70 years vs. ≥70 years at blood draw. The proportional hazards assumption 

was tested using Schoenfeld residuals. As above, primary analyses were performed 

separately in each cohort and meta-analyzed using fixed effects models.

Given two primary outcomes in prevalent CHIP analyses and two primary exposures in 

incident CAD analyses, two-sided P<0.05/4 = 0.0125 was considered statistically 

significant. Findings of secondary analyses should be considered exploratory. Analyses were 

conducted using R 3.6.0 (R Foundation for Statistical Computing, Vienna, Austria).

Results

Description of the study cohort

The final study sample included 19,606 postmenopausal women across both cohorts, 

including 418 (2.1%) with natural premature menopause and 887 (4.5%) with surgical 

premature menopause. The UK Biobank cohort included 11,495 postmenopausal women 

aged 40–70 years at blood draw with complete reproductive history data and available whole 

exome sequences (Figure 1). The WHI cohort included 8,111 postmenopausal women with 

available whole genome sequences from peripheral blood DNA using blood drawn at age 

50–79 years. Mean (SD) age at blood draw for whole exome and whole genome sequencing 

was 60.1 (5.2) years in the UK Biobank and 68.3 (6.6) years in WHI, respectively. The WHI 

cohort included 6,733 (83.0%) White, 918 (11.3%) Black, 217 (2.7%) Hispanic, and 157 

(1.9%) Asian/Pacific Islander women.

In the UK Biobank, 390 women (3.4%) had a history of premature menopause, of whom 

178 (1.5%) had natural premature menopause and 212 (1.8%) had surgical premature 

menopause (46 [0.4%] with bilateral oophorectomy ± hysterectomy vs. 166 [1.4%] with 

hysterectomy alone). In WHI, 915 women (11.3%) had a history of premature menopause, 

of whom 240 (3.0%) had natural premature menopause and 675 (8.3%) had surgical 
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premature menopause (511 [6.3%] with bilateral oophorectomy ± hysterectomy vs. 164 

[2.0%] with hysterectomy alone). In both cohorts, compared to women without a history of 

premature menopause, women with a history of premature menopause were 1.2 years 

younger at blood draw on average, were more likely to be current or former tobacco users, 

were more likely to be taking antihypertensive medications, and had higher baseline 

prevalence of diabetes mellitus and CAD (Table 1).

Prevalence of CHIP

Consistent with the older age of women enrolled and greater number of CHIP drivers 

ascertained in WHI, CHIP prevalence was greater in WHI compared with the UK Biobank: 

698 (8.6%) (including 533 of 698 [76.4%] with DNMT3A or TET2 mutations) in WHI had 

CHIP vs. 415 (3.6%) in the UK Biobank (P<0.001) (Supplemental Table IV). In the UK 

Biobank, 172 women with CHIP (41.4% of 415) had large clones (i.e., VAF >0.1). By 

contrast, 598 women with CHIP (85.7% of 698) in WHI had large CHIP clones, likely 

because of older age and decreased sensitivity of whole genome sequencing (compared 

whole exome sequencing) for detecting smaller clones. The most commonly mutated CHIP 

driver gene was DNMT3A in both cohorts, accounting for 342 (82.4% of 415) CHIP cases 

in the UK Biobank and 404 (57.9% of 698) CHIP cases in WHI. After DNMT3A, the most 

common CHIP drivers in WHI were TET2 (129 [18.5%]) ASXL1 (51 [7.3%]), and JAK2 
(26 [3.7%]). CHIP prevalence increased progressively with older chronologic age (Figure 2). 

In WHI, American Indian/Alaskan Native women had 2.56-fold adjusted prevalence of 

CHIP vs. White women, although this association was not statistically significant (95% CI 

0.86–7.67, P=0.09); no other significant associations with race/ethnicity were observed 

(Supplemental Table V).

Premature menopause and clonal hematopoiesis

The overall pooled prevalence of CHIP across cohorts was 8.8% (115/1,305) among women 

with a history of premature menopause and 5.5% (998/18,301) among women without 

(P<0.001). Crude CHIP prevalence progressively increased with earlier age at menopause 

(Supplemental Figure I). CHIP prevalence was greater in women with vs. without premature 

menopause irrespective of age at blood draw (Figure 2); differences in CHIP prevalence 

were more pronounced for with CHIP with VAF >0.1 (Supplemental Figure II).

Multivariable-adjusted associations between premature menopause and CHIP were similar 

in the UK Biobank and WHI (Figure 3). Premature menopause was associated with all CHIP 

with an odds ratio (OR) of 1.35 (95% CI 0.83–2.17, P=0.22) in the UK Biobank and an OR 

of 1.36 (95% CI 1.07–1.73, P=0.01) in WHI, yielding a meta-analyzed OR of 1.36 (95% CI 

1.10–1.68, P=0.004; P(heterogeneity)=0.97) in our primary analysis. This association 

appeared to be driven primarily by a stronger association between natural premature 

menopause and CHIP (meta-analyzed OR 1.73, 95% CI 1.23–2.44, P=0.001; 

P(heterogeneity)=0.86), compared to the observed relationship between surgical premature 

menopause and CHIP (meta-analyzed OR 1.21 95% CI 0.93–1.57, P=0.15; 

P(heterogeneity)=0.81). For CHIP with VAF >0.1, the association with natural premature 

menopause appeared even stronger (UK Biobank: OR 2.72, 95% CI 1.17–6.29, P=0.02; 

WHI: OR 1.75, 95% CI 1.13–2.69, P=0.01; meta-analyzed OR 1.91, 95% CI 1.30–2.80. 
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P<0.001; P(heterogeneity)=0.26), whereas there was no evidence of association with 

surgical premature menopause.

Among women with a history of surgical premature menopause, associations with CHIP 

were similar and non-significant among women who underwent bilateral oophorectomy with 

or without hysterectomy vs. those who underwent hysterectomy alone (Supplemental Table 

VI). Age at menarche, parity, and nulliparity were not significantly associated with CHIP in 

either cohort. Associations were not materially changed after further adjustment for body-

mass index (BMI, Supplemental Table VII). Sensitivity analyses excluding women with 

cancer showed results consistent with the primary analyses (Supplemental Table VIII). 

Sensitivity analyses excluding women with any history of gynecologic surgery and women 

enrolled in the WHI hormone therapy trial also yielded similar results. When the WHI 

cohort was stratified by age at blood draw <70 years vs. ≥70 years, associations among 

women <70 years were stronger and more closely resembled those observed in the UK 

Biobank cohort (all <70 years old at blood draw), while associations among older women in 

WHI were attenuated (Supplemental Table IX).

We next compared patterns of somatic mutations among women with CHIP by premature 

menopause status in the UK Biobank using the Catalogue of Somatic Mutations in Cancer 

(COSMIC) mutational signatures.38, 39 Among those with CHIP, mutational signatures were 

similar among women with natural premature menopause, surgical premature menopause, 

and no premature menopause; the most common mutational signatures across all 3 groups 

were defective homologous recombination DNA damage repair, age-related spontaneous 

deamination of 5-methylcytosine, and defective DNA mismatch repair (Supplemental Figure 

III).39

Having established an association between premature menopause and CHIP, we next 

assessed whether premature menopause was associated more strongly with specific CHIP 

genes (Supplemental Table X). Women with natural premature menopause had particular 

enrichment in DNMT3A CHIP (all DNMT3A CHIP: meta-analyzed OR 1.97, 95% CI 1.34–

2.92, P<0.001; P(heterogeneity)=0.78; DNMT3A CHIP with VAF >0.1: meta-analyzed OR 

2.28, 95% CI 1.45–3.56, P<0.001; P(heterogeneity)=0.48), but DNMT3A CHIP showed no 

evidence of association with surgical premature menopause. Natural premature menopause 

was not associated with TET2 or ASXL1 CHIP. Consistent with known selection from 

chemotherapy, PPM1D and TP53 CHIP were enriched among women with CHIP with vs. 

without a history of cancer in WHI (8.8% vs. 3.9%, P=0.06). Among women without prior 

cancer, no women with premature menopause had TP53 CHIP; no women with natural 

premature menopause had PPM1D CHIP; and 2 women with surgical premature menopause 

(3.8% of 53 with CHIP) had PPM1D CHIP, similar to the proportion of women without 

premature menopause with PPM1D CHIP (17 [3.1%] of 549).

Women with premature menopause and CHIP had higher red blood cell distribution width 

(RDW) and lower platelet counts compared with other women (Supplemental Table XI). C-

reactive protein levels were higher in women with premature menopause irrespective of 

CHIP status. Among women in the UK Biobank, in an exploratory model adjusted for age, 

the first 10 principal components of ancestry, and smoking status, premature menopause was 
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associated with 3-fold risk for myeloid dysplasia and neoplasia (hazard ratio [HR] 2.98, 95% 

CI 1.06–8.38, P=0.04).

Given observed associations between premature menopause and CHIP, we tested whether 

premature menopause was associated with other clonal somatic phenomena. Mosaic 

chromosomal alterations (mCAs) were previously ascertained among UK Biobank 

participants using single nucleotide polymorphism array data.32, 33 Among 147,573 

genotyped postmenopausal women in the UK Biobank with complete reproductive history 

data, premature menopause was associated with 1.3-fold risk of mCA with cell fraction >0.1 

(OR 1.31, 95% CI 1.01–1.70, P=0.04), driven by a 2-fold increase in chromosome X mCA 

with cell fraction >0.1 among women with natural premature menopause (OR 2.07, 95% CI 

1.06–4.04, P=0.03; Supplemental Table XII). The proportion of women with mCAs was 

similar among those with CHIP (3.9%) and without CHIP (3.5%, P=0.57).

Association of hormone therapy use with CHIP

In multivariable-adjusted models, ever-use and current use of hormone therapy at study 

enrollment were associated with increased odds of CHIP in the UK Biobank (ever-use: OR 

1.26, 95% CI 1.03–1.54, P=0.03; current use: OR 1.88, 95% CI 1.33–2.59, P<0.001), but 

neither was significantly associated with CHIP in WHI (ever-use: OR 1.08, 95% CI 0.91–

1.26, P=0.36; current use: OR 0.96, 95% CI 0.81–1.14, P=0.99). Since women with 

premature menopause are more likely to use hormone therapy than other women, we 

assessed whether the association with hormone therapy observed in the UK Biobank 

reflected residual confounding by an indication of premature menopause and whether the 

association of hormone therapy with CHIP differed by menopausal age. In the UK Biobank, 

multivariable-adjusted analyses stratified by age at menopause suggested that current or 

prior use of hormone therapy at study enrollment were associated with increased in risk of 

CHIP only among women without premature menopause (Supplemental Table XIII), and 

specifically among women with menopause after age 50 years. WHI participants had no 

increased or decreased risk of CHIP associated with prior or current hormone therapy use at 

study enrollment in any age stratum.

Association between CHIP and incident coronary artery disease

Follow-up for incident CAD events (myocardial infarction or coronary revascularization) 

occurred over a median (interquartile range) 10.0 (9.8–10.2) years in the UK Biobank and 

13.1 (6.8–18.8) years in WHI. There were 473 incident CAD cases in the UK Biobank and 

1,146 incident CAD cases in WHI.

After multivariable adjustment, estimated associations between CHIP and incident CAD 

were similar among women in the UK Biobank (for all CHIP: HR 1.31, 95% CI 0.87–1.99, 

P=0.20; for CHIP with VAF >0.1: HR 1.56, 95% CI 0.88–2.78, P=0.13) and among middle-

aged women (<70 years old at blood draw) in WHI (for all CHIP: HR 1.38, 95% CI 1.03–

1.86, P=0.03; for CHIP with VAF >0.1, HR 1.45, 95% CI 1.07–1.98, P=0.02). By contrast, 

no association for CHIP with incident CAD was present among women ≥70 years old at 

blood draw (Supplemental Table XIV; P(interaction) for age <70 vs. ≥70 years *CHIP with 

VAF >0.1 = 0.06). In meta-analyzed models of women in the UK Biobank and women <70 
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years old in WHI, all CHIP was associated with an HR of 1.36 (95% CI 1.07–1.73, P=0.012; 

P(heterogeneity)=0.85) and CHIP with VAF >0.1 with an HR of 1.48 (95% CI 1.13–1.94, 

P=0.005; P(heterogeneity)=0.83) (Figure 4). The association between CHIP and incident 

CAD was attenuated for VAF <0.1 (Supplemental Figure IV).

In models for incident CAD that were further adjusted for premature menopause status, the 

association between and incident CAD was unchanged (meta-analyzed HR 1.36, 95% CI 

1.07–1.73, P=0.01; P(heterogeneity)=0.84). Across cohorts, cumulative CAD incidence 

(among women without prevalent CAD) was 8.3% (1,352/16,376) in women without 

premature menopause or CHIP, 12.5% (132/1,056) in women with premature menopause 

only, 13.0% (119/916) in women with CHIP only, 15.4% (97/629) in women with CHIP 

with VAF >0.1 only, 15.5% (16/103) in women with premature menopause and any CHIP, 

and 17.3% (14/81) in women with premature menopause and CHIP with VAF >0.1 

(P<0.001) (Table 2). Compared with women without premature menopause or CHIP, women 

with both (n=103 without prevalent CAD) had a meta-analyzed adjusted HR for incident 

CAD of 1.57 (95% CI 0.83–2.97, P=0.17; P(heterogeneity)=0.49), and women with 

premature menopause and CHIP with VAF >0.1 (n=81) had a meta-analyzed HR of 1.87 

(95% CI 0.99–3.53, P=0.053); P(heterogeneity)=0.87). Sensitivity analysis in WHI restricted 

to women who were <70 years old at blood draw and not enrolled in the hormone trial 

(n=2,669) confirmed that study treatments did not drive the observed associations with 

CHIP: all CHIP was associated with an HR of 1.48 (95% CI 1.00–2.18, P=0.05), and CHIP 

with VAF >0.1 was associated with an HR of 1.54 (95% CI 1.02–2.33, P=0.04). Mosaic 

chromosomal alterations were not associated with incident CAD (all mCAs: HR 0.84, 95% 

CI 0.61–1.14, P=0.25; mCAs with cell fraction >0.1: HR 1.04, 95% CI 0.39–2.78, P=0.95). 

CHIP was associated with all-cause mortality (all CHIP: meta-analyzed HR 1.18, 95% CI 

1.06–1.31, P=0.003, P(heterogeneity)=0.29; CHIP with VAF >0.1: HR 1.20, 95% CI 1.07–

1.34, P=0.001, P(heterogeneity)=0.31).

Discussion

A history of premature menopause, especially natural premature menopause, was 

independently associated with increased odds of CHIP, a recently recognized risk factor for 

cardiovascular disease, in two large cohorts of postmenopausal women with whole exome or 

genome sequencing of blood DNA. The risks of developing CHIP and specific CHIP driver 

mutations appeared to differ in women with natural versus surgical premature menopause, 

implying that postmenopausal reductions in estrogen and other sex steroid hormones alone 

may not explain the relationship between menopause and CHIP. Premature menopause was 

more strongly associated with CHIP with VAF >0.1, which were more strongly linked to 

adverse clinical outcomes in this and prior studies compared with smaller CHIP clones. 

Furthermore, CHIP was associated with incident CAD in postmenopausal middle-aged 

women independent of conventional risk factors, extending CHIP’s role as an atherosclerotic 

cardiovascular disease risk factor to postmenopausal women.

These findings have several key implications for understanding the biological relevance of 

CHIP in postmenopausal women. First, menopausal age represents a novel risk signal for 

development of CHIP beyond chronologic age. Independent of established CHIP risk 
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factors, premature menopause was associated with 1.4-fold odds—and natural premature 

menopause with 1.7-fold odds—of CHIP. Chronologic age, tobacco smoking, and prior 

exposure to chemotherapy and radiation represent the strongest risk factors for CHIP,18, 40 

but our understanding of clinical factors predisposing to CHIP development is otherwise 

limited. As evidence-based strategies for mitigation of CHIP-associated cardiovascular and 

cancer risks emerge, and as genomic sequencing becomes increasingly accessible, 

identification of individuals suitable for CHIP screening will become increasingly clinically 

relevant.41, 42 History of premature menopause may help identify individuals for CHIP 

screening and surveillance. Although the present analysis is cross-sectional, prior studies 

have found very low CHIP prevalence (<0.1%) among individuals than age 40 years18–20—

substantially lower than the prevalence of premature menopause in the present cohort and 

prior cohorts of postmenopausal women8, 9, 43—suggesting that premature menopause likely 

occurs antecedent to CHIP development. However, the differential association of premature 

natural versus premature surgical menopause with CHIP lends to the possibility of CHIP 

occurring prior to premature menopause. Future studies with premenopausal CHIP 

ascertainment will better clarify this temporal relationship.

Second, the association between premature menopause and CHIP provides insights into 

potential mechanisms of CHIP development in women. Prior work shows that hematopoietic 

stem cells possess receptors for sex hormones, including estrogen,44, 45 and that estrogen 

signaling promotes stem cell renewal46 and exhibits anti-leukemogenic properties.47, 48 We 

observed that women with natural premature menopause had consistently higher risk of 

CHIP in both cohorts. However, women with or without bilateral oophorectomy (i.e., 

removal of the primary source of estrogen) at the time of surgical premature menopause had 

similar risk of CHIP, suggesting that hormonal deficiency alone does not account for the 

mechanism of CHIP development. DNA damage repair pathways account for two-thirds of 

identified genetic determinants of age at natural menopause.15 Genome-wide association 

studies (GWAS) of age at natural menopause15 have implicated loss-of-function variants in 

CHEK2, a DNA damage checkpoint kinase.31 Furthermore, genetic variants in TERT, which 

encodes telomerase, associate strongly with CHIP31, 49 as well as other cancers. Telomeres 

are key regulators of genomic stability and cellular senescence. TERT variants also link to 

accelerated epigenetic aging and earlier age at natural menopause.50 Natural premature 

menopause may reflect a latent predisposition to accumulation of somatic mutations and/or 

attrition of stem cells in both the ovaries and the bone marrow, in turn enabling selective 

advantage of CHIP clones. In other words, natural premature menopause may serve as a risk 

signal for predilection to CHIP development. We also observed enrichment of mosaic 

chromosomal alterations in women with natural premature menopause, suggesting natural 

premature menopause may be associated with a variety of clonal somatic phenomena not 

limited to CHIP and further supporting that natural premature menopause may indicate 

genomic instability more broadly. Fanconi anemia, a Mendelian syndrome due to defects in 

DNA damage repair, is characterized by infertility and extremely premature spontaneous 

menopause,51 accelerated development of hematologic and solid malignancy, and 

predilection to atherosclerosis.

Notably, we found that exogenous postmenopausal hormone use was associated with 

increased risk of CHIP among women in the UK Biobank who experienced menopause later 
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in life. Compared with younger women using hormone therapy after early menopause, older 

women may have accumulated a greater burden of somatic mutations that may be positively 

selected in the setting of continued estrogen exposure. This premise represents one potential 

explanation for the “timing hypothesis” of hormone therapy, whereby increased 

cardiovascular risk associated with exogenous hormone therapy primarily affects women 

>60 years old and >10 years beyond menopause,52 although this possibility requires further 

testing in human cohorts and animal models. Our observation of DNMT3A CHIP 

predilection agrees with prior work demonstrating an inverse relationship between 

DNMT3A gene expression and cellular activation by estrogen in normal and tumor tissues.
53–58

Third, CHIP represents an independent risk factor for incident CAD events among 

postmenopausal women. An association between CHIP and incident cardiovascular events 

was recently demonstrated for a composite outcome of myocardial infarction, coronary 

artery revascularization, stroke, and death among 35,000 male and female individuals in the 

UK Biobank,24 but whether this association was relevant among women, who have a lower 

absolute risk of cardiovascular disease, was unclear. Here, we find an association with 

incident CAD among postmenopausal middle-aged women. Although CHIP is strongly 

associated with chronologic age, we did not observe an independent association between 

CHIP and incident CAD among elderly women (≥70 years old); this finding may reflect a 

greater relative effect of CHIP compared with other conventional risk factors for earlier-

onset CAD as suggested by previous cross-sectional analyses,23 exclusion of women with 

prevalent CAD (which was more common in women with CHIP) from incident disease 

models, and/or survival bias as is commonly observed in epidemiologic cohort studies. 

Much mechanistic work linking CHIP to atherothrombotic events has focused on TET2 
CHIP and resultant IL-1β/IL-6 pathway activation predisposing to atherosclerosis.21, 23 

However, recent studies implicate the same atherogenic inflammatory cytokines with 

DNMT3A CHIP as well.59, 60 A stratified human genetic analysis recently showed that 

individuals with CHIP are more likely to derive clinical cardiovascular benefit with IL-1β/

IL-6 pathway inhibition.24 Therefore, women with premature menopause may particularly 

benefit from earlier CHIP screening with the prospect of a novel molecularly-guided 

preventive strategy. Affirmation of this hypothesis will require prospective randomized 

controlled trials.

Our study has several limitations. While CHIP was ascertained only in DNMT3A and TET2 
in the UK Biobank, these genes constituted the majority (76%) of CHIP drivers in the WHI 

cohort and in prior analyses.18, 23 The UK Biobank study cohort included European ancestry 

women only. Although the UK Biobank and WHI differed with respect to age, racial/ethnic 

composition, the era during which women experienced menopause, associated practices 

surrounding gynecologic surgery and use of hormone therapy, DNA sequencing methods, 

and CHIP drivers queried, associations between premature menopause and CHIP—and 

between CHIP and incident CAD—were nonetheless highly consistent between the cohorts. 

Age at menopause was ascertained by participant self-report in both cohorts, which may be 

inaccurate particularly among older women who are further from menopause; however, such 

misclassification would be expected to minimize observed differences and bias results 

toward the null. Doses and preparations of hormone therapy used prior to study enrollment 
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were not available; differences in these aspects of hormone therapy use may explain 

differential associations between hormone therapy and CHIP observed between cohorts. 

Finally, although multiple prior studies have shown that premature and early menopause 

independently associate with elevated risk of CAD,7, 9, 61, 62 premature menopause was not 

independently associated with CAD after covariate adjustment in the present dataset, 

precluding formal mediation analysis. This is likely due to reduced sample size of women 

with next-generation sequencing compared to prior larger epidemiologic studies. However, 

given the observed enrichment for CHIP among women with premature menopause, CHIP-

associated CAD risk may be particularly important among some women with premature 

menopause.

In conclusion, premature menopause, especially natural premature menopause, is 

independently associated with CHIP among postmenopausal women. CHIP may contribute 

to the excess cardiovascular risk associated with premature menopause. These findings 

should stimulate further research to elucidate mechanisms of CHIP development in this 

population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-Standard Abbreviations and Acronyms

CAD Coronary artery disease

CHIP Clonal hematopoiesis of indeterminate potential

COSMIC Catalogue of Somatic Mutations in Cancer

GWAS Genome-wide association study

mCA Mosaic chromosomal alteration

RDW Red blood cell distribution width

TOPMed National Heart, Lung, and Blood Institute Trans-Omics for Precision 

Medicine program

VAF Variant allele frequency

WES Whole exome sequencing

WGS Whole genome sequencing

WHI Women’s Health Initiative
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What is new?

• We tested whether premature menopause (before age 40 years) overall and 

stratified by mechanism of menopause (natural vs. surgical premature 

menopause) was associated with clonal hematopoiesis of indeterminate 

potential (CHIP), the expansion of hematopoietic stem cells with somatic 

mutations in leukemia-associated genes, among postmenopausal women with 

next-generation genomic sequencing in the UK Biobank and Women’s Health 

Initiative.

• Premature menopause, especially natural premature menopause, was 

independently associated with increased odds of CHIP; no significant 

association with surgical premature menopause was observed.

• CHIP was associated with incident CAD events in postmenopausal middle-

aged women independent of conventional CAD risk factors.

What are the clinical implications?

• Natural premature menopause may represent a risk signal for latent genomic 

instability and predilection to develop CHIP and CHIP-associated 

cardiovascular disease.

• Women with premature menopause may be particularly well suited to CHIP 

screening and surveillance and to precision medicine approaches to mitigate 

CHIP-associated cardiovascular disease risk, such as IL-1β/IL-6 inhibition.
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Figure 1. Creation of the study cohort.
The study cohort included postmenopausal women from the UK Biobank with whole exome 

sequencing (WES) and from the Women’s Health Initiative (WHI) with whole genome 

sequencing (WGS).
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Figure 2. Prevalence of (A) any CHIP and (B) CHIP with variant allele frequency >0.1 by age 
and premature menopause status in the UK Biobank and Women’s Health Initiative.
As expected, CHIP prevalence increased with age. Prevalence of CHIP was higher in women 

with a history of premature menopause than in women without a history of premature 

menopause irrespective of age at blood draw. Error bars represent ±1 standard error of the 

sample proportion. WHI = Women’s Health Initiative; CHIP = clonal hematopoiesis of 

indeterminate potential; VAF = variant allele frequency.
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Figure 3. Meta-analysis of associations between premature menopause and CHIP in the UK 
Biobank and Women’s Health Initiative.
Premature menopause was independently associated with CHIP. Associations were larger for 

natural premature menopause but smaller and non-significant for surgical premature 

menopause. Models for both cohorts are adjusted for age, the first 10 principal components 

of ancestry, ever-smoking, diabetes mellitus, and use of hormone therapy. WHI models are 

further adjusted for race/ethnicity, enrollment in the WHI observational study vs. clinical 

trial, and whether women were randomized to hormone therapy vs. placebo. WHI = 

Women’s Health Initiative; CHIP = clonal hematopoiesis of indeterminate potential; VAF = 

variant allele frequency.
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Figure 4. Incidence of coronary artery disease in women with and without CHIP in the UK 
Biobank and Women’s Health Initiative.
CHIP was independently associated with incident coronary artery disease in meta-analyzed 

results from postmenopausal women in the UK Biobank (age 40–70 years at blood draw) 

and postmenopausal women <70 years old at blood draw in the Women’s Health Initiative 

(WHI). Cox proportional hazard models are adjusted for age, the first 10 principal 

components of ancestry, current or former tobacco use, prevalent diabetes mellitus, systolic 

blood pressure, antihypertensive medication use, cholesterol-lowering medication use, body-

mass index, prior hysterectomy, and a history of prior hormone therapy use; WHI models are 

further adjusted for race/ethnicity, enrollment in the WHI observational study vs. clinical 

trial, whether women were randomized to hormone therapy vs. placebo, and a WHI inverse 

probability weight. CHIP = clonal hematopoiesis of indeterminate potential; VAF = variant 

allele frequency; HR = hazard ratio.
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