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Abstract

Objective: Obesity is a significant public health concern across the globe. Research

investigating epigenetic mechanisms related to obesity and obesity-associated condi-

tions has identified differences that may contribute to cellular dysregulation that

accelerates the development of disease. However, few studies include Black women,

who experience the highest incidence of obesity and early onset of cardiometabolic

disorders.

Methods: The association of BMI with epigenome-wide DNA methylation (DNAm)

was examined using the 850K Illumina EPIC BeadChip in two Black populations

(Intergenerational Impact of Genetic and Psychological Factors on Blood Pressure

[InterGEN], n = 239; and The Genetic Epidemiology Network of Arteriopathy

[GENOA] study, n = 961) using linear mixed-effects regression models adjusted for

batch effects, cell type heterogeneity, population stratification, and confounding

factors.

Results: Cross-sectional analysis of the InterGEN discovery cohort identified

28 DNAm sites significantly associated with BMI, 24 of which had not been previ-

ously reported. Of these, 17 were replicated using the GENOA study. In addition, a

meta-analysis, including both the InterGEN and GENOA cohorts, identified 658

DNAm sites associated with BMI with false discovery rate < 0.05. In a meta-analysis

of Black women, we identified 628 DNAm sites significantly associated with BMI.

Using a more stringent significance threshold of Bonferroni-corrected p value 0.05,

65 and 61 DNAm sites associated with BMI were identified from the combined sex

and female-only meta-analyses, respectively.

Conclusions: This study suggests that BMI is associated with differences in DNAm

among women that can be identified with DNA extracted from salivary (discovery)

and peripheral blood (replication) samples among Black populations across two

cohorts.
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INTRODUCTION

The incidence and prevalence of obesity have grown to pandemic pro-

portions, with approximately 1.5 billion people worldwide exceeding

obesity or overweight criteria [1–3]. By 2030, adults with obesity or

overweight are expected to account for approximately 58% of the

world’s population [4]. Body mass index (BMI) is an important quanti-

tative measure of adiposity [1, 5–9]. Lifestyle, behavior, and environ-

mental influences on the development of obesity include

overconsumption of calories, lack of physical activity, medications,

and quality of food available [5, 8]. Health consequences due to obe-

sity include hypertension, dyslipidemia, type 2 diabetes, coronary

heart disease, stroke, and mortality [5, 7, 8]. However, beyond exter-

nal lifestyle and environmental factors, genome-wide association

studies have shown significant associations of genes with adiposity,

particularly among minority populations [4, 7, 10]. However, literature

is lacking on epigenome-wide association studies (EWAS) among

Black/African American (AA) populations, who are disproportionately

affected by obesity.

Black/AA populations have a younger age of mortality and onset

of cardiometabolic disorders than other ethnic groups [11, 12]. The

age of mortality and risk for cardiometabolic disorders can be strongly

influenced by environmental factors [11, 12]. Some of these factors

include discrimination and socioeconomic status (SES), which can con-

tribute to poor mental and physical health [11, 13]. Over time, envi-

ronmental factors such as experiencing discrimination can contribute

to differences in DNA methylation (DNAm) patterns [14]. DNAm is an

epigenetic mark that is involved in the regulation of gene expression

[15]. Environmental (i.e., climate) and lifestyle factors (i.e., diet/obe-

sity), as well as time (i.e., aging), are some of the known influences on

DNAm patterns and gene expression [4, 5, 10, 15]. Obesity has been

shown to be associated with DNAm, particularly at genes involved in

physiologic pathways such as inflammation, which can trigger damag-

ing immune and oxidative stress responses [6, 16]. Some changes in

DNAm have been shown to causally influence obesity, whereas others

are more likely to be a consequence, or biomarker, of the disease process

[1, 17, 18]. However, alterations in DNAm resulting from various expo-

sures may be reversible and amenable to interventions [10].

Despite existing research on the effects of obesity on DNAm

among some populations, there is an immediate need for more

research among Black/AA women [7, 16]. Ancestry and sex are two

known influences of obesity related changes in DNAm [17]. Previous

EWASs focused on evaluating DNAm related to BMI and obesity have

been conducted primarily among European and South Asian popula-

tions, with limited representation of populations with African ancestry

[1, 7, 16–20]. Because women tend to have a higher BMI than men,

and Black/AA women have among the highest incidence of obesity

[5], it is important to better understand the influence of obesity on fea-

tures that can alter physiology, such as DNAm, in order to better address

this health disparity and attenuate the development of cardiometabolic

disorders. The purpose of this study is to conduct an EWAS among

Black/AA women in the well characterized Intergenerational Impact of

Genetic and Psychological Factors on Blood Pressure (InterGEN) cohort

and replicate findings in the Genetic Epidemiology Network of Arteriopa-

thy (GENOA) cohort to identify differences in DNAm associated with

obesity.

METHODS

Discovery cohort

The InterGEN study is a longitudinal cohort study in Connecticut that

examined the effects of genetic, epigenetic, and psychological factors

on blood pressure (BP) in mother/child dyads. Recruitment began in

April 2015 and follow-up was completed in 2019. Eligibility criteria

included the following: mothers (≥21 years old) who self-identify as

Black/AA, speak English, and have no mental illness that could inter-

fere with psychological measurements. Women enrolled with a bio-

logical child (3-5 years old) who lived with them most of the time and

could provide a saliva sample. More information on the cohort and

Study Importance

What is already known?

• Despite existing research on the effects of obesity on

DNA methylation among some populations, there is an

immediate need for more research among Black/African

American (AA) women.

• Black/AA populations have a younger age of mortality

and onset of cardiometabolic disorders than other ethnic

groups.

• The incidence and prevalence of obesity have grown to

pandemic proportions, with approximately 1.5 billion

people worldwide exceeding obesity or overweight

criteria.

What does this study add?

• Twenty-five CpG sites were found to be hypomethylated

with higher BMI, and three were found hypermethylated.

• Of the 28 CpG sites from our discovery cohort of all

Black/AA women, we identified 12 novel CpG sites not

previously associated with BMI in previous BMI analyses

and replicated them among a second all Black/AA cohort.

• Some of the sites identified may be unique to Black/AA

populations, specifically women.

How might these results change the direction of

research or the focus of clinical practice?

• Epigenomic studies can be used to develop individual

health care plans and identify needs for the individual

and community.
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psychological measures can be found in previous reports [9, 21–24].

During the baseline visit, study personnel collected clinical measure-

ments of BP, height, weight, percent body fat, percent body water

(mothers only), and saliva for DNA analysis from both mother and

child. Demographic information, health history, and psychological

measures (including parenting, experiences of perceived racism and

discrimination, and depression) were collected through mother’s

report using Audio Computer-Assisted Self-Interview software. The

present study included only InterGEN mothers (Table 1). Yale Univer-

sity and Columbia University’s Institutional Review Boards (IRB)

approved the study procedures.

DNAm

Researchers collected saliva samples for DNA using the Oragene

(OG)-500 format tubes [3, 24–26], which required participants to spit

into the tube until the contents reached the fill line per collection

instructions (2 mL). Detailed DNA collection and analysis procedures

have been described elsewhere [23, 25, 26]. Samples were trans-

ported from the field to the research laboratory where they were

refrigerated at 4 �C until DNA extraction and analysis were com-

pleted. Standard protocol for DNA extraction and purification was

conducted as indicated in the standard operating procedures guide-

lines using ReliaPrep kits, and the Illumina Infinium Methylation EPIC

(850K) BeadChip was used for epigenome-wide DNAm measurement.

We used a quantile normalization approach in the R package “minfi”
for processing EPIC data to correct for methylation signals and to

generate adjusted β values for the associated analyses [27]. All

individual samples passed laboratory-based quality-control procedures

(missing rate < 10% and no sex mismatch). After merging with pheno-

typic data at baseline visit, 239 participants were included in the

EWAS of BMI. CpG sites were excluded if they had a missing rate

greater than 10% (n = 3264), overlapped with single-nucleotide poly-

morphisms (n = 87,074), or were listed in the recent Illumina product

quality notice. Quality-control procedures and all analyses were uni-

formly performed among autosomal sites. A total of 756,544 autoso-

mal CpG sites were included in the association analyses as previously

described [23, 28]. The CpG sites measured by the EPIC BeadChip

were mapped to Genome Research Consortium human build 37.

Replication study

Replication of these findings was conducted using a sample of

961 Black/AA participants from the GENOA study also using the Illu-

mina Infinium Methylation EPIC BeadChip. In addition to all GENOA

participants, replication was also conducted in women only (n = 685;

Figures 1–4, Table 2, Supporting Information Table S1).

GENOA sample

GENOA is a multiphase, community-based, prospective study of sib-

ships with two or more siblings diagnosed with primary hypertension

before the age of 60. Participants self-identified as Black/AA, all sib-

lings with a sibship were invited to participate regardless of hyperten-

sion status, and recruitment took place in Jackson, Mississippi. A total

T AB L E 1 Participant characteristics, InterGEN study (n = 239) and GENOA study (N = 961)

InterGEN,
GENOA

Women (n = 239) Total sample (N = 961) Women (n = 685)

Age (y), mean (SD) ** 31.3 (5.8) 57.5 (10.3) 57.1 (10.4)

Education, n (%) **

High school or less 100 (41.8) 587 (61.1) 421 (65.5)

Some college or associate’s degree 105 (44) 157 (16.3) 111 (16.2)

Bachelor’s degree or higher 34 (14.2) 217 (22.6) 153 (22.3)

BMI category, n (%)**

Underweight (<18.5 kg/m2) 13 (5.4) 4 (0.4) 3 (0.4)

Normal (18.5-24.9 kg/m2) 58 (24.3) 140 (14.6) 79 (11.5)

Overweight (25-29.9 kg/m2) 59 (24.7) 319 (33.2) 197 (28.8)

Obesity (≥30 kg/m2) 109 (45.6) 498 (51.8) 406 (59.3)

BMI, mean (SD) * 29.7 (8.3) 31.3 (6.5) 32.3 (6.8)

Current smoker, n (%) *

Yes 52 (21.8) 161 (16.8) 92 (13.4)

No 187 (78.2) 800 (83.2) 593 (86.6)

Note: Participants were given the option not to respond to any of the questions, so all numbers may not add up to total N. P values from either t test for
continuous variables or χ2 test for categorical variables.
Abbreviations: GENOA, Genetic Epidemiology Network of Arteriopathy; InterGEN, Intergenerational Impact of Genetic and Psychological Factors on
Blood Pressure.
*p < 0.01, **p < 0.001.
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of N = 1854 Black/AA participants were recruited in Phase I

(1995-2000) from 683 sibships, and n = 1482 returned in Phase II

(2000-2005). Most participants (71%) in GENOA were women. In

each phase, demographics, medical history, clinical characteristics, life-

style factors, and fasting blood samples were collected [24, 29]. Sam-

ple characteristics for both InterGEN and GENOA can be found in

Table 1. In Phase I, DNAm was measured from peripheral blood sam-

ples, and BMI and smoking status were also assessed. Smoking status

was assessed through questions regarding whether the individual

smokes and the frequency and type of cigarettes used (i.e., filtered,

unfiltered, e-cigarettes, other). IRB approval was received for the

GENOA study protocol through the University of Mississippi Medical

Center and the University of Michigan IRB.

Genomic DNA was extracted from stored peripheral blood leuko-

cytes collected at Phase I (n = 1106) or Phase II (n = 304) using Auto-

Gen FlexStar (AutoGen). Bisulfite conversion was performed with the

EZ DNA Methylation Kit (Zymo Research), and methylation was

assessed using the Illumina EPIC BeadChip. After obtaining the raw

intensity data, the shinyMethyl R package [30] was used to generate

the density plot to identify sex mismatch or sample outliers [24].

Sample identity was further checked using 59 single-nucleotide poly-

morphism probes implemented in the EPIC chip, and mismatched

samples were removed. Samples with incomplete bisulfite conversion

identified using the QCinfo() function in the ENmix R package [31]

were also removed. The minfi R package was used to perform back-

ground correction and normalization [24, 32]. The regression on cor-

related probes method [33] was used to adjust probe-type bias.

Principal variance component analysis [34] was used to quantify the

corresponding effect of each batch factor (sample plate, chip, and

row), and ComBat [33, 35] was used to adjust for batch effects. The

effects of GENOA phase, age, and gender were preserved when

adjusting for batch effects. Sample plate, chip, and row were adjusted

for sequentially, until the weighted proportion of variation explained

by any batch factor in the first principal components (containing 60%

of the variation) in the methylation was below 5%. Detection p value

for each sample at each probe was obtained, and individual probes

with detection p < 10�16 were considered successfully detected.

Samples and probes with detection rate < 10% were removed. After

merging with phenotypic data, 857,121 CpG sites for 961 Black/AA

participants were used for this analysis. Cell counts were estimated

and adjusted using the Houseman method [36, 37].

Statistical analysis

We conducted an EWAS of BMI among women enrolled in the InterGEN

study. DNAm β-value was modeled as the dependent variable using linear

mixed-effects model. Age and smoking status were controlled for as

potential confounders. To control for potential heterogeneity in cell pro-

portions from saliva, we implemented a reference-free deconvolution

method to estimate putative cell type proportions and included them as

covariates [24, 36, 38]. We also adjusted for batch effects as random

intercepts in the analysis. False discovery rate (FDR) was used to correct

F I GU R E 1 Quantile-quantile (Q-Q) plot of InterGEN and GENOA.
Inflation factors of InterGEN, GENOA, and GENOA female-only EWAS
are 1.09, 1.01, and 1.02, respectively. EWAS, epigenome-wide
association study [Color figure can be viewed at wileyonlinelibrary.com]
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F I GU R E 2 Manhattan plot of InterGEN and GENOA BMI EWAS. EWAS, epigenome-wide association study [Color figure can be viewed at
wileyonlinelibrary.com]
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for multiple comparisons. We applied the Benjamini and Hochberg

method to calculate the FDR-corrected p value [39]. CpG sites with FDR-

corrected p < 0.05 were considered as statistically significant in the dis-

covery EWAS to pursue replication. In GENOA, linear mixed-effects

models were implemented to assess the association between DNAm and

BMI adjusting for age, sex, smoking status, cell type proportions, and the

top 10 genetic principal components. Family ID was included as a random

effect to account for relatedness. We performed inverse-variance

weighted fixed-effects meta-analysis among DNAm sites available from

both InterGEN and GENOA studies using the computationally efficient

software METAL [40]. We reported the epigenome-wide significant

(Bonferroni-corrected p value < 0.05, nominal p value < 6.50 � 10�8)

DNAm sites considering a total of 749,801 tests and their heterogeneity

between two Black/AA EWASs. All statistical analyses were performed in

the R statistical environment version 3.4.1 (http://www.r-project.org/).

We conducted pathway enrichment analysis based on annotated genes

from the top DNAm sites from meta-analysis results. The analysis was

completed using the Analysis35R package missMethyl, which corrects for

the distribution of the DNAm sites on the array [41].

RESULTS

InterGEN EWAS

The descriptive statistics can be found in Table 1. In the discovery

EWAS using the InterGEN sample, 28 CpG sites were significantly

associated with BMI after adjusting for age and smoking status

(FDR-corrected p < 0.05; Table 2, Figures 1 and 2). These CpG sites

were mapped to the SOCS3, LOC100996291, RALGDS, PSKH1, IWS1,

SH3RF2, RNF144B, FGD2, BMP6, PLCH1, FAM47E, LOC101928674,

TSLP, ABCC1, SH3BP1, and LIMD1 genes. Twenty-five CpG sites were

found to be hypomethylated with higher BMI, and three were found

hypermethylated (Table 2). Among the 28 significant CpG sites, we

identified gap signals of cg19679801 (3.64% and 96.36% in groups

1 and 2) using GapHunter (R package minfi) after excluding outlier sig-

nals with <1% of study samples. The association of cg19679801

might be affected by an underlying genetic effect with low minor

allele frequency. GapHunter was run on the GENOA sample and there

was no signal gap.

F I GU R E 3 Meta-analysis of epigenome-wide associations with BMI from InterGEN and GENOA. (A) Manhattan plot of the meta-analysis of
BMI EWAS. Horizontal line indicates genome-wide significance of Bonferroni-corrected p value 0.05. (B) Quantile-quantile plot of the meta-
analysis of BMI EWAS. Inflation factor of 1.06. (C) Scatterplot comparing the β coefficients of the top BMI associations between the InterGEN
and GENOA samples. Correlation coefficient: 0.93 (p < 2.2 � 10�16); β coefficient: 0.70 (SE: 0.035, p < 2 � 10�16). EWAS, epigenome wide
association study [Color figure can be viewed at wileyonlinelibrary.com]
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GENOA replication

A total of 17 out of 28 CpG sites in the InterGEN EWAS were replicated

in the GENOA full sample EWAS with consistent directionality and sta-

tistical significance after Bonferroni correction (p < 0.0018 = 0.05/28;

Table 2). Twelve CpG sites were novel compared with the previous

reports [1, 16, 17, 19, 24, 42, 43], of which eleven were new to the Illu-

mina arrays (i.e., they were not available on earlier arrays, including the

450 K). Genes mapped by these newly identified EPIC 850K array-spe-

cific CpG sites included SOCS3, RALGDS, PSKH1, FGD2, BMP6, and TSLP

(Table 2).

Meta-analysis

To maximize the statistical power, we also conducted a fixed-effects

meta-analysis combining EWAS results from the InterGEN and

GENOA cohort studies (Figure 3). Using a stringent significance

threshold of Bonferroni-corrected p < 0.05 to reduce the false-posi-

tive rate, 65 CpG sites were significantly associated with BMI

(Supporting Information Table S2). Among those, 48 were not signifi-

cant in the discovery analysis, mapping to genes including VASN,

CPT1A, MAFG, and SNTB1 (Supporting Information Table S2). The β

coefficients among 65 genome-wide significant DNAm sites between

InterGEN and GENOA were highly correlated, with a correlation coef-

ficient of 0.93 (p < 2.2 � 10�16; Figure 3C). We also conducted a

fixed-effects meta-analysis combining female-only EWAS results from

the two studies (n = 239 for InterGEN and n = 685 for GENOA;

Figure 4). A total of 61 CpG sites were significantly associated with

BMI (Bonferroni-corrected meta-analysis p < 0.05, Supporting Infor-

mation Tables S1 and S2). Similarly, the β coefficients among

61 genome-wide significant DNAm sites between InterGEN and

GENOA were highly correlated, with a correlation coefficient of 0.93

(p < 2.2 � 10�16; Figure 4C). Of those CpG sites in the meta-analysis,

most BMI-associated DNAm sites were consistent between two

meta-analyses. However, 12 DNAm sites were genome-wide signifi-

cant (p < 6.50 � 10�8) only in the female-only meta-analysis but were

not genome-wide significant in the meta-analysis including both men

and women (Supporting Information Table S2). Because some DNAm

sites are correlated, the Bonferroni correction for multiple testing can

F I GU R E 4 Meta-analysis of epigenome-wide associations with BMI from InterGEN and GENOA females only. (A) Manhattan plot of the female-
only meta-analysis. Horizontal line indicates genome-wide significance of Bonferroni-corrected p value 0.05. (B) Quantile-quantile plot: inflation factor
of 1.07. (C) Scatterplot of β coefficients among 65 genome-wide significant DNA methylation sites in the female-only meta-analysis. Correlation
coefficient of 0.93 (p < 2.2 � 10�16); β coefficient of 0.75 (SE 0.039, p < 2 � 10�16) [Color figure can be viewed at wileyonlinelibrary.com]
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increase the false-negative rate. Therefore, we also reported BMI-

associated DNAm sites from the sex-combined meta-analysis

(658 sites; Supporting Information Table S3) and the female-only

meta-analysis (626 sites; Supporting Information Table S4). Volcano

plots of the meta-analysis of BMI EWAS offer additional supporting

information (Supporting Information Figures S1A and B).

Pathway enrichment analysis

We tested pathway enrichment using two sets of top associations,

65 Bonferroni significant CpG sites (42 unique genes) and 154 CpG

sites with nominal p < 10�6 (124 unique genes). After multiple testing

correction using FDR 0.05, no pathway was significantly enriched

among BMI-associated CpG sites.

DISCUSSION

We completed a cross-sectional epigenome-wide analysis of BMI and

DNAm from two cohorts of Black/AA individuals in the United States.

Of the 28 CpG sites from our discovery cohort of all Black/AA

women, we identified 12 novel CpG sites not previously associated

with BMI in previous BMI analyses and replicated among a second all

Black/AA cohort [1, 6, 16, 17, 19, 24, 42, 43]. Although other EWASs

have been conducted, they were primarily White cohorts and they did

not conduct any stratified analyses [1, 10, 21]. Our findings are nota-

ble in that we were able to identify differences in DNAm associated

with BMI in saliva samples and to replicate our findings in a separate

cohort using peripheral blood samples. Most previous work has con-

ducted EWASs using peripheral blood samples, and our study sup-

ports that less invasive saliva samples can be used to evaluate or

replicate previously identified differences in DNAm associated with

BMI. The New England Family Study used adipose tissue, rather than

blood, to examine sex-specific methylation associated with obesity

[44]. A majority of CpG sites that were associated with BMI were

hypomethylated and the direction of change was consistent across

both cohorts using different tissue types. Results from our meta-

analysis identified 17 CpG sites previously reported in BMI EWAS.

We identified DNAm differences within 19 genes, of which previous

BMI EWASs observed significant DNAm differences at different CpG

sites.

Of the 12 novel CpG sites from our discovery and replication

cohorts, 2 CpG sites (cg110473253, cg13343932) are located in the

SOCS3 gene. Two additional CpG sites (cg18181703, cg09349128)

were also significant in SOCS3 in our meta-analysis, and differential

methylation at these sites has been associated with BMI in previous

EWASs [1, 17, 40, 45–47]. Hypomethylation of the SOCS3 mapped

CpG sites was consistently found for all studies. In addition to evaluat-

ing the relationship between BMI and DNAm, Li and colleagues [46]

evaluated the change in DNA methylation over time related to BMI.

When they evaluated the change in BMI and DNAm across identical

twin pairs, the association was significant only when BMI was used as

the predictor and DNAm as the outcome variable. Furthermore, their

results suggest that hypomethylation at the SOCS3 site (cg18181703)

is the result of increased BMI. In murine models, expression of SOCS3

was shown to improve leptin and insulin sensitivity [48]. Ali and col-

leagues also observed hypomethylation at SOCS3 cg18181703 was

associated with increased BMI, waist to height ratio, triglycerides, and

metabolic syndrome [47, 49]. Interestingly, in multivariate analysis,

Chambers et al. noted that DNA methylation differences at the SOCS3

site were not significantly associated with type 2 diabetes after

adjusting for BMI, and they suggest that DNAm at these sites may

serve as a biomarker for insulin resistance and risk for metabolic dis-

ease [21]. Therefore, loss of methylation across SOCS3 could contrib-

ute to the development of obesity-induced metabolic syndrome and

type 2 diabetes if associated with decreased gene expression.

A previous study [50] of lean, young Norwegian women and Nor-

wegian women with obesity (N = 120, mean age = 27.2), identified

10 CpG sites across eight genes associated with obesity (Supporting

Information Table S5) [1, 4, 6, 8–10, 15–18, 43, 47, 50–60]. We iden-

tified significantly different methylation at CpG sites in three of the

same genes in our discovery cohort (SOCS3, SBNO2, and FGD2) and

three CpG sites located in the gene bodies of SOCS3 (cg18181703)

and SBNO2 (cg12170787, cg18608055). Similar to Kvaløy and col-

leagues, we observed that more differentially methylated sites were

associated with hypomethylation versus hypermethylation [29, 47–50].

Many of the CpG sites identified in the Kvaløy et al. study were also

associated with serum C-reactive protein levels [61]. Among sites

identified in our meta-analysis, five of the CpG sites were consistent

with differential DNAm among Black/AA C-reactive protein-EWAS

results with consistent directionality (hypomethylation: SNOB2

[cg18608055], SOCS3 [cg18181703], PIK3IP1 [cg08548559], GPRIN3

[cg02734358], and hypermethylation: MYO5C [cg06192883]) [61].

Some of the sites in the Ligthart et al. study (SNOB2 [cg18608055],

SOCS3 [cg18181703], MYO5C [cg06192883]) were also associated

with other cardiometabolic traits, including total cholesterol, incidence

of coronary heart disease, triglycerides, and fasting glucose and insulin

levels. Although this study was not designed to assess these long-term

outcomes, replication of these sites suggests that differential DNAm

associated with BMI can be detected via saliva samples of women

prior to the development of other cardiometabolic complications. Fur-

ther work in this area could illuminate whether differential DNAm at

these sites could serve as a biomarker for increased risk of developing

obesity-induced cardiometabolic disorders.

A large proportion of the GENOA sample had hypertension,

which may influence methylation [29]. None of the CpG sites identi-

fied in the InterGEN discovery cohort were significantly associated

with systolic or diastolic BP in the largest EWAS of BP to date [9].

However, one CpG site that was identified only in the InterGEN/

GENOA meta-analysis, cg00574958, was also identified in the BP

EWAS [9, 29]. Differential DNAm has consistently been reported in

cg00574958 carnitine palmitoyltransferase 1A (CPT1A) in EWASs for

BMI and other cardiometabolic disorders [1, 17, 29, 48, 50, 61–63].

Although we did not observe significant differences in cg00574958 of

CPT1A in our discovery cohort, we did observe significant
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hypomethylation at this site in our meta-analysis and in the GENOA

cohort. The site in the InterGEN cohort was directionally congruent

but it did not each statistical significance after multiple corrections.

Differences in CPT1A methylation are likely to influence biosynthesis

of cholesterol and triglyceride metabolism [17] and may be moderated

by dietary intake of fats and carbohydrates [62]. Lai and colleagues

determined that CPTA1 methylation was induced by carbohydrates

and reduced by fats [62, 63]. Although the mechanism is unknown,

they hypothesize that methylation at CPTA1 could mediate the influ-

ence of fat intake on BMI and increase risk of developing cardiometa-

bolic disease.

To better characterize the function of the CpGs identified in the

InterGEN study and the meta-analysis (Table 2; Supporting Information

Tables S1 and S2), we looked them up in databases that report associa-

tions between CpGs and transcripts of nearby genes (i.e., identify meth-

ylation sites associated with transcript expression, or cis-eQTMs). We

considered a CpG and a transcript to be associated using the signifi-

cance criteria reported in the original publication for each database

[22, 64, 65]. In monocytes from the Multi-Ethnic Sample of Atheroscle-

rosis (n = 1264), the following pairs of CpGs and transcripts were asso-

ciated (FDR < 0.001): cg12367539 with HNRNPH1 (p = 4.85 � 10�07),

cg21650866 with PTP4A3 (p = 8.84 � 10�08), and cg00926657 with

BAIAP2 (p = 2.72 � 10�06). In whole blood from the Framingham Heart

Study (N = 4170), the following pairs of CpGs and transcripts were

associated (FDR < 0.05): cg12367539 with RUFY1 (p = 1.38 � 10�14),

cg00574958 with CPT1A (p = 5.89 � 10�26), cg08548559 with PISD

(2.51 � 10�21), cg17901584 with DHCR24 (3.98 � 10�18), and

cg21650866 with PTP4A3 (p = 6.76 � 10�09) [22]. In peripheral blood

mononuclear cells from the iMETHYL database, the following pairs of

CpGs and transcripts were associated (FDR < 0.05): cg17901584 with

DHCR24 (p = 1.027 � 10�13) and RP11-67 L3 (p = 0.0058),

cg07458272 with KIAA0355 (p = 0.0054), and cg09349128 with

ALG12 (p = 0.0064) [65]. Methylation at these CpGs decreased gene

expression for all associations noted, with the exception of

cg07458272 with KIAA0355 and cg09349128 with ALG12 [22, 64, 65].

The following significant CpG sites and associated genes from the

Multi-Ethnic Sample of Atherosclerosis or Framingham Heart Study

noted previously were also replicated in the InterGEN and GENOA ana-

lyses for this study (cg12367539 with HNRNPH1, cg12367539 with

RUFY1, and cg09349128 with ALG12), and they can be found in Table 2

with additional data in Supporting Information Tables S1 and S2.

The potential for mediation and/or pleiotropic effects of BMI-

associated DNAm differences with other BMI related traits has been

reported across the spectrum. For example, many of the previous

works cited here have found differential DNAm associations with

other traits, including SOCS3 with type 2 diabetes [58, 66], CPT1A

with type 2 diabetes [21, 67] and lipid profiles [48], and ABCG1 with

BP [42]. However, the fact that many of these CpG sites have been

replicated specifically for BMI across multiple studies with different

cardiometabolic phenotypes, populations, and sample characteristics

such as sex suggests a consistent association signal with BMI. Addi-

tional evidence is provided by the difference between the InterGEN

and GENOA cohort tissue types (saliva vs. blood), age range, sex, and

geographic locations with replication remaining significant for many

CpG sites.

We note that this study was unable to determine whether the

DNAm changes associated with BMI are causal or a consequence of

BMI. Previous studies have suggested that, for the most part, associ-

ated methylation differences tend to follow BMI changes, and thus

they may be biomarkers of adiposity [1]. Previous studies that included

Mendelian randomization or mediation analysis suggest that many of

the observed epigenetic changes associated with BMI may also be

precursors to the development of cardiometabolic traits that are

associated with differences at these loci [1, 16, 17, 23, 42, 46, 67, 68].

Future work investigating mechanistic underpinnings of DNAm con-

version at these sites could lead to novel targets for preventive mea-

sures and interventions to reduce and/or prevent the development of

BMI-associated cardiometabolic disease. Research increasingly illus-

trates the potential influence of sex on the association of SES and

obesity, whereas education was a significant (negative) factor only

among women. Ultimately, findings have demonstrated that epige-

netic mediation pathways linking SES to obesity are stronger for

women [44, 45].

In conclusion, we were able to identify differential DNAm at sev-

eral loci, some within genes that have previously been associated with

obesity and cardiometabolic disorders. Some of the sites identified

may be unique to Black/AA populations, specifically women. Given

our results, it is notable that considering sex differences and diverse

racial/ethnic groups can improve EWAS discovery. Further replication

studies among larger cohorts of Black/AA populations and women

(as the results were significantly replicated in women only, but not

men and women in GENOA) will help identify the generalizability of

these results and whether they represent a consistent epigenetic sig-

nature associated with BMI.

This study’s strengths include data from two well established and

well characterized Black/AA study cohorts. The InterGEN study

included healthy Black/AA women and children and collected weight

and height for BMI calculation, percent body fat, and percent body

water (mother only) at four time points. Findings from the study were

significantly replicated with the GENOA data set. Study samples were

deidentified and replication was conducted to prevent bias. Deidentifi-

cation ensures the anonymity between those who provided the sam-

ples and those conducting the data analyses. Therefore, assumptions or

biases among participants will not impact the analysis process. The

InterGEN and GENOA study protocols established methods that

ensured rigor in recruitment, data collection, and statistical analyses.

Rigor for the studies was enhanced through ongoing training and

supervision of research staff and use of robust and reproducible

methods that have been published. For instance, all research staff

received intensive initial and ongoing training in data collection and in

distress protocols. We enhanced reproducibility in several ways: (1) pub-

lished two methods papers (cited previously [25, 27]); (2) made study

data available on Database of Genotypes and Phenotypes (dbGaP); (3)

and disseminated findings through more than 30 publications and
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publicly via our study website (study website link: https://intergen.yale.

edu/; recent publications are found here: nursing.columbia.edu/crpc).

The focus of this paper was on BMI and not on other potential

comorbidities. The snapshot that our results gives us provides valu-

able information for methodologies that could be applied to other at-

risk populations. The analysis methods outlined here may have utility

for future studies evaluating epigenetic risks related to cardiometa-

bolic outcomes. Another limitation of the study is that we did not

evaluate any downstream protein products that may result from

DNAm sites identified as significant. Future studies we have planned

may include other methods such as metabolomics and nutritional data

to obtain a more complete picture of the participants’ environment

and allow us to determine how DNAm may influence physiology.

Despite higher incidence of obesity and cardiometabolic disorders,

Black/AA women have been underrepresented in research studies

focused on EWAS analysis of BMI. Including minority populations in

epigenomic studies is important and this can be used to develop indi-

vidual health care plans and identify needs for the individual and com-

munity. The InterGEN and GENOA cohort studies were preexisting

data sets that did not include data on lifestyle choices, dietary intake,

nutritional habits, and physical activity. Therefore, this information

could not be assessed in the analysis [7].O
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