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ABSTRACT
Air pollution might affect atherosclerosis through DNA methylation changes in cells crucial to 
atherosclerosis, such as monocytes. We conducted an epigenome-wide study of DNA methylation 
in CD14+ monocytes and long-term ambient air pollution exposure in adults participating in the 
Multi-Ethnic Study of Atherosclerosis (MESA). We also assessed the association between differen
tially methylated signals and cis-gene expression. Using spatiotemporal models, one-year average 
concentrations of outdoor fine particulate matter (PM2.5) and oxides of nitrogen (NOX) were 
estimated at participants’ homes. We assessed DNA methylation and gene expression using 
Illumina 450k and HumanHT-12 v4 Expression BeadChips, respectively (n = 1,207). We used 
bump hunting and site-specific approaches to identify differentially methylated signals (false 
discovery rate of 0.05) and used linear models to assess associations between differentially 
methylated signals and cis-gene expression. Four differentially methylated regions (DMRs) located 
on chromosomes 5, 6, 7, and 16 (within or near SDHAP3, ZFP57, HOXA5, and PRM1, respectively) 
were associated with PM2.5. The DMRs on chromosomes 5 and 6 also associated with NOX. The 
DMR on chromosome 5 had the smallest p-value for both PM2.5 (p = 1.4×10−6) and NOX 
(p = 7.7×10−6). Three differentially methylated CpGs were identified for PM2.5, and cg05926640 
(near TOMM20) had the smallest p-value (p = 5.6×10−8). NOX significantly associated with 
cg11756214 within ZNF347 (p = 5.6×10−8). Several differentially methylated signals were also 
associated with cis-gene expression. The DMR located on chromosome 7 was associated with the 
expression of HOXA5, HOXA9, and HOXA10. The DMRs located on chromosomes 5 and 16 were 
associated with expression of MRPL36 and DEXI, respectively. The CpG cg05926640 was associated 
with expression of ARID4B, IRF2BP2, and TOMM20. We identified differential DNA methylation in 
monocytes associated with long-term air pollution exposure. Methylation signals associated with 
gene expression might help explain how air pollution contributes to cardiovascular disease.
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INTRODUCTION

Air pollution exposure is a risk factor for cardi
ovascular disease (CVD), and several potential 
pathways have been proposed to explain associa
tions, including progression of atherosclerosis 
[1,2], systemic inflammatory responses, and oxi
dative stress [3]. However, there is limited evi
dence concerning pathways that might mediate 
the effects of air pollution on CVD.

Growing literature suggests that environmental 
pollutants might influence epigenetic regulation of 
gene expression, such as that through DNA methyla
tion [4]. Prior studies have shown associations 
between exposure to air pollutants and DNA methy
lation in mixed blood leukocytes [5–20]. In addition, 
studies have associated DNA methylation patterns 
with cardiovascular outcomes [5,21–24]. Moreover, 
a European study demonstrated that DNA methyla
tion alterations of genes enriched in the ‘ROS/ 
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glutathione/cytotoxic granules’ and ‘cytokine signal
ing’ inflammatory pathways were associated with 
both air pollution and cardiovascular and cerebrovas
cular disease [10].

However, results from prior epigenome-wide 
studies of air pollution have been inconsistent 
and significant findings are seldom replicated. It 
is likely that the use of whole blood consisting of 
heterogeneous cell types and the identification of 
differentially methylated sites instead of regions 
contributed to the differences across studies. 
Prior studies measured DNA methylation in 
mixed leukocytes. As cell-specific epigenetic signa
tures have been reported [25], shifts in cell-type 
composition might confound results of these stu
dies. In addition, previous studies typically con
duct association analyses on the CpG level, which 
can have lower specificity than conducting associa
tion analyses on the region level [26]. DNA methy
lation measurements are continuous when 
aggregated over a large number of cells (e.g., pro
portion of cells methylated), are more densely dis
tributed and spatially correlated across the 
genome, and are more vulnerable to measurement 
error [26]. Since DNA methylation of nearby CpG 
sites is strongly correlated, power can be increased 
by borrowing information from adjacent CpG sites 
to identify differentially methylated regions 
(DMRs) [26].

In the Multi-Ethnic Study of Atherosclerosis 
(MESA) cohort, we previously assessed the asso
ciation between long-term ambient air pollution 
exposure and global DNA methylation (ALU and 
LINE-1 elements) and candidate-site DNA methy
lation in purified monocytes [8]. However, our 
prior study was limited by the site-by-site analysis 
used to identify differentially methylated sites and 
by the candidate-site approach that only interro
gated <1% of the CpG sites in the DNA methyla
tion array. In the current study, we expand on our 
previous work on global and candidate-site methy
lation to conduct an epigenome-wide study to 
identify DMRs associated with long-term exposure 
to ambient fine particulate matter (PM2.5) and 
oxides of nitrogen (NOX) in monocytes. 
Monocytes were selected because of their crucial 
role in atherosclerosis pathogenesis [27]. We uti
lized data from MESA, MESA Air, and the MESA 
Epigenomics and Transcriptomics Study. We also 

investigated potential biological relevance of air 
pollution-associated methylation signals by analys
ing their associations with the expression of 
nearby genes.[28]

METHODS

Study population

MESA is a prospective longitudinal study aimed to 
investigate early, or subclinical, atherosclerosis and 
began in July 2000, enrolling 6,814 adults aged 
45–84 years who were free of CVD at baseline 
[29]. The population-based MESA cohort is 
diverse with 28% black, 12% Chinese-American, 
22% Hispanic, and 38% white participants from 
six field centres (Baltimore, MD; Chicago, Illinois; 
Los Angeles, CA; New York, NY; St. Paul, MN, 
and Winston-Salem, NC). Participants received 
physical exams and questionnaires at baseline 
and during four follow-up visits over a 10-year 
period since baseline. MESA Air is an ancillary 
study that started in 2004 and recruited additional 
participants, measured supplementary outcomes, 
and assessed ambient air pollution exposures for 
PM2.5, NOX, and black carbon [30]. The MESA 
Epigenomics and Transcriptomics Study is 
another ancillary study that randomly selected 
over 1,200 participants at the fifth visit from 
Baltimore, New York, St. Paul, and Winston- 
Salem to generate genome-wide DNA methylation 
and gene expression data from CD14+ purified 
monocytes [31].

Our analytic sample included 1,207 participants 
with DNA methylation, gene expression, and air 
pollution data. There are no Chinese-American 
participants in our study because methylation 
and gene expression data were not obtained from 
participants in Los Angeles or Chicago, the pre
dominant source of Chinese-American partici
pants in MESA. The study protocol was approved 
by the Institutional Review Board at each site.

Air pollution assessment

MESA Air predicted likelihood-based 2-week aver
age PM2.5 and NOX concentrations at participants’ 
residences from 1999 to 2012 using spatiotemporal 
models [32,33]. Air pollution monitoring data 
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were obtained from Air Quality System monitors 
used by the Environmental Protection Agency, the 
Interagency Monitoring of Protected Visual 
Environments (IMPROVE) network, and MESA 
Air monitors located in MESA Air cities and par
ticipants’ homes [32,33]. Input into the spatiotem
poral models included the air pollution 
monitoring data and other information such as 
geographic data (e.g., roadway density), meteoro
logical data, and land use information. The spatio
temporal models performed well with cross- 
validation R2 >0.80 [33]. This method allows for 
the characterization of air pollution variability spa
tially and temporally, such as by seasons or other 
shorter time periods, in addition to the character
ization of spatial and spatiotemporal correlation. 
For each participant, we computed the average 
ambient concentrations of PM2.5 and NOX at 
their home address over the 12 months prior to 
the blood draw used for DNA methylation and 
gene expression assessments.

DNA methylation and gene expression 
quantification

DNA methylation and gene expression were quan
tified from blood drawn at the fifth visit 
(April 2010-February 2012). Trained technicians 
purified monocytes from the blood for subsequent 
DNA and RNA extraction by following standar
dized protocols with comprehensive quality con
trol measures. Monocyte purification was 
conducted at each site using anti-CD14-coated 
magnetic beads and AutoMACs automated mag
netic separation unit (Miltenyi Biotec, Bergisch 
Gladbach, Germany). AllPrep DNA/RNA Mini 
Kit (Qiagen, Inc., Hilden, Germany) was used to 
extract DNA and RNA simultaneously from pur
ified monocytes. Flow cytometry of 18 specimens 
showed that monocyte samples were consistently 
>90% pure.

We assessed the epigenome-wide methylation 
profile of purified monocytes using the Infinium 
HumanMethylation450 BeadChip (450k; Illumina, 
Inc. CA, USA), which measured methylation at 
>485,000 CpG sites. We used Illumina 
GenomeStudio software to summarize bead-level 
methylation data. For the statistical analysis, raw 
methylation calls were normalized and converted 

to M-values (log ratio of methylated to unmethy
lated intensities) [34]. To obtain genome-wide 
expression profile for monocytes, we used the 
Illumina HumanHT-12 v4 Expression BeadChip 
and Ilumina Bead Array Reader (Illumina, Inc. 
CA, USA) to assess expression of >48,000 tran
scripts [31].

To mitigate potential confounding by batch 
effects for both the DNA methylation and gene 
expression arrays, samples were randomly 
assigned to chips and positions. For quality con
trol, we excluded probes designed for sequences 
on the X or Y chromosomes, probes with non- 
detectable methylation in over 90% of the samples 
(using a detection p-value cut-off of 0.05), and 
probes located within 10 bp of single nucleotide 
polymorphisms. 437,600 of the 480,000 CpG sites 
on the Infinium 450k remained after applying 
quality control exclusion. Additional details of 
data pre-processing using Bioconductor [35] 
packages including beadarray, neqc, limma, and 
lumi in R [36] and quality control methods have 
been previously described [31].

Other measures

Information on demographics, socioeconomic sta
tus, lifestyle factors, and body mass index were 
obtained through questionnaires (self- and inter
viewer-administered) and physical examination. 
Race/ethnicity, sex, and education were obtained 
via self-report at baseline. Food frequency ques
tionnaire responses were used to estimate intake of 
methyl nutrients at the fifth visit. Nutrients were 
calculated using the Nutrition Data System for 
Research (NDS-R database; Nutrition 
Coordinating Center, Minneapolis, MN, USA) as 
previously described [37]. A physical activity sur
vey adapted from the Cross-Cultural Activity 
Participation Study [38] was used to assess the 
frequency and time spent in various physical activ
ities during a typical week in the previous month. 
Recent infection was defined as having a fever, 
cold or flu, urinary infection, bronchitis, sinus 
infection, pneumonia, tooth infection, or arthritis 
flare-up within the past two weeks. Since the 
monocyte samples were >90% pure, we calculated 
enrichment scores for neutrophils, B cells, T cells, 
and natural killer cells from a gene set enrichment 
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analysis using the gene expression signature of 
each cell type obtained from previously defined 
lists to adjust for residual contamination from 
non-monocytes in the analysis [31].

Statistical analysis

Identification of differentially methylated regions
We adopted the bump hunting approach pre
viously described [26] to the Infinium 450k 
array to search for associations at the region 
level rather than the individual site level. The 
bumphunter package in R was used to identify 
DMRs associated with long-term air pollution 
exposure [26]. This approach has been used by 
several recent epigenome-wide studies across 
diverse disease areas [39–43]. Consecutive probes 
on the 450k array were grouped into clusters 
where the maximum distance between two neigh
bouring probes was 300 bp and each cluster con
tained at least 5 probes. Of the 437,600 sites that 
passed our quality control criteria, 152,636 sites 
(35% of total) were successfully grouped into 
18,293 clusters. For each probe within a cluster, 
we regressed the M-value on air pollution (PM2.5 
or NOX) to estimate a coefficient for each CpG 
site, adjusting for age, sex, race/ethnicity (black, 
Hispanic, white), household income, education, 
neighbourhood socioeconomic status (a summary 
score based on principal factor analysis of United 
States census and American Community Survey 
measures at the census tract level), smoking 
(smoking status [never, former, current] and 
pack years), second-hand smoke, body mass 
index (continuous), recent infection, methyl 
nutrient intake (continuous folate, vitamin B12, 
vitamin B6, methionine, zinc), physical activity 
(continuous, MET-min/wk m-su), study site, and 
chip position. We also adjusted for residual sam
ple contamination by non-monocytes by adjust
ing for enrichment scores for neutrophils, B cells, 
T cells, and natural killer cells. The ComBat func
tion in the package SVA [44] was used to obtain 
methylation chip-adjusted M-values for use in 
regression analyses. These estimated coefficients 
were smoothed using locally estimated scatterplot 
smoothing, and candidate DMRs were identified 
as regions above or below the 97.5th percentile of 
the empirical distribution of the smoothed 

estimate. Statistical uncertainty for each candidate 
DMR was assessed by bootstrapping. We con
ducted 1,000 bootstrap samples, and each boot
strap sample generated null candidate regions. 
The empirical p-value for each observed candi
date DMR was the percent of null regions that 
were as extreme (longer and higher average value) 
as the observed region. The false discovery rate 
(FDR) was controlled at 0.05 to account for multi
ple testing [45]. DMRs were plotted using the 
makeMethPlot function within the methylation 
package [46].

Site-specific analysis
Since 65% (284,964) of the 437,600 probes that 
passed quality control were not grouped into clus
ters for DMR analysis (based on criteria described 
above), we analysed them as individual CpG sites 
to maximize use of the Infinium 450k array. Linear 
models and robust empirical Bayes moderated 
t-statistics were used to assess the associations 
between PM2.5 or NOX and methylation chip- 
adjusted M-values at individual CpGs using the 
limma package from Bioconductor [47]. 
A separate linear model was fit for each CpG 
site, adjusting for the same set of covariates as 
above. The FDR was controlled at 0.05 to account 
for multiple comparisons [45].

Gene expression
For differentially methylated regions and sites, we 
used linear models to correlate their methylation 
with expression of genes within a 1 Mb genomic 
region centred on the CpG region or site in ques
tion, adjusting for age, sex, race/ethnicity, study 
site, residual cell contamination by non-monocytes 
(neutrophils, B cells, T cells, and natural killer 
cells), methylation chip position, and expression 
chip. For DMRs, the average M-value of all CpG 
sites within the DMR was used. To account for 
multiple comparisons, we used an FDR threshold 
of 0.05 [45].

Secondary analysis
Secondary analyses using an interaction term for 
air pollution and sex or air pollution and race/ 
ethnicity were conducted to investigate if sex or 
race/ethnicity modifies the effect of air pollution 
on methylation.
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Functional annotation analysis

We evaluated the sites of significant air pollution- 
associated signals for overlap with known and 
predicted potentially functional genomic regions. 
We used ChromHMM [48] to predict the chro
matin states in monocytes in silico based on his
tone modifications in monocyte samples from the 
BLUEPRINT [49,50] (H3K27ac, H3K4me1, 
H3K4me3) and the Encyclopedia of DNA 
Elements (ENCODE) [51] (H3K36me3) projects. 
We also annotated the sites using DNase hyper
sensitive hotspot information from a sample of 
monocytes (Sample ID RO01746, data generated 
by the UW ENCODE group) and transcription 
factor binding sites detected in any cell type from 
ENCODE [51]. Data were accessed from the 
UCSC Genome Browser [52] and the Gene 
Expression Omnibus (http://www.ncbi.nlm.nih. 
gov/geo/).

RESULTS

Table 1 presents participant characteristics 
(n = 1,207). The mean age of the analytic sample 
was 70 years, and 52% were women. The sample 
was diverse, consisting of 47% white, 32% 
Hispanic, and 21% black participants. Over 90% 
of the participants were non-smokers, and 55% did 
not currently use alcohol. The participants were 
well-educated – over 65% of the participants 
received education beyond high school. 
Participants had a mean BMI of 29.7 kg/m2. The 
mean PM2.5 prediction was 10.7 µg/m3 (interquar
tile range [IQR] = 2.2 µg/m3), the mean NOX 
prediction was 28.7 ppb (IQR = 31.9 ppb).

We identified four DMRs with methylation that 
was significantly (FDR<0.05) associated with 
PM2.5 (Table 2, Figure 1–4). The DMR with the 
smallest p-value (1.4×10−6) was located on chro
mosome 5 and overlaps the 5’ untranslated region 
(UTR) of SDHAP3 (succinate dehydrogenase com
plex, subunit A, flavoprotein pseudogene 3) and 
a predicted weak promoter (based on histone 
modifications in monocyte samples from the 
BLUEPRINT (H3K27ac, H3K4me1, H3K4me3) 
and ENCODE (H3K36me3) projects) (Table 2). 
On average, a 2.5 µg/m3 higher exposure to 
PM2.5 was associated with a 1.15-fold higher 

methylation at this DMR (Table 2, Figure 1). 
The second DMR was located 3,448 bases 
upstream of ZFP57 (ZFP57 zinc finger protein) 
on chromosome 6, and was on average 1.11-fold 
more methylated in those with a 2.5 µg/m3 higher 
exposure to PM2.5 (p = 2.1×10−5) (Table 2, Figure 
2). This DMR also overlaps a predicted weak pro
moter. The last two DMRs were found in the exon 
of PRM1 (protamine 1) in chromosome 16 and the 
5’ UTR region of HOXA5 (homeobox A5) in chro
mosome 7, and these two DMRs were associated 
with a 1.27-fold (p = 3.2×10−5) and 1.04-fold 
(p = 4.6×10−5) higher average methylation for a 
2.5 µg/m3 higher exposure to PM2.5, respectively 
(Table 2, Figures 3 and 4). The DMR on chromo
some 16 is predicted to overlap heterochromatin 
while the one on chromosome 7 is predicted to 
overlap both a weak promoter and heterochroma
tin. The DMR on chromosome 16 only spans one 
bp, but it belongs to a cluster of 5 CpGs. Although 
the identification of this DMR was based on bor
rowed information from other CpGs within the 
cluster, the DMR seems to be due only to the 
methylation status of one CpG, which might 
make this DMR less informative (Figure 3).

For NOX, we identified two significant DMRs 
(FDR<0.05) that are the same as two of the DMRs 
identified for PM2.5, located on chromosomes 5 
and 6 (Table 2; see Supplemental Material, 
Figures S1-S2). A 30 ppb higher exposure to 
NOX was associated with a 1.26-fold higher 
methylation in the DMR located on chromosome 
5 (p = 7.7×10−6) and a 1.25-fold higher methyla
tion in the DMR located on chromosome 6 
(p = 9.8×10−6) (Table 2).

Of these four air pollution-associated DMRs, 
three were also associated with mRNA expres
sion of nearby genes (Table 3). The DMR located 
on chromosome 7 was negatively associated with 
HOXA5 (β = −0.288; 95% CI: −0.332, −0.243; 
p = 1.5×10−34) and positively associated with 
HOXA9 (β = 0.168; 95% CI: 0.118, 0.218; p 
= 8.1×10−11) and HOXA10 (β = 0.079; 95% CI: 
0.047, 0.112; p = 2.1×10−6) mRNA expression in 
monocytes. The DMR located in chromosome 16 
was positively associated with DEXI (dexi homo
log (mouse)) mRNA expression (β = 0.012; 95% 
CI: 0.004, 0.019; p = 2.8×10−3). The DMR located 
in chromosome 5 was positively associated with 
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mRNA expression of MRPL36 (mitochondrial 
ribosomal protein L36) (β = 0.014; 95% CI: 
0.005, 0.024; p = 3.7×10−3).

Site-specific analyses identified three CpGs sig
nificantly associated with PM2.5 and one CpG 
associated with NOX at FDR<0.05 (Table 4). The 
PM2.5-associated CpG with the smallest p-value 
was cg05926640 (β = 0.049; 95% CI: 0.032, 0.067; 
p = 5.6×10−8), located on chromosome 1, 181,469 
bases downstream of the TOMM20 (Translocase of 
Outer Mitochondrial Membrane 20) (Table 4). 
Cg05926640 is located within a DNase hypersensi
tive region (monocyte data from ENCODE), 
a transcription factor binding site (any cell type 
from UCSC Genome Browser), and a predicted 
strong enhancer region (Table 4). PM2.5 exposure 
was also positively associated with methylation of 
cg04310517, located on chromosome 16 
(β = 0.052; 95% CI: 0.033, 0.072; p = 2.2×10−7) 
and cg09509909, located on chromosome 10 
(β = 0.079; 95% CI: 0.049, 0.110; p = 4.6×10−7). 
NOX exposure was positively associated with 
methylation of cg11756214 on chromosome 19 
(β = 0.078; 95% CI: 0.050, 0.106; p = 5.6×10−8). 
Additional details such as nearest gene annotation 
and chromatin state are listed in Table 4.

Of these air pollution-associated CpGs, only 
cg05926640 methylation was associated with cis- 
gene expression of genes within 1 Mb of the CpG 
site (Table 5). Cg05926640 methylation was nega
tively associated with mRNA expression of three 
ARID4B (AT-rich interaction domain 4B) tran
scripts and the coefficient for the transcript with 
the smallest p-value was −0.323 (95% CI: −0.453, 
−0.192; p = 1.3×10−6). It was also associated with 
IRF2BP2 (interferon regulatory factor 2 binding 
protein 2; β = −0.213; 95% CI: −0.318, −0.108; 
p = 7.3×10−5) and TOMM20 (β = 0.118; 95% CI: 
0.044, 0.191; p = 1.7×10−3) mRNA expression in 
monocytes.

In secondary analyses, we did not find signifi
cant evidence of sex or race/ethnicity differences 
in the association of long-term air pollution expo
sure and DNA methylation in monocytes (interac
tion p >0.05).

DISCUSSION

We present results of an epigenome-wide analysis 
of DNA methylation and long-term PM2.5 and 
NOX exposure in monocytes from a multi-ethnic 

Table 1. Descriptive characteristics of 1,207 MESA participants.

Characteristic

n (%) or mean (SD)

or median [IQR]

N 1,207
Age, years
Mean (SD) 69.6 (9.4)
Age category, years
<65 421 (35%)
65–74 378 (31%)
75–84 331 (27%)
≥85 77 (6%)
Sex
Women 623 (52%)
Men 584 (48%)
Race/ethnicity
White 570 (47%)
Hispanic 381 (32%)
Black 256 (21%)
Site
New York 398 (33%)
Maryland 301 (25%)
Minnesota 457 (38%)
North Carolina 51 (4%)
Body mass index, kg/m2*

Mean (SD) 29.7 (5.5)
Body mass index category (WHO categories), kg/m2*

Normal or underweight (<25) 237 (20%)
Grade 1 overweight (25–29.9) 454 (38%)
Grade 2 overweight (30–39.9) 458 (38%)
Grade 3 overweight (≥40.0) 57 (5%)
Physical activity, MET-min/wk m-su)*
Mean (SD) 5,696.2 (7,205.6)
Smoking status*
Never 484 (40%)
Former 604 (50%)
Current 112 (9%)
Second-Hand smoke (hours per week)* 3.7 (20.5)
Current alcohol use*
No 660 (55%)
Yes 543 (45%)
Education*
Less than high school 176 (15%)
High school 236 (20%)
Some college but no degree 212 (18%)
Bachelor’s/Associate/Technical 373 (31%)
Advanced degree 208 (17%)
Income*
<$24,999 297 (25%)
$25,000 – $49,999 371 (31%)
$50,000 – $99,999 333 (28%)
≥$100,000 163 (14%)
Neighbourhood socioeconomic status score*
Mean (SD) −0.41 (1.1)
PM2.5, µg/m3

Mean (SD) 10.7 (1.7)
Median [IQR] 10.4 [2.2]
NOX, ppb
Mean (SD) 28.7 (18.5)
Median [IQR] 19.1 [31.9]
SD, standard deviation; IQR; interquartile range; MET, metabolic 
equivalent of task; PM2.5, fine particulate matter; NOX, oxides of 
nitrogen; WHO, World Health Organization
* Contains missing values
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adult population. We identified four DMRs asso
ciated with PM2.5, two of which were also asso
ciated with NOX. Of these, three were associated 
with expression of nearby genes. Site-specific ana
lyses identified three CpGs with methylation asso
ciated with PM2.5 and one CpG associated with 
NOX. DNA methylation of one of the PM2.5- 
associated CpGs was also associated with mRNA 
expression of nearby genes.

Our study builds upon the prior literature of air 
pollution and DNA methylation, and provides 
additional insights into the epigenome-wide asso
ciations specific to monocytes. Using methylomic 
and transcriptomic data from purified monocytes 
greatly improves the interpretability of our results 
especially with respect to signals that might be 
relevant to atherosclerosis. Although we have pre
viously assessed the association between DNA 
methylation and PM2.5 and NOX, the prior candi
date-site approach was limited by analysing <1% 
of the 450k array using a site-by-site analysis 
method [8]. Moreover, we adopted a bump hunt
ing approach to identify DMRs to improve the 
sensitivity of our study. We also explored the 
functional relevance of significant DNA methyla
tion signals using gene expression data. In addi
tion, we utilized MESA Air’s sophisticated air 
pollution assessment, which provides participant- 
specific exposures that capture fine-scale spatial 
variability in air pollution. Finally, our results 
have greater generalizability than most previous 

studies due to the multi-ethnic nature of the 
MESA sample.

Three DMRs, located on chromosomes 7, 16, 
and 5 were associated with cis-expression of 
nearby genes. Methylation of the DMR located 
on chromosome 7 was associated with both 
PM2.5 exposure and expression of nearby homeo
box cluster A (HOXA) genes including HOXA5, 
HOXA9, and HOXA10. This DMR is predicted to 
overlap a weak promoter region, providing evi
dence in favour of the hypothesis that this DMR 
affects gene expression. Two prior studies using 
whole blood associated long-term PM exposure 
with methylation of HOXA2 (p <1×10−3) and 
HOXA3 (p <1×10−5), both located within 40,000 
bp of our HOXA5 DMR, although these associa
tions did not reach statistical significance at the 
epigenome-wide level [9,53]. HOXA genes 
encode transcription factors crucial for pattern
ing processes during vertebrate development [54] 
and haematopoietic differentiation [55]. Both 
HOXA9 and HOXA10 were hypomethylated in 
atherosclerotic aortas compared to normal aortas 
[56,57] and HOXA9 was overexpressed in ather
osclerotic aortas [57]. Forced expression of 
HOXA10 in CD34+ progenitor cells increases 
the number of monocytes and reduces the num
ber of B cells and natural killer cells produced 
[58]. In the carotid artery, disturbed flow, which 
regulates endothelial inflammation and mono
cyte-endothelial cell adhesion, induces 

Table 2. Differentially methylated regions for PM2.5 and NOX with FDR<0.05.

Chr Start End
Nearest Gene 

(hg19)

Location 
Relative 
to Gene 
(hg19) CD14+ Chromatin State a

Average Fold Change in 
Methylation P-value

FDR 
Cut-Off

PM2.5
5 1,594,282 1,594,863 SDHAP3 Overlaps 5' 

UTR
Weak promoter 1.15b 1.4x10−6 1.3x10−5

6 29,648,379 29,649,024 ZFP57 Upstream Weak promoter 1.11b 2.1x10−5 2.6x10−5

16 11,374,865 11,374,865 PRM1 Inside exon Heterochromatin/low 1.27b 3.2x10−5 3.9x10−5

7 27,183,274 27,184,109 HOXA5 Overlaps 5' 
UTR

Weak promoter and 
Heterochromatin/low

1.04b 4.6x10−5 5.3x10−5

NOX
5 1,594,282 1,595,048 SDHAP3 Overlaps 5' 

UTR
Weak promoter 1.26c 7.7x10−6 1.5x10−5

6 29,648,379 29,649,024 ZFP57 Upstream Weak promoter 1.25c 9.8x10−6 3.0x10−5

PM2.5, fine particulate matter; NOX, oxides of nitrogen; FDR, false discovery rate; chr, chromosome; UTR, untranslated region. 
aPrediction based on histone modifications in monocyte samples from the BLUEPRINT (H3K27ac, H3K4me1, H3K4me3) and ENCODE (H3K36me3) 

projects 
bAverage fold change in methylation for every 2.5 µg/m3 higher exposure to PM2.5. 
cAverage fold change in methylation for every 30 ppb higher exposure to NOX. 
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hypermethylation of HOXA5 and downregulates 
its expression in endothelial cells [59]. In addi
tion, HOX genes are differentially methylated in 
monocytes following lipopolysaccharide activa
tion [60]. Taken together, these findings suggest 
that environmental exposures might induce dif
ferential methylation of HOXA genes, which 

might modulate haematopoietic differentiation 
and inflammation.

Both PM2.5 and NOX were positively associated 
with methylation of the DMR located on chromo
some 5, which was positively associated with mRNA 
expression in MRPL36. MRPL36, a nuclear gene, 
encodes a member of the mitochondrial ribosomal 
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Figure 1. Genome-wide significant differentially methylated region associated with PM2.5 located at chromosome 5 (location: 
1,594,282–1,594,863). The top portion of this plot is a karyogram of chromosome 5, with a red vertical bar indicating the location 
of interest. Below that is a graphic showing the exact chromosomal location in Mb, followed by a pictogram of the SDHAP3 gene 
(hg19). Tan boxes represent exons (vertically narrow portions are untranslated regions), and grey lines with arrows represent introns, 
as well as the direction of transcription (arrows pointing to the left indicate that this gene is transcribed from right to left, implying it 
is on the minus strand). The bottom section presents evidence for differential methylation of a DMR (blue line), based on a cluster of 
12 CpGs (blue dots). The vertical axis for this section reflects the PM2.5 coefficient from the linear model. Plots were generated by 
using the function makeMethPlot from the package methylation.
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proteins which are involved in mitochondrial pro
tein synthesis [61]. The PM2.5-associated DMR 
located on chromosome 16 was associated with 
mRNA expression of DEXI, which encodes 
a transcript that is upregulated in emphysema tissue 
compared to normal tissue and might play a role in 
regulating inflammation [62].

The DMR located on chromosome 6 near 
ZFP57 was associated with both PM2.5 and NOX 

exposure in our study; however, it was not found 
to be associated with cis-gene expression. A study 
in a Swiss cohort reported that methylation of 
a DMR mapping to ZFP57 was associated with 
NO2 exposure [53].

Among CpG sites, cg05926640 (located 
181,469 bp downstream of TOMM20) was most 
strongly associated with PM2.5 exposure. 
Methylation of this CpG might be directly 
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Figure 2. Genome-wide significant differentially methylated region associated with PM2.5 located at chromosome 6 (location: 
29,648,379–29,649,024). The top portion of this plot is a karyogram of chromosome 6, with a red vertical bar indicating the location 
of interest. Below that is a graphic showing the exact chromosomal location in Mb (hg19). The bottom section presents evidence for 
differential methylation of a DMR (blue line), based on a cluster of 19 CpGs (blue dots). The vertical axis for this section reflects the 
PM2.5 coefficient from the linear model. Plots were generated by using the function makeMethPlot from the package methylation.
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related to alterations in gene expression because 
it is located within several potential functional 
features including a region of DNase hypersen
sitivity in monocytes, a transcription-factor 
binding site detected in many cell types includ
ing B cells, and a predicted strong enhancer 
region in monocytes. Cg05926640 methylation 

was negatively associated with mRNA expression 
of three genes, ARID4B, IRF2BP2, and 
TOMM20. ARID4B encodes a chromatin remo
delling protein that might regulate genomic 
imprinting [63], is linked to various cancers 
[64,65], and is involved in spermatogenesis 
[66]. Interestingly, ARID4B has also been 
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Figure 3. Genome-wide significant differentially methylated region associated with PM2.5 located at chromosome 16 (location: 
11,374,865–11,374,865). The top portion of this plot is a karyogram of chromosome 16, with a red vertical bar indicating the location 
of interest. Below that is a graphic showing the exact chromosomal location in Mb, followed by a pictogram of the PRM1 gene 
(hg19). Tan boxes represent exons (vertically narrow portions are untranslated regions), and grey lines with arrows represent introns, 
as well as the direction of transcription (arrows pointing to the left indicate that this gene is transcribed from right to left, implying it 
is on the minus strand). The bottom section presents evidence for differential methylation of a DMR (blue line), based on a cluster of 
5 CpGs (blue dots). The vertical axis for this section reflects the PM2.5 coefficient from the linear model. Plots were generated by 
using the function makeMethPlot from the package methylation.
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suggested to regulate haematopoiesis by control
ling expression of HOX genes [65].

DNA methylation at cg05926640 was also 
positively associated with mRNA expression of 
its nearest gene TOMM20. TOMM20 encodes 
a subunit of the translocase of the outer 

mitochondrial membrane, which is the main 
import gate for most nuclear-encoded mitochon
drial proteins [67]. As previously mentioned, the 
DMR located on chromosome 5 was positively 
associated with mRNA expression in MRPL36, 
which encodes a mitochondrial ribosomal 
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Figure 4. Genome-wide significant differentially methylated region associated with PM2.5 located at chromosome 7 (location: 
27,183,274–27,184,109). The top portion of this plot is a karyogram of chromosome 7, with a red vertical bar indicating the location 
of interest. Below that is a graphic showing the exact chromosomal location in Mb, followed by pictograms of the HOXA5, HOXA6, 
and HOXA-AS3 genes (hg19). Tan boxes represent exons (vertically narrow portions are untranslated regions), and grey lines with 
arrows represent introns, as well as the direction of transcription (arrows pointing to the left indicate that this gene is transcribed 
from right to left, implying it is on the minus strand, and vice versa for arrows point to the right). The bottom section presents 
evidence for differential methylation of a DMR (blue line), based on a cluster of 47 CpGs (blue dots). The vertical axis for this section 
reflects the PM2.5 coefficient from the linear model. Plots were generated by using the function makeMethPlot from the package 
methylation.
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protein. A study of Chinese adults reported that 
DMRs associated with long-term air pollution 
were significantly enriched in biological pro
cesses related to mitochondrial assembly [68]. 
Mitochondrial dysfunction can disrupt macro
phage cholesterol homeostasis and contribute to 
inflammation and atherosclerosis [69]. 
Methylation of cg05926640 was also negatively 
associated with mRNA expression of nearby 
IRF2BP2. IRF2BP2 is a transcriptional corepres
sor that binds interferon regulatory factor 2, 
a negative regulator of many interferon- 
responsive genes [28]. In mice, IRF2BP2- 
deficient macrophages are inflammatory, have 
impaired cholesterol efflux, and worsened 

atherosclerosis [70]. Humans who are homozy
gous for a IRF2BP2 deletion polymorphism have 
lower IRF2BP2 protein levels in peripheral blood 
mononuclear cells and increased risk of coronary 
artery disease [70]. Taken together, this suggests 
that PM2.5 exposure might affect cholesterol 
homeostasis to promote inflammation and 
atherosclerosis.

We found cg11756214 within ZNF347 to be 
significantly associated with NOX. In a study of 
Korean adults, methylation of another CpG site 
located within ZNF347 (cg15050103) was statisti
cally significantly associated with NO2 exposure 
[71]. Although cg11756214 was not associated 
with cis-gene expression in our study, we did not 

Table 3. Significant (FDR<0.05) associations between methylation of PM2.5-associated DMRs and mRNA expression of nearby genes.
Chr Start End Illumina Transcript Gene (hg19) β (95% CI) P-value FDR Cut-Off

7 27,183,274 27,184,109 ILMN_1753613 HOXA5 −0.288 (−0.332, −0.243) 1.5x10−34 2.8x10−3

7 27,183,274 27,184,109 ILMN_1739582 HOXA9 0.168 (0.118, 0.218) 8.1x10−11 5.6x10−3

7 27,183,274 27,184,109 ILMN_1689336 HOXA10 0.079 (0.047, 0.112) 2.1x10−6 8.3x10−3

16 11,374,865 11,374,865 ILMN_1738866 DEXI 0.012 (0.004, 0.019) 2.8x10−3 1.1x10−2

5 1,594,282 1,594,863 ILMN_1800197 MRPL36 0.014 (0.005, 0.024) 3.7x10−3 1.4x10−2

DMR, differentially methylated region; FDR, false discovery rate; CI, confidence interval. 

Table 4. Differentially methylated sites for PM2.5 and NOX with FDR<0.05.

CpG Chr
Nearest 

Gene Distance

Location 
Relative 
to Gene 
(hg19)

CD14+ Chromatin 
State a

DNase HS 
CD14 + b

TFBS Any 
Cell c β (95% CI) P-value

FDR 
Cut-Off

PM2.5
cg05926640 1 TOMM20 181,469 Downstream Strong enhancer Yes Yes 0.049 (0.032, 

0.067)
5.6x10−8 1.8x10−7

cg04310517 16 KREMEN2 3,954 Upstream Heterochromatin/ 
low

No No 0.052 (0.033, 
0.072)

2.2x10−7 3.5x10−7

cg09509909 10 FGFBP3 3,489 Upstream Heterochromatin/ 
low

Yes Yes 0.079 (0.049, 
0.110)

4.6x10−7 5.3x10−7

NOX
cg11756214 19 ZNF347 0 5' UTR Weak promoter Yes Yes 0.078 (0.050, 

0.106)
5.6x10−8 1.8x10−7

PM2.5, fine particulate matter; NOX, oxides of nitrogen; FDR, false discovery rate; chr, chromosome; DNAse HS, DNase hypersensitivity; TFBS, 
transcription factor binding site; ENCODE, The Encyclopedia of DNA Elements; CI, confidence interval. 

aPrediction based on histone modifications in monocyte samples from the BLUEPRINT (H3K27ac, H3K4me1, H3K4me3) and ENCODE (H3K36me3) 
projects 

bDNase hypersensitivity reported in a CD14+ monocyte sample (ENCODE). 
cTFBS reported in any cell type available from the UCSC Genome Browser. 

Table 5. Significant (FDR<0.05) associations between cg05926640 methylation and mRNA expression of nearby genes.
CpG Illumina Transcript Gene (hg19) β (95% CI) P-value FDR Cut-Off

cg05926640 ILMN_2269564 ARID4B −0.323 (−0.453, −0.192) 1.3x10−6 9.3x10−4

cg05926640 ILMN_2362982 ARID4B −0.227 (−0.333, −0.120) 3.1x10−5 1.9x10−3

cg05926640 ILMN_1761334 ARID4B −0.274 (−0.406, −0.143) 4.8x10−5 2.8x10−3

cg05926640 ILMN_1671005 IRF2BP2 −0.213 (−0.318, −0.108) 7.3x10−5 3.7x10−3

cg05926640 ILMN_1679796 TOMM20 0.118 (0.044, 0.191) 1.7x10−3 4.6x10−3

FDR, false discovery rate; CI, confidence interval. 
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assess the potential associations with trans-gene 
expression.

Prior analysis in this cohort did not find long- 
term ambient air pollution to be associated with 
global DNA methylation as measured by methyla
tion in Alu and LINE-1 repetitive elements [8]. In 
the prior study, PM2.5 significantly associated with 
methylation of the CpGs cg20455854, cg07855639, 
cg07598385, cg17360854, and cg23599683, which 
were previously associated with expression of 
nearby genes [8,31], but none of these CpGs 
reached statistical significance (FDR<0.05) in the 
current analysis.

Prior research in this cohort also demonstrated 
that methylation of cg05575921 was associated 
with smoking, carotid plaque score, and with 
mRNA expression of AHRR [72]. In addition, 
a study of non-smoking Taiwanese adults demon
strated that residing in areas with higher PM2.5 
was associated with lower methylation of 
cg05575921 [73]. However, we did not find long- 
term exposure to ambient PM2.5 (β = −0.054; 95% 
CI: −0.116, 0.008) and NOX (β = −0.097; 95% CI: 
−0.218, 0.025) to be associated with methylation at 
cg05575921 (see Supplemental Material, Table S1). 
Possibly, we did not detect this association due to 
limited power. It is also possible that the AHRR 
pathway is more activated when exposures are 
high. The mean PM2.5 exposure in this study 
(10.7 μg/m3) was much lower than that of the 
Taiwanese study, where the mean PM2.5 exposures 
ranged from 27.3 to 39.8 μg/m3 for the four geo
graphic areas.

Using mixed blood leukocytes from adults, 
a large number of studies have associated short- 
and intermediate-term air pollution exposure with 
DNA methylation [5,6,12–15,18,19,74] and long- 
term air pollution and DNA methylation [9–
9–11,16,17,20,53,68,71,73,75–77]. Short-term air 
pollution exposure can trigger cardiovascular 
events, while long-term air pollution exposure 
can contribute to chronic cardiovascular processes 
such as atherosclerosis [1–3]. The majority of 
methylation sites or regions previously identified 
to be associated with long-term air pollution were 
not significantly associated with PM2.5 or NOX in 
our study. We might not have observed these 
associations due to fundamental differences 
between our studies, including the assessment of 

DNA methylation in monocytes versus mixed leu
kocytes and differences in study population. The 
prior studies adjusted for mixed blood cell type 
composition, most typically using the Houseman 
method [78], but the contributions of specific leu
kocytes, such as monocytes, cannot be deciphered. 
Moreover, our study included a racially/ethnically 
diverse cohort from the United States, whereas 
prior epigenome-wide studies, with few excep
tions, generally included predominantly white 
cohorts. In addition, our DMR findings using the 
bump hunting method are not comparable to the 
site-specific methods used in most prior studies.

The cross-sectional nature of this study limits 
our ability to infer the causal effect of air pollution 
on changes in DNA methylation. We note, how
ever, that our exposure estimates are for the one- 
year period preceding exposure. Since it is not 
plausible that DNA methylation causes air pollu
tion, reverse causation is not a concern. Our ana
lytic sample included slightly fewer black 
participants and slightly more Hispanic partici
pants than overall participants from the four par
ticipating MESA field centres from the 5th 

examination, but we expect the impact of selection 
bias to be minimal in our analysis. Although we 
have adjusted for a wide range of potential con
founders, there might be residual confounding or 
confounding by unmeasured factors or factors not 
included in the analysis. Our study was also lim
ited by the small sample size. Finally, our analysis 
is a discovery effort, and future studies are needed 
to replicate our results and further elucidate the 
biological relevance of air pollution-associated 
methylation signals.

The bump hunting and site-specific analyses 
interrogated mutually exclusive sets of CpG sites. 
We used bump hunting where available, and sites 
on the Infinium 450k array that could not be 
grouped into clusters were not analysed using the 
bump hunting approach (See Methods for details 
about clustering); instead, non-clustered CpG sites 
were analysed using a site-specific approach. Since 
the bump hunting and site-specific analyses used 
separate sets of probes on the Infinium 450k array, 
we could not see if results based on one analysis 
were replicated by the other.

Using purified blood monocytes obtained from 
a multi-ethnic adult population, we identified 
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differentially methylated regions and sites associated 
with long-term air pollution exposures. Some of the 
differentially methylated signals were also associated 
with expression of nearby genes. These genes are 
involved in inflammation and cholesterol homeos
tasis, which are relevant in atherosclerosis pathogen
esis. Additional research in circulating monocytes is 
needed to elucidate whether DNA methylation 
mediates air pollution-associated diseases such as 
atherosclerosis and identify the functional relevance 
of the genomic regions identified via air pollution- 
associated methylation signals.
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