©Copyright 2016
Gloria C. Chi



Methylomic and Transcriptomic Insights Linking

Air Pollution and Atherosclerosis

Gloria C. Chi

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2016

Reading Committee:
Joel D. Kaufman, Chair
Daniel A. Enquobahrie

Annette L. Fitzpatrick

Program Authorized to Offer Degree:

Epidemiology



University of Washington

Abstract

Methylomic and Transcriptomic Insights Linking Air Pollution and Atherosclerosis
Gloria C. Chi

Chair of the Supervisory Committee:
Professor Joel D. Kaufman
Departments of Environmental and Occupational Health Sciences,
Epidemiology, and Internal Medicine

Background: Current literature demonstrates a compelling relationship between long-term air
pollution exposure and cardiovascular diseases such as atherosclerosis. DNA methylation is a
potential mediator of the air pollution-atherosclerosis association because 1) exposure to
particulate matter is associated with alterations in DNA methylation, and 2) alterations in DNA
methylation are found in atherosclerotic lesions and are associated with ischemic heart disease
and blood pressure. However, findings of past studies may be confounded by cell type
composition due to the use of mixed leukocytes that combine distinct methylation profiles.
Objectives: In this dissertation, we tested the associations between long-term ambient air
pollution exposure and DNA methylation (global, epigenome-wide, and candidate site) in
purified monocytes. We also tested the associations between air pollution-associated DNA
methylation patterns and gene expression and subclinical atherosclerosis.

Methods: The Multi-Ethnic Study of Atherosclerosis (MESA) and its ancillary studies provided
rich information on air pollution, methylomics, transcriptomics, and coronary artery calcium
(CAC) from a diverse cohort of adults. A sample of 1,264 participants were randomly selected
for DNA methylation and gene expression assessment using monocytes. Of these, 1,207
participants with air pollution exposure predictions were included in the analytic sample.

Ambient fine particulate matter (PM..s) and oxides of nitrogen (NOx) concentrations were



predicted at participants’ residences using sophisticated spatiotemporal models that
incorporated both monitoring data and geographical variables. Estimates were averaged over
one year prior to blood draw. Epigenome-wide DNA methylation and genome-wide gene
expression were measured using the lllumina Infinium HumanMethylation450 BeadChip (450Kk)
and the lllumina HumanHT-12 v4 Expression BeadChip, respectively. Candidate site DNA
methylation levels were assessed from the 450k array. Mean methylation of probes mapping to
long interspersed element 1 (LINE-1) and Alu repetitive elements on the 450k array were used
as surrogates for global DNA methylation. CAC was measured using computed tomography
following standardized protocols. Linear models were used to investigate the cross-sectional
associations between air pollution and global and site-specific DNA methylation, DNA
methylation and cis-gene expression, and DNA methylation and CAC. An innovative “bump
hunting” method was adapted to the methylation array to identify regions differentially
methylated with respect to long-term PM.s and/or NOx exposure. Effect modification by sex
and race/ethnicity were also investigated by including interaction terms with air pollution. The
association between DNA methylation and CAC progression was analyzed using linear mixed
models with random coefficients and slopes for each participant. The false discovery rate (FDR)
was controlled at 0.05 following the Benjamini-Hochberg method to account for multiple
comparisons.

Results: The study included a sample of 1,207 participants (mean age=69.6) that was 21.2%
Black, 31.6% Hispanic, 47.2% White, and 51.6% female. In this study, global DNA methylation
(LINE-1 and Alu) was not significantly associated with long-term ambient air pollution exposure
in monocytes (p>0.05). We identified nine methylations sites and four methylation regions
significantly associated with long-term ambient air pollution exposure in monocytes (FDR<0.05).
In general, we did not find strong evidence of effect modification by sex or race/ethnicity.
Cg05926640 (near LOC101927851) was the CpG site with the smallest p-value for the

association with PM, s (8=0.049 M-value units per 2.5 ug/m?*; 95% confidence interval [CI]:



0.032, 0.067; p=5.6x10%). Methylation of cg05926640 was also associated with mRNA
expression of genes located within 1 Mb including ARID4B and IRF2BP2. Cg11756214 (within
ZNF347) was the only CpG site with methylation significantly associated with NOx (=0.078 M-
value units per 30 ppb; 95% CI: 0.050, 0.106; p=5.6x102®), but it was not associated with cis-
gene expression. The differentially methylated region (DMR) with the smallest p-value for the
association with PM.s was located on chromosome 5, overlapping the 5’ untranslated region of
SDHAP3 (average methylation difference=14.6% per 2.5 pg/m3; p=1.4x10°), and methylation of
this DMR was also associated with expression of MRPL36. This DMR and the DMR located on
chromosome 6 near ZFP57 were significantly associated with both PM;s and NOx (FDR<0.05).
A PM;s-associated DMR located on chromosome 7 overlapping the 5" untranslated region of
HOXASL was associated with expression of HOXA5, HOXA9, and HOXA10. Methylation of this
DMR was also negatively associated with CAC progression (3=-4.6 Agatston units/year per 2-
fold higher DNA methylation; 95% CI. -7.5, -1.7; p=0.002).

Conclusions: Our results support the possibility that exposure to long-term ambient air
pollution may lead to alterations in DNA methylation with potential functional gene expression
consequences. The findings identified novel associations between long-term air pollution
exposure and genes such as the HOXA cluster genes and IRF2BP2, opening up new avenues
of research. Genes with DNA methylation associated with both air pollution and gene
expression may be more biologically relevant and are involved in various cellular functions
including inflammation and hematopoiesis. Our study found methylation of a DMR located on
chromosome 7 to be positively associated with PM. s exposure and negatively associated with
CAC progression. However, a prior study in MESA found a positive association between PM_ 5
exposure and CAC progression; thus the direction of the association between the DMR and
CAC does not support this DMR as a potential mediator of the air pollution-CAC association.
Future studies are needed to replicate our study results and to explore the biological relevance

of these air pollution-associated DNA methylation signals and genes in atherosclerosis.
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CHAPTER 1

Introduction

PUBLIC HEALTH IMPACT OF AMBIENT AIR POLLUTION
Ambient air pollution contributed to over 3.2 million premature deaths and over 76 million
years of healthy life lost globally in 2010.% It was recently ranked as one of the top ten leading
risk factors for global mortality and disease burden.! Particulate matter and oxides of nitrogen
(NOx) are among the various pollutants found in the air. Sources of ambient particulate matter
include energy generation, combustion of fuel, agricultural and industrial processes, and road
and wind-blown dust.? Fine particulate matter (PM.s) refers to particles that are less than 2.5
pm in aerodynamic diameter. The predominant anthropogenic sources of NOx include motor
vehicle and industrial fossil fuel combustion, and NOx levels may be particularly high near
heavily traveled roadways.? A plethora of studies demonstrated that exposure to air pollution
increases the risk of cardiovascular mortality and morbidity, including atherosclerosis-related
cardiovascular diseases (CVD) such as ischemic heart disease and stroke.®> Ischemic heart
disease and stroke are the top two leading causes of death globally.* Several studies have
associated air pollution with subclinical atherosclerosis and/or its progression.>*? Given the
global impact of air pollution, understanding the mechanism by which it causes diseases has

important implications for public health prevention and intervention.

PROPOSED PATHWAYS LINKING AIR POLLUTION TO CARDIOVASCULAR DISEASES
There is increasing evidence suggesting that a systemic inflammatory response plays a

role in the pathway between inhalation of air contaminants and CVD.3® Exposure to ambient air

pollution can upregulate cytokine expression in lung cells,® which could spill over into the

bloodstream and contribute to chronic inflammation and promote progression of



atherosclerosis.® Consistent with this hypothesis, studies have linked PM. s exposure to higher
levels of circulating inflammatory cytokines such as C-reactive protein, interleukin-6, and
firbingogen.>** Similarly, systemic oxidative stress may result from spillover of localized
pulmonary oxidative stress.®> Moreover, oxidative stress may lead to and be induced by
inflammation.® Activation of the innate immune response increases generation of reactive
oxygen species (ROS), and ROS in the lungs may upregulate a whole host of cytokines and
chemokines.® In addition, autonomic nervous system imbalance may contribute to systemic
oxidative stress and inflammation.® Increased systemic inflammation and excess ROS may
lead to vasoconstriction by reducing vasodilator bioavailability (e.g. nitric oxide) due to excess
ROS formation.® These pathways involving inflammation, oxidative stress, and endothelial
dysfunction likely promote the development of atherosclerosis, which is a progressive
inflammatory disease characterized by build-up of calcium, lipids, inflammatory smooth muscle

cells, and white blood cells in the arteries.'*

DNA METHYLATION

DNA methylation is the most well-studied epigenetic mechanism and occurs when a
methyl group is added to DNA without changing the sequence of DNA.'®> DNA methylation can
modulate gene expression and can be heritable through cell division.’> DNA methylation is
commonly believed to silence gene expression. While this is generally the case in CpG-rich
promoters, DNA methylation may increase or decrease expression in other genomic regions.®
Alterations in DNA methylation are known to be crucial to mammalian development, but there is
increasing recognition that DNA methylation is also sensitive to environmental exposures and
may link environmental pollutants to disease. While mammalian DNA is primarily methylated at
cytosine guanine dinucleotide (CpG) sites, recent evidence shows that DNA methylation in non-
CpG sites are present in mammalian cells and may have important roles in regulating gene

expression.t” DNA methylation assessment techniques in this dissertation only measure CpG



methylation. However, in a study of cultured human monocytes, only 10% of cytosine
methylation was attributable to non-CpG methylation.® Thus, CpG methylation may be more
relevant in this dissertation which focuses on DNA methylation of human monocytes, which are

cells central to atherosclerosis.

AIR POLLUTION AND DNA METHYLATION

Several previous studies have linked air pollution exposure to alterations in DNA
methylation.®-22 |n a study of 1,097 blood samples from 718 elderly men from the Boston area,
long interspersed nucleotide element (LINE)-1 methylation decreased after recent exposure to
black carbon and PM5.2° In two pollutant models, only black carbon remained significantly
associated with LINE-1 methylation with an effect size that was equivalent to a decline in LINE-1
methylation corresponding to aging 3.4 years.*® Black carbon and PM.s were not associated
with Alu element methylation.*® In the same cohort, a separate analysis was conducted using
intermediate-term exposures (averaged over 28-180 day intervals); the investigators reported
that exposure to black carbon was associated with lower methylation of both LINE-1 and Alu
methylation, and higher exposure to SO4 was associated with a decrease in LINE-1
methylation.?® According to the authors, the effect of this magnitude of hypomethylation would
be similar to a 2-year increase in age and a 5% increased risk of developing ischemic heart
disease in this cohort.?° Intermediate-term PM..s exposure was not associated with either LINE-
1 or Alu element methylation.?° Candidate gene analysis using the same cohort found that
acute exposure to both PM2s and black carbon was associated with hypomethylation of the
inducible nitric oxide synthase gene (iNOS), which is related to inflammation and the stress
response.?! Occupational studies also provide evidence that exposure to particulate matter led
to changes in DNA methylation of LINE-1 and Alu repetitive elements® and the iINOS gene.?32*

More recently, an epigenome-wide analysis of DNA methylation and PM. s (averaged

over 2, 7, and 28 days) was conducted using the Illumina Infinium HumanMethylation450



BeadChip (450K) in three independent cohorts: KORA F3 (n=500) and F4 (n=1,799) from
Germany and Normative Aging Study (n=657) from the U.S.?? The Normative Aging Study only
included male participants whereas roughly half of KORA patrticipants were female. Daily fixed
monitors were used to measure PMzs concentrations. Separate epigenome-wide analyses
were conducted in each of the three cohorts and results were pooled using meta-analysis. The
investigators identified 12 significant CpG sites that reached genome-wide Bonferroni
significance. These CpGs were located in genes such as NSMAF (Neutral Sphingomyelinase
(N-SMase) Activation Associated Factor) and NXN (nucleoredoxin), which may be involved in

processes such as oxidative stress and cancer.??

DNA METHYLATION AND CARDIOVASCULAR DISEASE

Lower global DNA methylation has been demonstrated in atherosclerotic arteries
compared to normal arteries.?® Blood LINE-1 hypomethylation was associated with prevalent
ischemic heart disease and higher risk of incident ischemic heart disease, stroke, and total
mortality.?® However, a study using whole-genome shotgun bisulfite sequencing and the
lllumina 450k array observed more highly methylated CpGs and differentially methylated
regions in atherosclerotic aortas compared to normal aortas.?’ They also used whole-genome
shotgun bisulfite sequencing to derive DNA methylation profiles of several repeated sequences
and found Alu to be hypermethylated and LINE to be hypomethylated in atherosclerotic tissues
compared to control tissues.?’ In addition, the epigenome-wide study identified many locus-
specific DNA methylation differences in atherosclerotic lesions, and these loci mapped to genes
involved in vascular homeostasis such as HOXA9.2” Another recent study found genes involved
in inflammation and immune processes to be differentially methylated between tissue from
advanced atherosclerotic plaques and atherosclerotic-resistant internal mammary arteries that
were obtained from the same patients with coronary heart disease.?® Other studies have found

associations between candidate gene DNA methylation, such as hypomethylation of the AHRR

4



(aryl hydrocarbon receptor repressor) and hypermethylation of NR3C1 (glucocorticoid receptor
genes), and subclinical atherosclerosis.?*3° While different results have been found, these
findings suggest that DNA methylation might modulate genes and pathways involved in the

pathogenesis of atherosclerosis.

THE MULTI-ETHNIC STUDY OF ATHEROSCLEROSIS (MESA)

The Multi-Ethnic Study of Atherosclerosis (MESA) is a population-based prospective
cohort study of characteristics and risk factors related to subclinical and clinical CvD.®! It
dedicated substantial resources to quantify subclinical CVD accurately over time in a diverse
multi-ethnic cohort from six U.S. regions (Baltimore, Maryland; Chicago, lllinois; Forsyth County,
North Carolina; Los Angeles County, California; New York, New York; and St. Paul, Minnesota).
The study of risk factors related to disease before clinical manifestation holds promise in
identifying targets for potential clinical and public health intervention. Coronary artery calcium
(CAC) was measured using computed tomography (CT) and is a marker of subclinical
atherosclerosis.®

Beginning in July 2000, MESA recruited 6,814 participants between the ages of 45-84.
The cohort was 28% Black, 12% Chinese-American, 22% Hispanic, and 38% White with a
roughly equal proportion of men and women. Participants were excluded if they had
cardiovascular disease at baseline, were undergoing active treatment for cancer, had a serious
medical condition that would prevent long-term participation, weighed over 300 pounds, were
cognitively impaired, lived in or was on the waitlist for a nursing home, planned to leave the
community within five years, or did not speak at least one of the following languages: English,
Spanish, Cantonese, or Mandarin.

At baseline, participants underwent a blood draw and an extensive exam that measured
demographics, social factors, lifestyle factors, medications, medical history, psychosocial factors,

and anthropometrics. Participants also received a CT scan at baseline. There have been four
5



follow-up visits spanning 10 years since baseline that included both questionnaires and physical
examination to ascertain risk factors and outcome measures longitudinally. Half of the cohort
were randomly selected to receive a follow-up CT scan at exam 2 while the other half received a
scan at exam 3. During exam 4, those without exam 3 scans were preferentially selected for CT
scans. At exam 5, participants with scans at exams 3 and 4 were prioritized for CT scans.

These CT scans were used to assess CAC.

MESA AIR

MESA Air is an ancillary study that started in 2004 and recruited additional participants
and added outcome measurements and air pollution exposure assessments to the original
MESA study.®? Most participants were recruited into MESA Air from the parent MESA study
during the end of the third and throughout the fourth examinations, where 93% (n=5,478) of
eligible participants agreed to participate.®> Others were recruited from another large MESA
ancillary study, the MESA Family study, which investigates genetic aspects of subclinical CVD
in African-American and Hispanic-American participants; 84% (n=491) of eligible subjects
agreed to participate. Additional participants (n=257) were recruited specifically for MESA Air to
exploit exposure heterogeneity upwind and/or downwind of the surrounding areas of two
existing MESA sites: New York and Los Angeles. Community-based recruitment emphasized

balancing recruitment across census blocks, ethnicity, and gender.

MESA EPIGENOMICS AND TRANSCRIPTIOMICS STUDY
A second ancillary study, the MESA Epigenomics and Transcriptomics Study, obtained
CD14+ purified monocytes from a randomly selected subsample of 1,264 MESA participants at

the 5th examination (April 2010-February 2012) and measured epigenome-wide DNA



methylation and genome-wide gene expression.®® Four of the six MESA sites (Baltimore, MD;

New York, NY; St. Paul, MN; and Winston-Salem, NC) were included in the study.

AMBIENT AIR POLLUTION ASSESSMENT

Many prior studies of the association between air pollution and DNA methylation are
affected by measurement error and potential exposure misclassification of air pollution
exposures. Some studies related methylation outcomes to only temporal variability in exposure,
which typically rely on exposures aggregated over space such as daily monitors over a
metropolitan area. MESA addresses these limitations through its state-of-the-art exposure
estimation based on cohort-specific air pollution monitoring and spatiotemporal modeling. Our
study used ambient PM. s and NOx predictions estimated at participants’ residences using
spatiotemporal models optimized via maximum likelihood that incorporate monitoring data,
cohort-specific modeling, geographical variables such as roadway density, meteorological data,
emission data, and land use variables.?**6 Monitoring data were obtained from regulatory
monitors from the U.S. Environmental Protection Agency’s (EPA) Air Quality System (AQS) and
cohort-specific monitors deployed by MESA Air. MESA Air monitors were positioned at fixed
sites, participants’ homes, and specific locations that measure roadway concentration gradients.
These efforts greatly enhanced characterization of fine-scale spatial differences in

concentrations for each participant. Predictions were available as 2-week averages.

EPIGENOME-WIDE PROFILING OF DNA METHYLATION IN PURIFIED MONOCYTES
Tissue type and cell type composition greatly influence DNA methylation patterns and

may confound studies of mixed cells and reduce generalizability across studies.®” Inability to

adjust for cell type composition may also mask important findings. Measuring DNA methylation

from target cell types that play vital roles in the disease pathway can improve sensitivity of



studies. Past studies of DNA methylation and air pollution are limited by the use of mixed
leukocytes. In this dissertation, DNA methylation was measured from monocytes isolated with
anti-CD14-coated magnetic beads using AutoMACs automated magnetic separation unit
(Miltenyi Biotec, Bergisch Gladbach, Germany).*®* Monocytes were chosen because they are
vital to the initiation and progression of atherosclerosis.* Epigenome-wide DNA methylation of
a subsample of 1,264 randomly selected MESA participants were measured using the Infinium
450K array. The Infinium 450K is a microarray-based platform that provides an epigenome-
wide assessment of DNA methylation of over 480,000 CpG sites covering 99% of RefSeq
genes.® The array also covers 19,755 CpG islands in addition to shore regions, miRNA
promoters, and non-CpG sites.3®

Previous work in the MESA Epigenomics and Transcriptomics study identified 11,203
cis-acting expression-associated methylation sites (eMS).>3> DNA methylation of the 2,713 top
(smallest p-values) unique CpG sites were associated with expression of 3,093 gene transcripts.
We selected these 2,713 eMS as candidate sites for the assessment of differential methylation

with respect to air pollution exposure.

GLOBAL DNA METHYLATION ASSESSMENT

Some researchers have concentrated on genome-wide reduction in DNA methylation, or
global hypomethylation, as the focus of studies of environmental agents because DNA
hypomethylation may lead to reactivation of transposable elements, deregulation of genes,
chromosomal instability, and increased mutations.®° It is estimated that over one-third of DNA
methylation occurs in repetitive elements (e.g. LINE-1 and Alu elements), which comprise over
half of the human genome.*® Repetitive element methylation has been suggested to correlate
with global genomic DNA methylation and has been used as a surrogate marker for global DNA
methylation.**4! Prior studies have found associations between exposure to air pollutants and

global DNA methylation, as measured by Alu and LINE-1 methylation.%20:23



In this dissertation, we used DNA methylation of Alu and LINE-1 repetitive elements as
surrogates of global DNA methylation. We identified over 12,000 and 9,000 probes that mapped
to Alu and LINE-1 repetitive elements, respectively, by intersecting probe locations from the

Infinium 450K array with RepeatMasker.*?

BUMP HUNTING METHOD

Studies using the Infinium 450k typically utilize a site-by-site approach similar to
genome-wide association studies. However, DNA methylation data are inherently very different
from that of single nucleotide polymorphism (SNP) data. SNP data are categorical, but DNA
methylation data from microarrays are continuous.** While a specific CpG site is either
methylated or not, DNA methylation arrays aggregate data from millions of cells (e.g. monocytes)
and the resulting measure is continuous and represents the proportion of cells methylated at the
CpG site in question.** DNA methylation data is also measured with greater uncertainty.*® In
addition, DNA methylation measurements are strongly correlated throughout the epigenome
and are also more densely spaced than SNPs.** Measurements of DNA methylation of
individual CpG sites may be quite noisy, and significant results may be due to noise rather than
a true association. Owing to these differences, a “bump hunting” method proposed by Jaffe et
al. complements standard site-specific methods.*®* The bump hunting method exploits the
correlation between adjacent CpG probes 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. The bump hunter approach has four steps.*® First, it regresses methylation
on the predictor of interest (e.g. air pollution) for each CpG site just like in CpG site-specific
analyses to obtain a coefficient for each CpG site. In the second step, the coefficients of the
CpG sites are smoothed according to genomic position using loess. The third step uses the

smoothed estimate to identify candidate regions. Candidate regions are regions of consecutive
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measured locations where the smoothed estimate exceeds a predefined threshold (such as
97.5th percentile of the smoothed estimate). We defined consecutive sites as those that are
separated by no more than 500 bp. The last step assigns statistical uncertainty to each
candidate region by permuting the exposure (here it will be air pollution) or by bootstrapping. To

account for multiple testing, we used an FDR approach with a cutoff at 0.05.

SUMMARY OF CHAPTERS

The analyses described in this dissertation leverage the rich air pollution, methylomics,
transcriptomics, and subclinical atherosclerosis data sets available in MESA to investigate the
methylomic signature of ambient air pollution exposure and its association with subclinical
atherosclerosis and gene expression in purified monocytes.

In Chapter 2, we assessed the association between long-term exposure to air pollution
(PM25 and NOx) and DNA methylation in monocytes (globally and at candidate CpG sites).
DNA methylation of LINE-1 and Alu repetitive elements were used as surrogates of global DNA
methylation. Candidate CpG sites were selected because they were previously associated with
cis-gene expression in the same sample of MESA participants.®* We also investigated the
association between gene expression and air pollution for CpG sites with DNA methylation
associated with air pollution.

Chapter 3 describes an epigenome-wide analysis of associations between long-term
exposure to ambient air pollution (PM.s and NOx) and DNA methylation in monocytes. We
used a false discovery rate of 0.05 to account for multiple comparisons.** We also investigated
the association between significant air pollution-associated methylation signals and cis-gene
expression of genes within 1 Mb of the methylation signals in question.

In Chapter 4, we analyzed the cross-sectional and longitudinal associations between air

pollution-associated methylation signals and CAC.
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Finally, in Chapter 5 we present overarching conclusions and limitations of the studies
presented in the dissertation. We also discuss how our results fit into the broader air pollution

literature and potential future directions.
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CHAPTER 2

Long-term Outdoor Air Pollution and Global and Candidate Site DNA Methylation in

Circulating Monocytes: The Multi-Ethnic Study of Atherosclerosis (MESA)

ABSTRACT

Background: DNA methylation may mediate effects of air pollution on atherosclerosis and
cardiovascular diseases. The association between air pollution and DNA methylation in
monocytes, which are central to atherosclerosis, has not been studied.

Objectives: We investigated the association between long-term ambient air pollution exposure
and DNA methylation in purified monocytes of adults age 55 and over.

Methods: One-year average ambient fine particulate matter (PM..5) and oxides of nitrogen
(NOx) concentrations were predicted at participants’ (n=1,207) addresses using spatiotemporal
models. We assessed DNA methylation in circulating monocytes at 1) 2,713 CpG sites
associated with mRNA expression of nearby genes and 2) probes mapping to Alu and LINE-1
repetitive elements (surrogates for global DNA methylation) using Illumina’s Infinium 450K
methylation array. We used linear regression models adjusted for potential confounders such
as demographics, smoking, and socioeconomic status. For significant air pollution-associated
CpGs, we assessed the association between expression of gene transcripts previously
associated with these CpG sites and air pollution.

Results: At a false discovery rate of 0.05, five candidate CpGs had methylation significantly
associated with PM. s and none with NOx. The nominal p-value for the CpG with the strongest
signal, cg20455854, was 2.77x10°. mRNA expression profiles of genes near three PM; s-
associated CpGs (ANKHD1, LGALS2, and ANKRD11) were also significantly associated with

PM.s exposure. These genes may be involved in pathways such as inflammation and
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monocyte endothelial adhesion. Alu and LINE-1 methylation were not associated with air
pollution.

Conclusions: We observed associations between long-term ambient air pollution exposure and
site-specific DNA methylation, but not global DNA methylation, in purified monocytes. DNA
methylation may potentially mediate the associations of ambient air pollution with

atherosclerosis and CVD.

INTRODUCTION

Ambient air pollution ranks among the top ten leading risk factors for global mortality and
disease! and has been linked to increased risk of cardiovascular disease (CVD).® Although
much uncertainty exists regarding the underlying biological mechanisms for this association,
DNA methylation has been postulated to mediate the effects of air pollution on CVD.*®

DNA methylation is a chemical modification of DNA that involves the addition of a methyl
group to cytosine and predominantly occurs at cytosine-guanine dinucleotide (CpG) sites.*®
DNA methylation in CpG-rich promoters tends to repress transcription whereas the effect is
context-dependent in other genomic regions.*®

Previous studies show that DNA methylation patterns are associated with
atherosclerosis* and ischemic heart disease?® while others have suggested DNA methylation
as a biomarker for cardiovascular disease.*® Moreover, exposure to air pollutants such as black
carbon, particulate matter, benzene, and SO, led to an epigenome-wide reduction in DNA
methylation, or global hypomethylation, and were associated with methylation levels of
candidate genes.19202347.48 GJobal hypomethylation may lead to reactivation of transposable
elements and increased mutations*® and has also been linked to atherosclerosis.?

Results from past studies, however, are difficult to interpret due to several limitations.
First, they were limited by the use of peripheral blood leukocytes, which are composed of a

mixture of cells that have uniqgue DNA methylation profiles. Evaluating samples with different
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cell mixture proportions may lead to confounding. Since DNA methylation is cell-specific, it is
more relevant to study purified samples of a single cell type such as monocytes. Monocytes
play an important role in atherogenesis by promoting chronic inflammation and differentiating
into macrophages that accumulate in plaques.'* In addition, most prior studies did not measure
gene expression to investigate the potential biological relevance of methylation differences.
Some studies were further limited by potential exposure misclassification and measurement
error in air pollution exposures.

We evaluated the association between long-term exposure to ambient air pollution and
global and candidate CpG site DNA methylation in circulating monocytes of 1,207 participants
from the Multi-Ethnic Study of Atherosclerosis (MESA). Candidate sites were those with CpG
methylation previously associated with expression of nearby genes in the MESA cohort. For
significant air pollution-associated methylation sites, we also assessed the association between

air pollution and expression of genes previously associated with the methylation sites.

METHODS
Study Population

MESA is a prospective cohort study of risk factors for cardiovascular disease and
atherosclerosis in multi-ethnic adults.3* We also utilized data from two MESA ancillary studies:
MESA Air and the MESA Epigenomics and Transcriptomics Study. Please refer to Chapter 1,
pages 5-7, for additional details about the recruitment and design of these studies. The analysis
in this chapter included a subsample of MESA patrticipants (n=1,207) who had available
methylomic, transcriptomic, and air pollution data from four MESA field centers (Baltimore, MD;
New York, NY; St. Paul, MN; and Winston-Salem, NC) at the 5th examination (April 2010-
February 2012). Since DNA methylation and gene expression data were not available for
participants from the Los Angeles and Chicago MESA sites, there were no Asian participants in

our analytic sample. Those included in the study were generally representative of all
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participants from the 5" examination at the four MESA field centers represented except for
having fewer Black participants, more Hispanic participants, and fewer participants from

Winston-Salem, NC (Table 2.1).

Air Pollution Assessment

PM.s and NOx predictions were available through MESA Air as likelihood-based 2-week
averages at participant residences from 1999-2012. Additional details about air pollution
assessment can be found in Chapter 1, page 7. For the present analyses, individual-level
outdoor residential concentrations of PM,s and NOx were averaged over the 12 months prior to

blood draw.

DNA Methylation and Gene Expression Quantification

Blood was drawn at the 5" examination (April 2010-February 2012). Monocytes were
purified on-site by trained technicians following standardized protocols with extensive quality
control measures using anti-CD14-coated magnetic beads and AutoMACs automated magnetic
separation unit (Miltenyi Biotec, Bergisch Gladbach, Germany).*®* Monocytes samples were
consistently >90% pure based on flow cytometry of 18 specimens. A NanoDrop
spectrophotometer measured optical density measurements for DNA and RNA quality control.
The integrity of 18s and 28s ribosomal RNA was also evaluated using the Agilent 2100
Bioanalyzer with RNA 6000 Nano chips (Agilent Technology, Inc., Santa Clara, CA, USA), and
RNA with RNA Integrity Numbers (RIN) >9.0 were included in the expression microarrays. DNA
and RNA were extracted simultaneously from purified monocytes using AllPrep DNA/RNA Mini
Kit (Qiagen, Inc., Hilden, Germany).

Genome-wide methylation profiles of over 485,000 CpG sites were characterized in
purified monocytes using the Infinium HumanMethylation450 BeadChip (450k; lllumina, Inc. CA,

USA) as previously described.®®* This methylation data has been deposited in the NCBI Gene
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Expression Omnibus and is accessible through GEO Series accession number (GSE56046).
Bisulfite conversion of DNA fragments was performed with the EZ-96 DNA Methylation Kit
(Zymo Research, Orange, CA, USA). Bead-level methylation data were summarized using the
lllumina GenomeStudio software, and then raw methylation calls were normalized and
converted to M-values (log ratio of methylated to unmethylated intensities). The M-value was
used in statistical analyses due to better statistical performance in differential methylation
analyses.* The lllumina HumanHT-12 v4 Expression BeadChip and llumina Bead Array
Reader were used to obtain genome-wide expression profiles of over 48,000 transcripts
(Illumina, Inc. CA, USA).** A random sampling technique was used to assign samples to chips
and positions to mitigate batch effects for both arrays.

Data pre-processing was performed using Bioconductor® in R.5! For expression data,
lllumina’s GenomeStudio was used to account for local background and the beadarray
package®? was used for quality check analyses and bead type summarization. Negative
controls on the array were used to compute detection p-values. The neqc function of the
limma®3 package was used to perform normal-exponential convolution model analysis to
estimate non-negative signal, conduct quantile normalization using all probes (gene and control,
detected and not detected) and samples, add a recommended (small) offset, perform log base 2
transformation, and eliminate control probe data from the normalized expression matrix.
Multidimensional scaling plots showed the five common control samples were highly clustered
together and identified three outlier samples which were subsequently excluded.

Normalization of the Illumina HumanMethylation450 Beadchip two-channel systems was
performed by 1) smooth quantile normalization, 2) subtraction of the median intensity value of
negative control probes, and 3) standard quantile normalization applied to bead-type intensities
and combined across Infinium | and Il assays and both colors using the lumi package.>* Quality
control involved checking for sex and race/ethnicity mismatches and outlier identification by

multidimensional scaling plots. We also excluded probes designed for sequences on the X or
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the Y chromosome, uninformative probes (defined as those probes with detected methylation
levels in <90% of participants using a detection p-value cutoff of 0.05), and probes with single
nucleotide polymorphisms within 10 bp.

To reduce dimensions of our epigenome-wide methylation data, we focused on CpG
sites more likely to be functionally relevant. Previous work in this cohort identified 11,203
methylation sites that were associated with the cis-expression of 3,093 gene transcripts in a
sample of 1,264 randomly selected MESA participants.®® There were 2,713 unique CpG sites
among the most significant CpG sites (ranked by smallest p-values) associated with each of the
3,093 transcripts. We tested the association of these 2,713 expression-associated methylation
sites (eMS) with PM2s and NOx. A database of the 11,203 significant methylation-gene
expression association results can be downloaded at

http://www.wakehealth.edu/Research/Public-Health-Sciences/MesaEpiGenomics/eMS-

database---The-MESA-EpiGenomics-Project.htm. In our study, eMS were annotated with

respect to the gene with expression most significantly associated (based on smallest p-value) to
the eMS.

Alu and LINE-1 repetitive element DNA methylation were used as surrogates for global
DNA methylation. By intersecting probe locations from the Infinium 450K array with
RepeatMasker,*? we identified 12,456 and 9,507 probes for Alu and LINE-1 repetitive elements,
respectively, that passed quality control exclusion. Median Alu and LINE-1 DNA methylation

were calculated for each participant for use in regression analyses.

Other Measures

Information on demographics, socioeconomic status, medication, lifestyle factors, and
body mass index were obtained through questionnaires (self- and interviewer-administered) and
physical examination. Race/ethnicity, sex, and education were obtained at baseline. Food

frequency questionnaire was used to estimate intake of methyl nutrient intake at exam 5.
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Nutrients were calculated using the Nutrition Data System for Research (NDS-R database;
Nutrition Coordinating Center, Minneapolis, MN, USA) as previously described.>® A physical
activity survey adapted from the Cross-Cultural Activity Participation Study®® was used to
assess the frequency and time spent in various physical activities 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. Enrichment scores for neutrophils, B cells, T cells, and natural killer cells were
calculated from a gene set enrichment analysis using the gene expression signature of each cell

type obtained from previously defined lists.®

Statistical Analysis

The associations between air pollution (PMzs or NOx) and methylation M-values at
candidate CpGs were assessed with least squares regression and robust empirical Bayes
moderated t-statistics using the limma package from Bioconductor.>® To account for multiple
testing of the 2,713 eMS, we controlled the false discovery rate (FDR) at 0.05 using the
Benjamini-Hochberg method.** For eMS that were significantly associated with PMzs or NOx,
we also tested the association between the transcript previously associated with that eMS and
PM.s or NOx using linear models with least squares regression and robust empirical Bayes
moderated t-statistics using limma. The associations between air pollution and median Alu and
median LINE-1 methylation were examined using multiple linear regression with robust standard
errors.

In all analyses, we adjusted for age, sex, race/ethnicity (Black, Hispanic, White),
household income, education, neighborhood socioeconomic status, smoking (smoking status
and pack-years), secondhand smoke, body mass index, recent infection (summary index
derived from factor analysis),%” methyl nutrient intake calculated from food frequency

guestionnaire (continuous folate, vitamin B12, vitamin B6, methionine, zinc), physical activity,
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study site, microarray chip, and chip position (DNA methylation analysis only). We also
adjusted for residual sample contamination by non-monocytes by adjusting for enrichment
scores for neutrophils, B cells, T cells, and natural killer cells. Gene set enrichment analysis of
gene expression values for each participant was used to estimate enrichment scores for
neutrophils, B cells, T cells, and natural killer cells based on the gene signature of each blood
cell type from previously defined lists.*®* The ComBat function in the package SVA%® was used
to obtain methylation chip-adjusted M-values for use in regression analyses.

No covariate had more than 4% missing data. Multivariate imputation using chained
equations was used to impute missing values in Stata 13.%° Since the proportion of missing
data was low, only one iteration was used in association analyses.

Sensitivity analyses were conducted to investigate whether the association between
exposure to PM2s and NOx and Alu and LINE-1 methylation would be sensitive to a shorter
averaging period of 2 weeks for the MESA Air likelihood-based air pollution predictions. In
addition to including all covariates in the main analysis, this analysis also adjusted for
temperature, relative humidity, month of blood draw, and day of week of blood draw. Secondary
analyses were conducted to investigate potential effect modification sex and race/ethnicity by
fitting interaction terms for air pollution and sex or race/ethnicity. If an overall interaction p-value

was less than 0.05, stratified analyses were conducted.

Functional Annotation Analysis

We investigated the potential functional relevance of air pollution-associated CpGs by
using data from publicly available databases. In silico functional prediction of chromatin states
in monocytes was performed using ChromHMM,®° which is based on a hidden Markov model, to
predict segmentation among six states based on histone modifications in monocyte samples
from the BLUEPRINT®162 (H3K27ac, H3K4mel, H3K4me3) and ENCODE®? (H3K36me3)

projects. Annotation also included DNase hypersensitive hotspot data in a monocyte sample
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(Sample ID RO01746, data generated by the UW ENCODE group) and transcription factor
binding sites detected in any cell type available from ENCODE.®® Data were accessed from the
UCSC Genome Browser® and the Gene Expression Omnibus

(http://www.nchbi.nlm.nih.gov/geol/).

RESULTS

The analytic sample consisted of 1,207 participants with mean age of 69.6 (Table 2.2).
Of these participants, 21.2% were Black, 31.6% were Hispanic, and 47.2% were White.
Roughly half were female, and most were former (50.3%) or never (40.3%) smokers. The
average body mass index was 29.7 kg/m?. Over 65% of participants received education beyond
high school, and nearly 40% had incomes over $50,000. Median Alu and median LINE-1
methylation were 2.4 and 2.6 M-value units, respectively. Figure 2.1 shows plots of site-specific
12-month average ambient PM.s and NOx predictions. The overall average PM.s and NOx
predictions were 10.7 pug/m?® (interquartile range [IQR]=2.2 ug/m?®) and 28.7 ppb (IQR=31.9 ppb),
respectively. PM.s and NOx were positively correlated (correlation coefficient=0.82). Table 2.2
summarizes participant characteristics by study sites.

Figure 2.2 shows a plot of the —logio(p-values) against genomic position from linear
regression analysis of 2,713 eMS with PM.s. We identified five eMS with methylation
significantly (FDR<0.05) associated with PM; s (four positively and one negatively), and they
included cg20455854 (ANKHD1; ankyrin repeat and KH domain containing 1), cg07855639
(LGALSZ2; lectin, galactoside-binding, soluble, 2), cg07598385 (ANKRD11; ankyrin repeat
domain 11), cg17360854 (BAZ2B; bromodomain adjacent to zinc finger domain, 2B), and
cg17360854 (PPIE; peptidylprolyl isomerase E). The statistically significant eMSs associated
with PM s are shown in Table 2.3. The eMS ¢g20455854 had methylation associated with
ANKHD1 expression and was the eMS most significantly associated with PM.s (=0.139, 95%

confidence interval [CI]: 0.074, 0.203; per 2.5 ug/m?3). Cg20455854 is located within a DNase
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hypersensitivity site (monocyte data from ENCODE), a transcription factor binding site (any cell
type from UCSC Genome Browser), and a predicted strong enhancer region (Table 2.4). NOx
exposure was not significantly associated with methylation of any eMS (Table 2.5). We did not
identify significant interactions between air pollution and race/ethnicity. However, the overall
interaction p-value for PM.s and sex was 0.01 for cg07855639 (LGALS?2). In sex-stratified
analyses, the effect estimates for females and males were 0.104 (95% CI: 0.051, 0.156; p=1.3e-
4) and 0.071 (95% CI: 0.014, 0.129; p=0.015), respectively.

Although all candidate CpGs were previously associated with mRNA expression of a
nearby gene in this cohort, not all of the mRNA expression profiles associated with PM; -
associated eMS were significantly (FDR<0.05) differentially expressed with respect to air
pollution. Three of the five genes with mMRNA expression previously associated with the
significant PM2s-eMS had mRNA expression also associated with PM,s. PM.s exposure was
negatively associated with ANKHD1 (B=-0.048; 95% CI: -0.074, -0.022; per 2.5 ug/m?; p=3.71E-
04), LGASL2 (B=-0.147; 95% CI: -0.240, -0.053; per 2.5 pg/m3 p=0.002), and ANKRD11
expression (B=-0.075; 95% CI: -0.142, -0.008; per 2.5 pug/m?*; p=0.028) (Table 2.6).

Median DNA methylation of Alu was not associated with PM. s (=-0.003, 95% CI: -
0.006, 0.001, p=0.155) or NOx (B=0.001, 95% CI: -0.006, 0.008, p=0.719) after covariate
adjustment (Table 2.7). Median DNA methylation of LINE-1 was also not associated with PM_ s
(B=-0.003, 95% CI: -0.007, 0.001, p=0.177) or NOx (8=-0.0004, 95% CI: -0.009, 0.008, p=0.927)
after covariate adjustment (Table 2.7). Results were not sensitive to using a 2-week averaging
period for air pollutants (Table 2.7). We did not identify interactions between air pollution and

sex or race/ethnicity (p>0.10).

DISCUSSION
We examined the associations between long-term air pollution exposure and DNA

methylation in monocytes and found significant site-specific associations. In order to identify
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potentially functionally relevant genes involved in the pathogenesis of air pollution-related
cardiovascular disease, we focused on a set of CpG sites that were previously associated with
expression of nearby genes. We detected five CpGs with methylation associated with long-term
PM.s exposure in monocytes. Expression of three genes related to these methylation sites was
associated with air pollution. No site-specific methylation site was significantly associated with
long-term NOx exposure. We did not find evidence of an association between exposure to long-
term ambient air pollution and global DNA methylation in monocytes.

Genes with both regulatory DNA methylation site(s) and mRNA expression that are
associated with air pollution may be more plausibly involved in the pathogenesis of air pollution-
related disease. In this study, we identified three such genes: ANKHD1, LGALS2, and
ANKRD11. While we did not formally evaluate whether DNA methylation mediates the
association of air pollution with atherosclerotic cardiovascular disease in this chapter and
temporal relationships are not clear, our findings suggest that DNA methylation may potentially
link air pollution inhalation with changes in monocyte gene expression that could contribute to
disease.

ANKHD1 function in monocytes is unknown, but it is highly expressed in acute
leukemia, multiple myeloma, and prostate cancer and may support proliferation and cell cycle
progression of cancer cells.®>% |t may modulate yes-associated protein (YAP) expression and
activation,®® a finding potentially relevant to atherosclerosis. During leukocyte transmigration (a
critical process in the pathogenesis of atherosclerosis), chemokines, selectins, and adhesion
molecules interact to recruit leukocytes to the site of inflammation.®® In a mouse model, YAP
knockdown decreased shear stress- and cytokine-induced production of pro-inflammatory
adhesion molecules in monocytes and endothelial cells, limiting monocyte endothelial cell
adhesion.” Furthermore, overexpression of constitutively active YAP increased endothelial
inflammation and monocyte adhesion to endothelial cells.”® Plausibly, ANKHD1 may modulate

monocyte adhesion through YAP.
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In our study, PM2s exposure correlated with higher methylation of ANKHD1-eMS
€g20455854 and lower mRNA expression of ANKHD1. The location of cg20455854 within a
DNase hypersensitivity site, transcription factor binding site, and predicted strong enhancer
region provides support of a potentially functional PM2s-eMS. Together, our results suggest a
possible role of PM: s in modifying monocyte adhesion during atherosclerosis.

LGALS2 encodes the protein galectin-2, which is part of the galectin family of proteins
that typically binds B-galactose-containing glycoconjugates.” Galectins affect many cellular
functions including the inflammatory response.”* Galectin-2 can bind inflammatory cytokine
lymphotoxin-a and regulate its secretion in vitro.”? In addition, case-control studies reported that
the 3279C>T (rs7291467; chromosome 22, position 37576621) polymorphism in LGALS2 was
negatively associated with risk for myocardial infarction’? and coronary artery disease.”>’* This
SNP is located over 380 kb away from the LGALS2-eMS cg07855639. The CC genotype of this
polymorphism also increases expression of galectin-2, and higher levels of galectin-2 exist in
monocytes and macrophages of coronary artery disease patients with low arteriogenic
response.” Galectin-2 also induced a pro-inflammatory phenotype in monocytes and
macrophages in vitro and in mice.”® However, the TT genotype, which leads to lower levels of
galectin-2, was associated with more severe coronary stenosis’’ and higher levels of C-reactive
protein.”® Moreover, addition of galectin-2 to activated T cells downregulated production of the
pro-inflammatory cytokines interferon-y and tumor necrosis factor-a, while increasing secretion
of the anti-inflammatory cytokine interleukin-10.”® This suggests that galectin-2 may modulate
both pro-inflammatory and anti-inflammatory cytokines.

In our study, PM2 s exposure was positively associated with methylation of the LGALS2-
eMS cg07855639 and negatively associated with LGALS2 mRNA expression in monocytes.
The identification of LGALS2 suggests a potential role of the inflammation pathway in mediating

air pollution-related CVD, which is consistent with the current literature.®
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ANKRD11 regulates chromatin modification and has been found to be associated with
autism’ and KBG syndrome (rare disorder marked by dental, neurobehavioral, craniofacial and
skeletal anomalies).®® In our cohort, PM.s was positively associated with ANKRD11 methylation
and negatively associated with ANKRD11 mRNA expression. Although air pollution is a risk
factor for cardiovascular disease, air pollution has also been linked to other complex diseases
such as autism, where a suggested common mechanism might be inflammation.®! It is also
possible that ANKRD11 or cg07598385 may exhibit pleiotropic effects on autism, KBG
syndrome, and potentially air pollution-related diseases.

BAZ2B and PPIE methylation, but not mMRNA expression, were significantly associated
with PM. s exposure. BAZ2B is a bromodomain containing chromatin remodeling protein that
epigenetically regulates transcription. Although the function of BAZ2B remains unclear, single
nucleotide polymorphisms in BAZ2B were associated with sudden cardiac death.®? PPIE
belongs to the family of PPlases with proline isomerase activity that stimulates folding and
conformational changes in proteins and may be linked to leukemia,®® colorectal cancer,? and
body mass index.®

Previous studies have associated air pollution exposure with DNA methylation of a
number of genes including iNOS,?2* tissue factor, intercellular adhesion molecule 1, toll-like
receptor 2, interferon-y, and interleukin-6.4" In addition, a prior epigenome-wide study of whole
blood using the 450k array identified 12 CpG sites associated with short- and mid-term PM; s
exposure at genome-wide significance.?? Of these genes and CpG sites, only one CpG site
associated with intercellular adhesion molecule 1 were among the list of eMS analyzed in this
study, and it was not associated with long-term PM,s or NOx exposure.

We were unable to replicate prior observational studies that found significant
associations between air pollution exposure and global DNA methylation using Alu and LINE-1
methylation as surrogates.’®?3# Short-term controlled human experiments (blood collected 1-

30 hours post-exposure) showed that exposure to air pollutants changed DNA methylation
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levels of Alu and LINE-1 elements.?”8 However, other studies did not find an association
between air pollution and LINE-1 and/or Alu DNA methylation. 192486

Differences in platforms may partially explain our null associations with global DNA
methylation. We assessed global DNA methylation using probes on the lllumina 450k array that
map to Alu and LINE-1 repetitive elements, unlike most previous studies that used
pyrosequencing. We also adjusted for a wider array of potential confounders not available in
prior studies. Furthermore, our study examined DNA methylation in purified monocytes
whereas previous studies used a mixture of blood cells. Monocytes constitute about 5-10% of
peripheral blood leukocytes,? highlighting the possibility that the association between air
pollution and global DNA hypomethylation may be specific to other leukocytes. Moreover, our
study population differs from those of prior studies. Our study included men and women age 65
and over who reside in six U.S. regions. Prior studies included a variety of study populations
including an elderly cohort of men from the Boston area (mean age 73),1%2° healthy male
workers from an electric steel furnace plant in Italy (mean age 44),2® and a predominantly male
group of workers from the Ma Ta Phut industrial estate in Thailand (mean age 31).%

We considered the possibility that the difference in air pollution exposure time windows
may explain our non-significant findings for global DNA methylation. Previous studies found
significant associations for short- and intermediate-term air pollution exposure, rather than long-
term exposures that are the primary focus of the MESA Air project. A study of air pollution and
percent 5-methyl-2’-deoxycytidine methylation found the strongest associations above 7 days,
with most of the effects observed for the 5- to 30-day moving average exposures.*® However, in
our study, the associations between 2-week average air pollutant concentrations and global
DNA methylation were not significant in sensitivity analyses.

In our study, we only identified CpGs significantly associated with PM2 s but not NOx (at
FDR of 0.05). Sources of ambient PM. s include energy generation, combustion of fuel,

agricultural and industrial processes, and road and wind-blown dust.? While motor vehicle
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emissions contribute to ambient PM. s, these emissions are one of the main anthropogenic
sources of ambient NOx. Ambient air is a mixture of pollutants, and this mixture may be
responsible for the observed associations between air pollution and health.®! Single pollutants
such as PMzs or NOx may serve as proxies for this mixture.®® A study conducted using data
from Quebec, Canada observed that air pollutant mixtures varied substantially within the city,
and although none of the single pollutants were perfect proxies for urban ambient air pollution
mixtures, NOx seemed to be the best proxy.®* However, we found methylation signals to be
associated with PM_ s but not NOx, suggesting that in our study PM.s may be a better proxy of
the mixture of air pollutants that affect DNA methylation levels.

There are limitations to our study. Our analysis was cross-sectional, and we were
unable to make inferences about the effect of air pollution on changes in DNA methylation. In
addition, our study was comprised of individuals in the United States, which has lower air
pollution concentrations than many parts of the world. Higher concentrations of air pollutants
may trigger alternate disease mechanisms not captured in our data. Additionally, there may be
effect modifiers of the air pollution-DNA methylation association not investigated in this study.
However, in our sensitivity analyses we did not find evidence of effect modification by sex or
race/ethnicity. There may also be residual confounding by factors not included in the analysis.
Our study may be further limited by selection bias; our analytic sample included slightly fewer
Black participants and slightly more Hispanic participants compared to all participants from the
four participating MESA field centers at exam 5. However, secondary analyses did not provide
evidence of effect modification by race/ethnicity of the association between air pollution and
DNA methylation. Moreover, our analytic sample was similar to the MESA patrticipants from the
four field centers in all other covariates and our analysis adjusted for race/ethnicity. Thus, we
expect selection bias to have a minimal influence in our analysis. Finally, the functional

assessment is limited to previously described cis associations.
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Our study is distinct in several ways. Our focus on purified monocytes greatly enhances
the interpretability of our results and the ability to tease out monocyte-specific differentially
methylated signals that are important in atherosclerosis. Furthermore, the population-based
sampling, younger age, and multi-ethnic nature of the MESA cohort improves generalizability of
study results to a diverse adult population. The coupling of DNA methylation and gene
expression data aids the detection of differentially methylated sites that may be functionally
relevant. Finally, the state-of-art air pollution assessment in MESA Air provides individual-level
exposures that capture fine-scale spatial variability in air pollution to greatly reduce

measurement error.

CONCLUSIONS

Long-term ambient air pollution exposure was associated with site-specific DNA
methylation, but not global DNA methylation, in purified blood monocytes obtained from a multi-
ethnic adult population. We identified genes that may be functionally relevant to mediating air
pollution health effects by focusing on expression-associated methylation sites. These genes
may participate in inflammation and possibly monocyte endothelial adhesion. Future research
in blood monocytes could address whether air pollution-associated diseases—such as

atherosclerosis—may be mediated in part by DNA methylation epigenetic reprogramming.
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TABLES AND FIGURES

Table 2.1. Demographics of analytic sample and all participants from the 5" examination from
four Multi-Ethnic Study of Atherosclerosis (MESA) study sites.

Analytic Sample Exam 5 Participants?
(n=1,207) (n=3,052)
n (%) or mean = SD n (%) or mean = SD

Age (y) 69.6+9.4 69.8+94
Race/ethnicity, %

Black 256 (21.2) 943 (30.9)

Chinese-American 0 (0.0) 2(0.1)

Hispanic 381 (31.6) 699 (22.9)

White 570 (47.2) 1,408 (46.1)
Sex, %

Female 623 (51.6) 1,660 (54.4)

Male 584 (48.4) 1,392 (45.6)
Smoking status, %P

Never 484 (40.3) 1,249 (41.5)

Former 604 (50.3) 1,493 (49.6)

Current 112 (9.3) 266 (8.8)
Secondhand smoke (hours per week)b 3.7+205 3.2+16.8
Body mass index (kg%/m?2)b 29.7+55 29.3+5.7
Physical activity (MET-min/wk m-su)® 5,696.2 + 7205.6 5,458.2 + 6566.0
Education, %P

Less than high school 176 (14.6) 402 (13.2)

High school 236 (19.6) 611 (20.1)

Some college but no degree 212 (17.6) 524 (17.2)

Bachelor's/Associate/Technical 373 (31.0) 962 (31.6)

Advanced degree 208 (17.3) 546 (17.9)
Income, %P

< $24,999 297 (25.5) 721 (25.0)

$25,000 - $49,999 371 (31.9) 912 (31.6)

$50,000 - $99,999 333 (28.6) 815 (28.2)

$100,000 or more 163 (14.0) 437 (15.1)
Neighborhood socioeconomic status factor
scoreP -041+1.1 -0.34+1.1
Folate (mcg)® 317.1+169.2 311.7 +214.7
Vitamin B12 (mcg)® 3.9+3.8 3.9+55
Vitamin B6 (mg)® 15+0.8 1.5+1.0
Methionine (g)® 14+0.8 14+11
Zinc (mg)® 8.9+5.2 8.7+6.3
Recent infection, %P

No 922 (77.2) 2,322 (77.3)

Yes 273 (22.8) 682 (22.7)



Study site, %

Winston-Salem, NC 49 (4.1) 813 (26.6)
New York, NY 398 (33.0) 810 (26.5)
Baltimore, MD 303 (25.1) 658 (21.6)
St. Paul, MN 457 (37.9) 771 (25.3)
PM2s (ug/m?s)P 10.7+1.7 107+ 15
NOx (ppb)® 28.7 £ 18.5 24.8 £ 185

a All participants at 5" exam from four Multi-Ethnic Study of Atherosclerosis study sites: Baltimore, MD;
New York, NY; St. Paul, MN; and Winston-Salem, NC.
b Contains missing values.



Table 2.2. Selected characteristics of 1,207 Multi-Ethnic Study of Atherosclerosis (MESA)

participants.

North
Total New York Maryland Minnesota Carolina
n (%) or n (%) or n (%) or n (%) or n (%) or
mean + SD mean + SD mean = SD mean = SD mean = SD
Age (y) 69.6 £9.4 69.7 £ 9.7 70.7£9.0 68.5+9.5 711+7.0
Race/ethnicity, %
White 570 (47.2) 82 (20.6) 173 (57.5) 267 (58.4) 48 (94.1)
Black 256 (21.2) 125 (31.4) 128 (42.5) 0 (0) 3(5.9)
Hispanic 381 (31.6) 191 (48) 0 (0) 190 (41.6) 0 (0)
Sex, %
Female 623 (51.6) 231 (58) 156 (51.8) 208 (45.5) 28 (54.9)
Male 584 (48.4) 167 (42) 145 (48.2) 249 (54.5) 23 (45.1)
Smoking status, %?
Never 484 (40.3) 181 (45.8) 120 (40.1) 165 (36.3) 18 (35.3)
Former 604 (50.3) 184 (46.6) 149 (49.8) 244 (53.6) 27 (52.9)
Current 112 (9.3) 30 (7.6) 30 (10) 46 (10.1) 6 (11.8)
Secondhand smoke 37+205  23+(11.1) 5.9+353 3.3+12.3 5.5 £14.2
(hours per week)?
Body mass index 29.7+55 20.3+56 30.1+57 20.8+53 285+58
(ng/mZ)a
Physical activity (MET- 5,696.2 = 5,364.6 = 5,978.8 = 5,942.0 = 4,405.0 +
min/wk m-su)2 7,205.6 7,139.0 9,405.6 5,770.6 3,314.3
Education, %2
Less than high 176 (14.6) 94 (23.6) 20 (6.7) 61 (13.3) 1(2.0)
school
High school 236 (19.6) 76 (19.1) 59 (19.7) 95 (20.8) 6 (11.8)
Some college butno ), ;7 ¢ 68 (17.1) 59 (19.7) 75 (16.4) 10 (19.6)
degree
Bachelor's/Associate
Technical 373 (31.0) 99 (24.9) 81 (27.1) 171 (37.4) 22 (43.1)
Advanced degree 208 (17.3) 61 (15.3) 80 (26.8) 55 (12.0) 12 (23.5)
Income, %?
< $25,000 297 (25.5) 131 (33.5) 49 (17.3) 110 (24.9) 7 (14.3)
$25,000 - $49,999 371 (31.9) 125 (32.0) 77 (27.2) 150 (34.0) 19 (38.8)
$50,000 - $99,999 333 (28.6) 89 (22.8) 104 (36.7) 125 (28.3) 15 (30.6)
$100,000 or more 163 (14.0) 46 (11.8) 53 (18.7) 56 (12.7) 8 (16.3)
Neighborhood
socioeconomic status -0.41+1.09 -1.06 £ 1.42 -0.27 £ 0.85 0.004 £ 0.62 -0.21+0.91
factor score?
Recent infection, %2
No 922 (77.2) 293 (73.8) 225 (76.0) 365 (80.8) 39 (78.0)
Yes 273 (22.8) 104 (26.2) 71 (24.0) 87 (19.2) 11 (22.0)
Folate (mcg)?2 317.1+169.2 308.5+162.7 301.9+165.0 333.6+1756 324.1+175.9
Vitamin B12 (mcg)? 3.9+3.8 41+5.1 3.6+3.2 4028 3.9+28
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Vitamin B6 (mg)?2
Methionine (g)2
Zinc (mg)?2

15+0.8
1.4+0.8
8.9+52

1.4+0.7
1.3+0.8
8.4+49

15+0.9
1.3+0.9
8.3+5.6

1.6+0.8
15+0.38
9.6+5.2

15+0.7
1.4+0.38
8.8+4.3

a Contains missing values.
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Table 2.3. Expression-associated methylation sites (eMS) significantly associated with PM: s (per 2.5 pg/m3).

Gene? Chr CpG B (95% ClI)° P-value Adjusted P-value®
ANKHD1 5 ¢cg20455854  0.139(0.074,0.203) 2.77E-05 0.034
LGALS2 22 cg07855639  0.081 (0.043,0.120) 3.28E-05 0.034
ANKRD11 16 ¢g07598385 0.108 (0.056, 0.160)  4.97E-05 0.034
BAZ2B 2 ¢cgl7360854 0.081(0.042,0.120) 5.08E-05 0.034
PPIE 1 cg23599683 -0.057 (-0.085, -0.029) 7.17E-05 0.039

PMzs, fine particulate matter; chr, chromosome; Cl, confidence interval.

a Gene corresponding to Illumina transcript associated with CpG methylation.

b Models adjusted for age, race/ethnicity, sex, study site, income, education, neighborhood socioeconomic status factor score, cigarette smoking,
secondhand smoke, body mass index, physical activity, methyl nutrient intake (folate, vitamin B12, vitamin B6, methionine, zinc), residual cell
contamination by non-monocytes, recent infection, methylation chip position (for DNA methylation analysis only), and gene expression chip (for
gene expression analysis only). Methylation values were adjusted for methylation chip prior to regression analysis.

¢ Based on false discovery rate cutoff of 0.05 using the Benjamini-Hochberg method.
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Table 2.4. Nearest gene and functional annotation of significant expression-associated methylation sites (eMS) related to long-term

PM_.5 exposure.

Position Transcript lllumina Nearest Distance CD14+ Chromatin DNase HS TFBS Any
CpG Chr (hg19) Gene? Transcript? TSS Genes TSS State © CD14+ Cello
€g20455854 5 139040849 ANKHD1 ILMN_1765091 CXXC5 12330 Strong enhancer Yes Yes
cg07855639 22 37959465 LGALS2 ILMN_1687306 CDC42EP1 2993 Heterochromatin Yes Yes
cg07598385 16 88566483 ANKRD11  ILMN_2108709 MIR5189 31156 Heterochromatin No Yes
cgl7360854 2 161224771 BAZ2B ILMN_1720850 MIR4785 39620 Strong enhancer Yes Yes
€g23599683 1 40235372 PPIE ILMN_1680341 OXCT2 1646 Heterochromatin No No

PMzs, fine particulate matter; chr, chromosome; TSS, transcription start site; DNAse HS, DNase hypersensitivity; TFBS, transcription factor
binding site; ENCODE, The Encyclopedia of DNA Elements.

a All CpG sites have previously been associated with cis-gene expression. This annotation is based on the gene that the associated transcript
maps to.

b lllumina transcript identification number for transcript associated with CpG.

¢ Annotation based on gene with the nearest TSS.

d Distance to nearest TSS.

¢ Prediction based on histone modifications in monocyte samples from the BLUEPRINT (H3K27ac, H3K4mel, H3K4me3) and ENCODE
(H3K36me3) projects.

fDNase hypersensitivity reported in a CD14+ monocyte sample (ENCODE).

9 TFBS reported in any cell type available from the UCSC Genome Browser.
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Table 2.5. Associations between top five? expression-associated methylation sites (eMS) and NOx (per 30 ppb).

Transcript lllumina Nearest Distance Adjusted
CpG Chr  Position GeneP Transcript® TSS Gened TSSe Bf 95% CI P-value  P-value?
€cgl6859127 12 113897132 OAS1 ILMN_1658247 LHX5 12743 -0.201 (-0.304, -0.099) 1.27E-04 0.346
€cgl16734451 8 32430022 NRG1 ILMN_1737252 NRG1 23322 0.098 (0.044, 0.152) 3.70E-04 0.502

€g22243996 6 26757644 HIST1H2BD ILMN_1758623 ZNF322 97663 0.147 (0.058, 0.236) 1.27E-03 0.604
cg03014680 12 10122522 CLEC12A ILMN_2292178  CLEC12A 1484 0.103 (0.039, 0.167) 1.55E-03 0.604
cg01092361 6 42185687 MRPS10 ILMN_1663664 MRPS10 53 0.115 (0.043, 0.186) 1.64E-03 0.604

NOx, oxides of nitrogen; chr, chromosome; TSS, transcription start site; Cl, confidence interval.

a These associations did not meet statistical significance at false discovery rate cutoff of 0.05, but have the smallest p-values.

b All CpG sites have previously been associated with cis-gene expression. This annotation is based on the gene that the associated transcript
maps to.

¢ lllumina transcript identification number for transcript associated with CpG.

d Annotation based on gene with the nearest TSS.

e Distance to nearest TSS.

f Adjusted for age, sex, race/ethnicity, study site, residual cell contamination by non-monocytes (neutrophils, B cells, T cells, and natural killer cells),
and expression chip.

9 Based on false discovery rate cutoff of 0.05 using the Benjamini-Hochberg method.
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Table 2.6. Association between PM, s (per 2.5 ug/m®) and expression of transcript corresponding to expression-associated

methylation sites (eMS) associated with PM_s.

Gene? Chr lllumina Transcript eMS B (95% CI)b P-value  Adjusted P-value®
ANKHD1 5 ILMN_1765091 €g20455854 -0.048 (-0.074, -0.022) 3.71E-04 0.002
LGALS2 22 ILMN_1687306 cg07855639 -0.147 (-0.240, -0.053) 0.002 0.005
ANKRD11 16 ILMN_2108709 cg07598385 -0.075 (-0.142, -0.008) 0.028 0.046
BAZ2B 2 ILMN_1720850 €g17360854 -0.016 (-0.060, 0.027) 0.463 0.578
PPIE 1 ILMN_1680341 €g23599683 0.004 (-0.020, 0.028) 0.728 0.728

PMzs, fine particulate matter; eMS, expression-associated methylation sites; chr, chromosome; Cl, confidence interval.

a Gene corresponding to lllumina transcript associated with CpG methylation.

b Models adjusted for age, race/ethnicity, sex, study site, income, education, neighborhood socioeconomic status factor score, cigarette smoking,
secondhand smoke, body mass index, physical activity, methyl nutrient intake (folate, vitamin B12, vitamin B6, methionine, zinc), residual cell
contamination by non-monocytes, recent infection, methylation chip position (for DNA methylation analysis only), and gene expression chip (for
gene expression analysis only). Methylation values were adjusted for methylation chip prior to regression analysis.

¢ Based on false discovery rate cutoff of 0.05 using the Benjamini-Hochberg method.
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Table 2.7. Association between global DNA methylation (Alu and LINE-1) and one-year and 2-week average PM:s (per 2.5 pug/m?3)

and NOx (per 30 ppb).

Alu LINE-1
B (95% Cl)?2 P-value B (95% Cl)2 P-value

One-year average

PMa.s -0.003 (-0.006, 0.001) 0.155 -0.003 (-0.007, 0.001) 0.177

NOx 0.001 (-0.006, 0.008) 0.719 -0.0004 (-0.009, 0.008) 0.927
2-week average

PMa.s 0.0004 (-0.002, 0.002) 0.694 0.001 (-0.001, 0.003) 0.415

NOx 0.002 (-0.004, 0.008) 0.464 0.003 (-0.004, 0.010) 0.391

PMzs, fine particulate matter; NOx, oxides of nitrogen; Cl, confidence interval; LINE-1, long interspersed element 1.

a Models adjusted for age, race/ethnicity, sex, study site, income, education, neighborhood socioeconomic status factor score, cigarette smoking,
secondhand smoke, body mass index, physical activity, methyl nutrient intake (folate, vitamin B12, vitamin B6, methionine, zinc), residual cell
contamination by non-monocytes, recent infection, and methylation chip position. Methylation values were adjusted for methylation chip prior to

regression analysis.
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Figure 2.1. Ambient predictions of PM,s and NOx by site, averaged over 12 months prior
to blood draw. Site abbreviations: NY, New York; MD, Maryland; MN, Minnesota; NC, North
Carolina. The lower and upper ends of the box represent the 25th and 75th percentiles,
respectively, and the center bar represents the median. The bottom and top whiskers represent
1.5 times the interquartile distance above and below the 25th and 75th percentiles, respectively,

and the circles indicate outliers.
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Figure 2.2. Association between PM2s and NOx and 2,713 expression-associated

methylation sites. Red line demarcates statistical significance at a false discovery rate of 0.05.

Plot for NOx does not have a red line because no sites were statistically significant.
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CHAPTER 3
Long-term Air Pollution Exposure and Epigenome-wide DNA Methylation in Monocytes:

Results from the Multi-Ethnic Study of Atherosclerosis (MESA)

ABSTRACT

Background: Air pollution exposure may potentially affect atherosclerosis through alterations
in DNA methylation. Monocytes are crucial in atherosclerosis pathogenesis, but an epigenome-
wide study of DNA methylation in monocytes and long-term air pollution exposure has not been
conducted.

Objectives: We investigated epigenome-wide DNA methylation in purified CD14+ monocytes
of adults over age 55 in relation to long-term ambient air pollution exposure. We also assessed
the association between air pollution-associated methylation signals and cis-expression of
genes within 1 Mb of the methylation signal in question.

Methods: Using spatiotemporal models, one-year average ambient fine particulate matter
(PM25) and oxides of nitrogen (NOx) concentrations were estimated at participants’ homes in
the Multi-Ethnic Study of Atherosclerosis. We assessed epigenome-wide DNA methylation and
genome-wide gene expression in circulating monocytes of 1,207 participants using lllumina’s
Infinium HumanMethylation450 BeadChip and HumanHT-12 v4 Expression BeadChip,
respectively. “Bump hunting” and site-specific approaches adjusting for demographics,
smoking, body mass index, physical activity, socioeconomic status, methyl-nutrients, recent
infection, and technical variables were used to identify differentially methylated genomic regions
and CpG sites. We considered findings significant at a false discovery rate of 0.05.
Associations between significant DNA methylation signals and gene expression were assessed
using linear models.

Results: Four differentially methylated regions (DMRs) located on chromosomes 5, 6, 16, and

7 near SDHAP3, ZFP57, PRM1, and HOXADS, respectively, were positively associated with
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PM.s. Forthe DMRs located on chromosomes 5, 6, 16, and 7, the average methylation
difference for each 2.5 pg/m? higher exposure to PM. s was 14.6% (p=1.4x10°), 10.9%
(p=2.1x107%), 26.5% (p=3.2x107%), and 4.4% (p=4.6x10"°), respectively. NOx was also positively
associated with the DMRs located on chromosomes 5 (average methylation difference=25.7%
per 30 ppb NOx; p=7.7x10°) and 6 (average methylation difference =25.0% per 30 ppb NOx,
p=9.8x10°%). Three differentially methylated sites were identified for PM.s: cg05926640
(B=0.049; 95% CI: 0.032, 0.067; p=5.6x10%; near LOC101927851), cg04310517 (3=0.052; 95%
Cl: 0.033, 0.072; p=2.2x107"; near KREMEN2), and cg09509909 (B=0.079; 95% CI: 0.049,
0.110; p=4.6x10"; near FGFBP3). Cg11756214 within ZNF347 was associated with NOx
(B=0.078; 95% CI: 0.050, 0.106; p=5.6x10%). Methylation of regions or sites near SDHAP3,
PRM1, HOXAbB, and LOC101927851 were also associated with cis-gene expression.
Conclusions: We identified genomic regions and sites with methylation associated with long-
term air pollution exposure. Future studies are needed to investigate whether DNA methylation

effects in monocytes mediate air pollution associations with atherosclerosis.

INTRODUCTION

Air pollution exposure is a risk factor for cardiovascular disease (CVD), and several
potential pathways have been proposed to explain these associations, including systemic
inflammatory responses, oxidative stress,*® and progression of atherosclerosis.®> However,
mechanisms for pathophysiological effects of air pollution inhalation are still unclear.

Growing literature suggests that environmental pollutants may cause disease through
pathways involving epigenetic regulation of gene expression, such as that through DNA
methylation.®® Several studies have shown associations between exposure to air pollutants and
global and site-specific DNA methylation in mixed blood leukocytes.*®#893-9 |n addition, studies

have associated DNA methylation patterns with cardiovascular outcomes.'#%% However,
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these studies measured DNA methylation in heterogeneous cell types, each with their own
epigenetic signature. Shifts in cell type composition may confound results of these studies.

In Chapter 2, we assessed the association between long-term ambient air pollution
exposure and global DNA methylation and candidate-site DNA methylation in purified
monocytes. In this chapter, we expand on our previous work to conduct an epigenome-wide
study of DNA methylation and long-term exposure to ambient fine particulate matter (PM.5) and
oxides of nitrogen (NOx) in monocytes. Monocytes were selected because of their crucial role
in atherosclerosis pathogenesis.'* We utilized data from the Multi-Ethnic Study of
Atherosclerosis (MESA), MESA Air, and the MESA Epigenomics and Transcriptomics Study.
We also investigated potential biological relevance of significant air pollution-associated

methylation signals by analyzing their associations with the expression of nearby genes.

METHODS
Study Population

MESA is a prospective longitudinal study of a diverse population-based cohort consisting
of 28% Black, 12% Chinese-American, 22% Hispanic, and 38% White participants from six field
centers (Baltimore, MD; Chicago, lllinois; Los Angeles, CA; New York, NY; St. Paul, MN, and
Winston-Salem, NC).3! Data were also obtained from MESA Air and the MESA Epigenomics
and Transcriptomics Study. Please see Chapter 1, pages 5-7 for additional details about these
studies.

Our analytic sample included 1,207 participants with DNA methylation, gene expression,
and air pollution data. Participants included in this study are generally representative of all
participants at the four MESA field centers from the 5" examination except for having fewer
Black participants, more Hispanic participants, and fewer participants from Winston-Salem, NC

(Table 2.1, Chapter 2). In addition, there are no Chinese-American participants in our study
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because methylation and gene expression data were not obtained from participants in Los

Angeles or Chicago, the main sources of Chinese-American participants in MESA.

Air Pollution Assessment

We used ambient estimates of PM2s and NOx concentrations at participants’ homes that
were averaged over the one year prior to blood draw. These estimates were predicted using
spatiotemporal models optimized via maximum likelihood.*4%¢ Additional information can be

found in Chapter 1, page 7.

DNA Methylation and Gene Expression Quantification

Monocytes were purified from blood drawn at the 5" exam. DNA and RNA were
extracted for use in an epigenome-wide DNA methylation array (Infinium HumanMethylation450
BeadChip) and a genome-wide gene expression array (lllumina HumanHT-12 v4 Expression
BeadChip), respectively.®* A detailed description of the measurement, pre-processing, and
normalization of microarray data can be found in Chapter 2, pages 15-17.

For quality control, we excluded allosome probes, probes with non-detectable
methylation in over 90% of samples (using a detection p-value cutoff of 0.05), and probes
located within 10 bp of single nucleotide polymorphisms. Of the 480,000 CpG sites on the

Infinium 450k, 437,600 passed our quality control criteria.

Other Measures

A description of covariates used in this analysis can be found in Chapter 2, pages 17-18.

Statistical Analysis

Identification of Differentially Methylated Regions
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Epigenome-wide studies using data from the lllumina HumanMethylation450 BeadChip
typically conduct site-by-site analyses, following the standard genome-wide association study
(GWAS) approach. However, unlike single-nucleotide polymorphism data, DNA methylation
measurements from microarrays are continuous when aggregated over a large number of cells
(e.g. proportion of cells methylated), are more vulnerable to measurement error, are more
densely spaced across the genome, and have more complex correlation structures.*® The
standard GWAS site-by-site analytic approach does not account for these complications. Since
DNA methylation of nearby CpG sites are strongly correlated, power can be increased by
borrowing information from adjacent CpG sites.** Thus a “bump hunting” method to identify
differentially methylated regions (DMRs) may improve the sensitivity of epigenome-wide
analyses.

We adapted the bump hunting approach previously described® 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.*® Consecutive probes on the 450k array were grouped into clusters where the
maximum distance between two neighboring probes was 300 bp and each cluster contained 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 (PM2s or NOx) to estimate a coefficient for each CpG site,
adjusting for age, sex, race/ethnicity (Black, Hispanic, White), household income, education,
neighborhood socioeconomic status, smoking (smoking status and pack years), secondhand
smoke, body mass index, recent infection, methyl nutrient intake (continuous folate, vitamin B12,
vitamin B6, methionine, zinc), physical activity, study site, and chip position. We also adjusted
for residual sample contamination by non-monocytes by adjusting for enrichment scores for
neutrophils, B cells, T cells, and natural killer cells. The ComBat function in the package SVA®®

was used to obtain methylation chip-adjusted M-values for use in regression analyses. These
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estimated coefficients were smoothed using loess, and candidate DMRs were identified as
regions above or below the 97.5% percentile of the empirical distribution of the smoothed
estimate. Statistical uncertainty for each candidate DMR was assessed by bootstrapping. We
conducted 1,000 bootstraps, and each bootstrap produced null candidate regions. The
empirical p-value for each observed candidate DMR was the percent of null regions that were
as extreme (longer and higher average value) as the observed region. A false discovery rate
(FDR) cutoff of 0.05 was used to account for multiple testing.**
Site-specific Analysis

Since 65% (284,964) of the 437,600 probes that passed quality control were not
grouped into clusters for DMR analysis (based on criteria described above), we analyzed 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 PMz s or
NOx and methylation chip-adjusted M-values at individual CpGs using the limma package from
Bioconductor.>® A separate linear model was fit for each CpG site, adjusting for the same set of

covariates as above. A FDR cutoff of 0.05 was used to account for multiple comparisons.**

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 centered on the CpG region
or site in question, 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 a FDR threshold of 0.05.4

Secondary Analysis
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Secondary analyses using an interaction term for air pollution and sex were conducted
to assess evidence that sex modifies the effect of air pollution on methylation. We used the

same approach to examine evidence of effect modification by race/ethnicity.

Functional Annotation Analysis
We evaluated the sites of significant air pollution-associated signals for overlap with
known and predicted potentially functional genomic regions. Details of our approach can be

found in Chapter 2, page 19-20.

RESULTS

Demographics of study participants (n=1,207) can be found in Table 2.2 (Chapter 2).
The mean age of our analytic sample was 69.6. The sample was diverse, consisting of 31.6%
Hispanic, and 21.2% Black, and 47.2% White participants. The participants were well-educated
— over 65% of participants received education beyond high school. Over 90% of the
participants were non-smokers. Plots of site-specific one-year average ambient PM;s and NOx
predictions are shown in Figure 2.1 (Chapter 2). Mean PM:s and NOx predictions were 10.7
ug/m? (interquartile range [IQR]=2.2 pg/m?3) and 28.7 ppb (IQR=31.9 ppb), respectively.
Participant characteristics by study site can be found in Table 2.2 (Chapter 2).

We identified four DMRs with methylation significantly (FDR<0.05) associated with PM s
using the bump hunter method (Table 3.1, Figures 3.1-3.4). The DMR with the smallest p-value
(1.4x10®) was located on chromosome 5 and overlaps the 5’ untranslated region (UTR) of
SDHAP3 (succinate dehydrogenase complex, subunit A, flavoprotein pseudogene 3) and a
predicted weak promoter (based on histone modifications in monocyte samples from the
BLUEPRINT (H3K27ac, H3K4mel, H3K4me3) and ENCODE (H3K36me3) projects) (Table
3.1). On average, a 2.5 pg/m? higher exposure to PM. s was associated with a 14.6% higher

methylation at this DMR (Table 3.1, Figure 3.1). The second DMR was located 3,448 bases
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upstream of ZFP57 (ZFP57 zinc finger protein) on chromosome 6, and was on average 10.9%
more methylated in those with a 2.5 pg/m? higher exposure to PM s (p=2.1x10®) (Table 3.1,
Figure 3.2). This DMR also overlaps a predicted weak promoter. 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 chromosome 7, and these two DMRs were associated with a 26.5%
(p=3.2x10°) and 4.4% (p=4.6x10"°) higher average methylation for a 2.5 ug/m?® higher exposure
to PM.s, respectively (Table 3.1, Figures 3.3 and 3.4). The DMR on chromosome 16 is
predicted to overlap heterochromatin while the one on chromosome 7 is predicted to overlap
both a weak promoter and heterochromatin. The DMR on chromosome 16 only spans one bp,
but it belongs to a cluster of 5 CpGs. The identification of this DMR was based on borrowed
information from other CpGs within the cluster. However, the DMR seems to be due only to the
methylation status of one CpG, which may make this DMR less informative (Figure 3.3).

For NOx, we identified two significant DMRs (FDR<0.05) that were the same as the top
two significant (smallest p-values) DMRs for PM. s, which were located on chromosomes 5 and
6 (Table 3.1). A 30 ppb higher exposure to NOx was associated with a 25.7% higher average
methylation in the DMR located on chromosome 5 (p=7.7x10°) and a 25.0% higher average
methylation in the DMR located on chromosome 6 (p=9.8x10°).

Of these six air pollution-associated DMRs, three were also associated with mRNA
expression of nearby genes (Table 3.2). The DMR located on chromosome 7 was negatively
associated with HOXAS (8=-0.288; 95% CI: -0.332, -0.243; p=1.5x103%) and positively
associated with HOXA9 (3=0.168; 95% Cl: 0.118, 0.218; p=8.1x10'!) and HOXA10 (=0.079;
95% CI: 0.047, 0.112; p=2.1x10"°) mRNA expression in monocytes. The DMR located in
chromosome 16 was positively associated with DEXI (dexi homolog (mouse)) mRNA expression
(B=0.012; 95% CI: 0.004, 0.019; p=2.8x103). The DMR located in chromosome 5 was
positively associated with mRNA expression of MRPL36 (mitochondrial ribosomal protein L36)

(B=0.014; 95% CI: 0.005, 0.024; p=3.7x10?).
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Site-specific analyses identified three CpGs significantly associated with PM. s and one
CpG associated with NOx at FDR<0.05 (Table 3.3). The PMzs-associated CpG with the
smallest p-value was ¢g05926640 (f=0.049; 95% CI: 0.032, 0.067; p=5.6x10®) and is located
1,903 bases downstream of the LOC101927851 (uncharacterized LOC101927851) (Table 3.3).
Cg05926640 is located within a DNase hypersensitivity site (monocyte data from ENCODE), a
transcription factor binding site (any cell type from UCSC Genome Browser), and a predicted
strong enhancer region (Table 4). Methylation of cg04310517 (3=0.052; 95% CI. 0.033, 0.072;
p=2.2x107) and cg09509909 (B=0.079; 95% CI: 0.049, 0.110; p=4.6x10") were also
significantly positively associated with PM» s exposure (Table 4). NOx exposure was positively
associated with methylation of cg11756214 (B=0.078; 95% CI: 0.050, 0.106; p=5.6x10®) (Table
3.3). Additional details such as nearest gene annotation and chromatin state can be found in
Table 3.3.

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 3.4). Cg05926640
methylation was negatively associated with mRNA expression of ARID4B (AT-rich interaction
domain 4B) at three transcripts and the coefficient for the transcript with the smallest p-value
was -0.323 (95% CI: -0.453, -0.192; p=1.3x10°). It was also associated with IRF2BP2
(interferon regulatory factor 2 binding protein 2; B=-0.213; 95% CI: -0.318, -0.108; p=7.4x10)
and TOMM20 (8=0.118; 95% CI: 0.044, 0.191; p=1.7x10°) mRNA expression in monocytes.

In secondary analyses, we did not find evidence of sex or race/ethnicity differences in

the association of long-term air pollution exposure and DNA methylation in monocytes (p>0.06).

DISCUSSION
We present results of the first epigenome-wide analysis of DNA methylation and long-
term PMzs and NOx exposure in monocytes of a multi-ethnic adult population. We identified

four DMRs associated with PM,s, two of which were also associated with NOx. Of these, three
47



were associated with expression of nearby genes. Site-specific analyses identified three CpGs
with methylation associated with PM.s and one CpG associated with NOx. DNA methylation of
one of the PM;s-associated CpGs was also associated with mRNA expression of nearby genes.
Air pollution-associated methylation signals that are also associated with cis-gene expression
may potentially be more biologically relevant.

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
PM.s exposure and expression of nearby homeobox cluster A (HOXA) genes including HOXADS,
HOXA9, and HOXA10. This DMR is predicted to overlap a weak promoter region, providing
supportive evidence that this DMR may affect gene expression. HOXA genes encode
transcription factors crucial for patterning processes during vertebrate development®” and
hematopoietic differentiation.?® Forced expression of HOXA10 in CD34+ progenitor cells
increases the number of monocytes and reduces the number of B cells and natural killer cells
produced.®® In the carotid artery, disturbed flow, which regulates endothelial inflammation and
monocyte-endothelial cell adhesion, induces hypermethylation of HOXA5S and downregulates its
expression in endothelial cells.’®® In addition, lower DNA methylation and higher expression of
HOXA9 was found in atherosclerotic aortas compared to normal aortas.?” HOX genes are
differentially methylated in monocytes following lipopolysaccharide activation.'%* Taken together,
these suggest that environmental exposures may induce differential methylation of HOX genes,
which may modulate hematopoietic differentiation and inflammation.

Both PM. s and NOx were positively associated with methylation of the DMR located on
chromosome 5, which was positively associated with mRNA expression in MRPL36. MRPL36,
a nuclear gene, encodes a member of the mitrochondrial ribosomal proteins which are involved
in mitochondrial protein synthesis.'®> The PM,s-associated DMR located on chromosome 16

was associated with mRNA expression of DEXI, which encodes a transcript that is upregulated
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in emphysema tissue compared to normal tissue and may play a role in regulating
inflammation.%3

PM..s exposure is positively associated with methylation at cg05926640, which is located
near an uncharacterized locus LOC101927851 with unknown function. However, this CpG may
potentially be involved in modulating gene expression because it is located within several
potential functional features including a DNase hypersensitivity site (in monocytes), a
transcription-factor binding site (any cell), and a predicted strong enhancer. Cg05926640
methylation was negatively associated with mRNA expression of three nearby ARID4B
transcripts. ARID4B encodes a chromatin remodeling protein that may regulate genomic
imprinting,*®* is linked to various cancers,%>1% and is involved in spermatogenesis.%’
Interestingly, ARID4B has also been suggested to regulate hematopoiesis by controlling
expression of HOX genes.10®

DNA methylation at cg05926640 was also positively associated with TOMM20 mRNA
expression. TOMM20 is a subunit of the translocase of the outer mitochondrial membrane,
which is the main import gate for most nuclear-encoded mitochondrial proteins.'®® Mitochondrial
dysfunction can disrupt macrophage cholesterol homeostasis and contribute to inflammation
and atherosclerosis.’®® Methylation of cg05926640 was also negatively associated with mRNA
expression of nearby IRF2BP2. IRF2BP2 is a transcriptional corepressor that binds interferon
regulatory factor 2, a negative regulator of many interferon-responsive genes.'° In mice,
IRF2BP2-deficient macrophages are inflammatory, have impaired cholesterol efflux, and
worsened atherosclerosis.'' Humans who are homozygous for a IRF2BP2 deletion
polymorphism have lower IRF2BP2 protein levels in peripheral blood mononuclear cells and
increased risk of coronary artery disease.!!! Taken together, this suggests that PM, s exposure
may affect cholesterol homeostasis to promote inflammation and atherosclerosis.

Prior analysis in this cohort did not find long-term ambient air pollution to be associated

with global DNA methylation as measured by methylation in Alu and LINE-1 repetitive elements
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(Chapter 2). However, PM;s was associated with methylation of several CpGs that were
previously associated with expression of nearby genes. The mRNA expression of two of these
genes, ANKHD1 (ankyrin repeat and KH domain containing 1) and LGALS2 (lectin, galactoside-
binding, soluble, 2), was also associated with PM;s exposure. While none of the previously
identified air pollution-associated CpGs reached statistical significance (FDR<0.05) in this
analysis, some of their linked genes may be involved in pathways that may also be related to
genes identified in the current analysis. For instance, LGALS2 and ANKHD1 may play roles in
regulating inflammation which is similar to the HOXA genes and DEXI that were identified in this
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.?®
However, we did not find long-term exposure to ambient PMzs (8=-0.054; 95% CI: -0.116,
0.008) and NOx (B=-0.097; 95% ClI: -0.218, 0.025) to be associated with methylation at
€g05575921, suggesting that this methylation signal may be specific to cigarette smoking and
not ambient sources of air pollution.

A recent study identified 12 CpGs on the lllumina 450k array that were associated with
short- and intermediate-term PM..s exposure in whole blood at genome-wide significance.?
Among these, cg04423572, cg11046593, cg13169286, cg13527922, cg19215199, cg20680669,
€g23276912, and cg26003785 were among the CpGs analyzed in this study. However, none of
these had nominal p-values less than 0.05 (data not shown). We may not have observed these
associations due to several fundamental differences between our studies which include the use
of long-term (1-year average) versus shorter term air pollution exposures and assessment of
DNA methylation in monocytes versus mixed leukocytes. Moreover, differences in study
population may also explain these differences. The prior study included individuals from the
Normative Aging Study and the KORA F3 and F4 cohorts. The Normative Aging Study included

elderly men (mean age 72.4 £ 6.9, n=657) from the greater Boston area while the KORA F3 and
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F4 participants included both male and female participants from Germany (KORA F3 mean age
53.1 £ 9.6, n=500; KORA F4 mean age 60.9 + 8.9, n=1,799). The current study includes female
and male participants age 55 and older from four U.S. regions (Baltimore, MD; New York, NY;
St. Paul, MN; and Winston-Salem, NC).

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, however, that our exposure estimates are
for the one-year period preceding exposure. Since it is unlikely that DNA methylation causes air
pollution, there is little potential for reverse causation. Another limitation of our study is the
potential for selection bias. Our analytic sample included slightly fewer Black participants and
slightly more Hispanic participants than overall participants from the four participating MESA
field centers from the 5" examination. However, we did not find evidence that race/ethnicity
modifies the effect of air pollution on DNA methylation and all other covariates were similar
between our analytic sample the original sample at four MESA centers. In addition, we adjusted
for race/ethnicity in our analysis. Thus, we expect the impact of selection bias to be minimal in
our analysis. Although we have adjusted for a wide range of potential confounders, there may
be residual confounding by unmeasured factors or factors not included in the analysis and
misclassification of confounder measurements. The bump hunting and site-specific analyses
interrogated mutually exclusive sets of CpG sites. Sites on the Infinium 450k array that could be
not be grouped into clusters were not analyzed using the bump hunting approach (see page 43
for details about clustering); instead, non-clustered CpG sites were analyzed 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. We chose to analyze probes only once, either in the bump hunting or
site-specific analysis (based on whether sites could be grouped into clusters), to avoid

unnecessary multiplicity. Finally, our analysis is exploratory, and future studies are needed to
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replicate our results and further elucidate the biological relevance of air pollution-associated
methylation signals.

Our study has several strengths. We have methylomic and transcriptomic data available
from purified monocytes, which greatly improves the interpretability of our results especially with
respect to signals that may be relevant to atherosclerosis. Moreover, we adapted a novel
bump-hunting approach to identify differentially methylated regions to improve the sensitivity of
our study. We also explored the functional relevance of significant DNA methylation signals
using gene expression data. In addition, 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 previous studies

due to the population-based and multi-ethnic nature of the MESA sample.

CONCLUSIONS

Using purified blood monocytes obtained from a multi-ethnic adult population, we
identified differentially methylated regions and sites associated with long-term air pollution
exposures—some of which are also associated with expression of nearby genes. These genes
are involved in inflammation and cholesterol homeostasis, which are relevant in atherosclerosis
pathogenesis. Additional research in circulating monocytes is needed to elucidate the functional
relevance of these air pollution-associated methylation signals and whether DNA methylation

mediates air pollution-associated diseases such as atherosclerosis.
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TABLES AND FIGURES

Table 3.1. Differentially methylated regions for PM.s and NOx with FDR<0.05.

Chr Start End N(eszr:;t L?OCE(‘;IGOHZ I?r? éaltlg\)/e CD14+Sg:;(Zmatln Average AM°  P-value
PMgzs
5 1594282 1594863 SDHAP3 Overlaps 5' UTR Weak promoter 14.6%° 1.4E-06
6 29648379 29649024 ZFP57 Upstream Weak promoter 10.9%¢ 2.1E-05
16 11374865 11374865 PRM1 Inside exon Heterochromatin/low 26.5%° 3.2E-05
7 27183274 27184109  HOXA5 Overlaps 5' UTR HWe f:r'f)gr]‘r’g"rﬁ;fmgsv 4.4%¢ 4.6E-05
NOx
5 1594282 1595048 SDHAP3 Overlaps 5' UTR Weak promoter 25.7%¢ 7.7E-06
6 29648379 29649024 ZFP57 Upstream Weak promoter 25.0%¢ 9.8E-06

PMzs, fine particulate matter; NOx, oxides of nitrogen; FDR, false discovery rate; chr, chromosome; M, methylation; UTR, untranslated region.
a Prediction based on histone modifications in monocyte samples from the BLUEPRINT (H3K27ac, H3K4mel, H3K4me3) and ENCODE
(H3K36me3) projects.

b Models adjusted for age, race/ethnicity, sex, study site, income, education, neighborhood socioeconomic status factor score, cigarette smoking,

secondhand smoke, body mass index, physical activity, methyl nutrient intake (folate, vitamin B12, vitamin B6, methionine, zinc), residual cell
contamination by non-monocytes, recent infection, and methylation chip position. Methylation values were adjusted for methylation chip prior to

regression analysis.

¢ Average methylation difference for every 2.5 ug/ms3 higher exposure to PM2s.

d Average methylation difference for every 30 ppb higher exposure to NOx.
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Table 3.2. Significant (FDR<0.05) associations between methylation of PMzs-associated DMRs
and mRNA expression of genes within 1 Mb of the DMR in question.

Chr Start, End T'””m'”.a Gene B (95% Cl)® P-value
ranscript

7 27183274, 27184109  ILMN_1753613  HOXA5  -0.288 (:0.332, -0.243)  1.5E-34

7 27183274,27184109  ILMN_1739582  HOXA9  0.168 (0.118,0.218)  8.1E-11

7 27183274,27184109  ILMN_1689336 HOXA10  0.079 (0.047,0.112)  2.1E-06

16 11374865, 11374865  ILMN 1738866  DEXI 0.012 (0.004, 0.019)  2.8E-03

5 1504282,1594863  ILMN_1800197 MRPL36  0.014 (0.005,0.024)  3.7E-03

DMR, differentially methylated region; FDR, false discovery rate; Cl, confidence interval.
a Models adjusted for age, race/ethnicity, sex, study site, income, education, neighborhood
socioeconomic status factor score, cigarette smoking, secondhand smoke, body mass index, physical

activity, methyl nutrient intake (folate, vitamin B12, vitamin B6, methionine, zinc), residual cell
contamination by non-monocytes, recent infection, methylation chip position, and gene expression chip.

Methylation values were adjusted for methylation chip prior to regression analysis.
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Table 3.3. Differentially methylated sites for PM, s and NOx with FDR<0.05.

Location
Relative CD14+ DNase TFBS
to Gene Chromatin HS Any
CpG Chr  Nearest Gene Distance (Hg19) State? CD14+b Cellc B (95% CI)¢ P-value
PM2s
€g05926640 1 LOC101927851 1,903 Downstream  Strong enhancer Yes Yes 0.0‘(1)90(607.())32' 5.6E-08
cg04310517 16 KREMEN2 3,954 Upstream Hetero/fgvrvoma“” No No 0'0320(5’2'?33' 2.2E-07
cg09509909 10 FGFBP3 3,489 Upstream  eterochromatin o Yes 0.079 (0.049, 4.6E-07
Nlow 0.110)
NOx
cgl1756214 19 ZNF347 0 5 UTR Weak promoter  Yes Yes 0'0281(86'?50' 5.6E-08

PMzs, 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; ClI, confidence interval.

a Prediction based on histone modifications in monocyte samples from the BLUEPRINT (H3K27ac, H3K4mel, H3K4me3) and ENCODE

(H3K36me3) projects
b DNase hypersensitivity reported in a CD14+ monocyte sample (ENCODE).
¢ TFBS reported in any cell type available from the UCSC Genome Browser.
d Models adjusted for age, race/ethnicity, sex, study site, income, education, neighborhood socioeconomic status factor score, cigarette smoking,
secondhand smoke, body mass index, physical activity, methyl nutrient intake (folate, vitamin B12, vitamin B6, methionine, zinc), residual cell
contamination by non-monocytes, recent infection, and methylation chip position. Methylation values were adjusted for methylation chip prior to
regression analysis.

55



Table 3.4. Significant (FDR<0.05) associations between cg05926640 methylation and mRNA

expression of nearby genes.

CpG [llumina Transcript Gene B (95% CI)2 P-value
€g05926640 ILMN_2269564 ARID4B -0.323 (-0.453, -0.192) 1.3E-06
€g05926640 ILMN_2362982 ARID4B -0.227 (-0.333, -0.120) 3.2E-05
€g05926640 ILMN_1761334 ARID4B -0.274 (-0.406, -0.143) 4.8E-05
€g05926640 ILMN_1671005 IRF2BP2 -0.213 (-0.318, -0.108) 7.4E-05
€g05926640 ILMN_1679796 TOMM20 0.118 (0.044, 0.191) 1.7E-03

FDR, false discovery rate; Cl, confidence interval.

a Models adjusted for age, race/ethnicity, sex, study site, income, education, neighborhood

socioeconomic status factor score, cigarette smoking, secondhand smoke, body mass index, physical

activity, methyl nutrient intake (folate, vitamin B12, vitamin B6, methionine, zinc), residual cell
contamination by non-monocytes, recent infection, methylation chip position, and gene expression chip.
Methylation values were adjusted for methylation chip prior to regression analysis.
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Figure 3.1. Epigenome-wide significant differentially methylated region associated with

PM.s 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. Tan boxes represent exons (vertically narrow
portions are untranslated regions), and grey lines with arrows represent intronics, 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 PM, s coefficient from the linear model.
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Figure 3.2. Epigenome-wide significant differentially methylated region associated with

PM.s 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.
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 PM. s coefficient

from the linear model.
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Figure 3.3. Epigenome-wide significant differentially methylated region associated with

PMas 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. Tan boxes represent exons (vertically narrow
portions are untranslated regions), and grey lines with arrows represent intronics, 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 s coefficient from the linear model.

59



HOXA5 HOXAG6

Transcripts

HOXA-AS3

e
°
3

c
=
k]
>
=
3
E
5
°
o
£
S
£
(o]

Figure 3.4. Epigenome-wide significant differentially methylated region associated with

PM.s 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 a pictograms of the HOXA5, HOXAG6, and HOXA-AS3 genes. Tan boxes represent
exons (vertically narrow portions are untranslated regions), and grey lines with arrows represent
intronics, 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 PMy s coefficient from the linear model.
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CHAPTER 4
Air Pollution-Associated Methylation Signals and Subclinical Atherosclerosis: The Multi-

Ethnic Study of Atherosclerosis (MESA)

ABSTRACT

Background: Atherosclerotic diseases including ischemic heart disease and stroke are among
the top leading causes of death globally. Air pollution exposure has been linked to increased
risk of atherosclerosis and its progression, and DNA methylation has been proposed as a
mechanism underlying this association. Previous results from the Multi-Ethnic Study of
Atherosclerosis (MESA) identified nine methylation sites and four methylation regions
associated with long-term ambient air pollution exposure in purified monocytes of adults (age
55+).

Objectives: In this study, we investigated the association between methylation of these air
pollution-associated signals and coronary artery calcium (CAC) scores (Agatston units)
measured by computed tomography.

Methods: For cross-sectional associations, we used multiple linear regression with robust
standard errors adjusted for demographics, socioeconomic status, cigarette smoke,
secondhand smoke, body mass index, physical activity, methyl nutrient intake (folate, vitamin
B12, vitamin B6, methionine, zinc), recent infection, and technical factors (n=1,094). We used
linear mixed-effects models to investigate the association between DNA methylation and CAC
progression (Agatston units/year) with random intercepts and slopes for each participant
(n=1,020). CAC was modeled on both the natural scale (primary) and logarithmic scale
(secondary).

Results: In cross-sectional analyses, a differentially methylated region (DMR) on chromosome
7 (position 27,183,274-27,184,109) was negatively associated with log-transformed CAC score

(B=-0.13; 95% confidence interval [CI]: -0.25, -0.01; p=0.03). This DMR was also associated
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with CAC progression on the natural (B=-4.6 Agatston units/year per 2-fold higher DNA
methylation; 95% CI: -7.5, -1.7; p=0.002) and logarithmic scales (B=-0.010 In(CAC+25)
units/year per 2-fold higher DNA methylation; 95% CI: -0.018, -0.003; p=0.01). This DMR is
located within the 5’ untranslated region of the HOXA5 (homeobox A5) gene and was previously
associated with expression of HOXA5, HOXA9, and HOXA10.

Conclusions: The DMR located on chromosome 7 near the HOXA cluster genes is negatively
associated with CAC as measured by the Agatston score. In prior work, this DMR was positively
associated with long-term PM_s exposure, which had been positively linked to CAC progression.
Thus, the negative direction of the association between methylation of the DMR and CAC
progression would not support a role for this DMR as a mediator in the positive association
between PM.s and CAC progression. The availability of one cross-sectional measurement of
DNA methylation limits the interpretability of our results. Future longitudinal studies that
measure air pollution, DNA methylation, and CAC prospectively are necessary to understand

the relationships between these factors and their implications for atherosclerosis.

INTRODUCTION

Atherosclerosis, a chronic inflammatory disease characterized by deposition of plaques
in the artery, is the leading cause of cardiovascular diseases!* and cost the world $863 billion in
2010.12 Two major atherosclerotic cardiovascular diseases, ischemic heart disease and stroke,
are the top two causes of death worldwide and contributed to 14.6 million deaths globally in
2013.% Coronary artery calcium (CAC) reflects coronary atherosclerotic burden and has been
shown to predict cardiovascular disease events in a longitudinal cohort.*3114 |dentifying factors
associated with CAC, a measure of subclinical atherosclerosis, may help identify new targets for
preventive intervention.

Current theoretical models recognize that both genetic and environmental factors

influence cardiovascular disease development.''> Commonly studied environmental risk factors
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include diet, physical activity, and other factors modifiable at the individual level. However, a
large body of literature suggests that environmental pollutants, such as air pollution, also
contribute to cardiovascular mortality and morbidity.3

Proposed pathways between air pollution exposure and cardiovascular disease include
systemic inflammation from the spill-over of pulmonary inflammation into the bloodstream and
autonomic nervous system imbalance.® Systemic inflammation may involve cascades of
responses involving activated leukocytes and cytokine expression, which could contribute to
atherosclerosis progression.® Evidence that air pollution exposure is associated with increased
inflammation®*3 and risk of atherosclerosis® provides support for this hypothesis. However, the
exact mechanisms by which air pollution inhalation leads to physiological changes are still
unclear.

DNA methylation changes may link air pollution to atherosclerosis. DNA methylation is a
chemical modification of DNA that does not alter DNA sequence but can affect gene
expression.’> DNA methylation has been associated with atherosclerosis,* ischemic heart
disease,? and blood pressure.®® In addition, short- and intermediate-term air pollution exposure
has been linked to global hypomethylation and methylation of candidate genes.1920:23:47.48
However, most prior studies used a mixture of blood cells, making the results hard to
interpret.19-2023.26:47.48.96 \onocytes play a crucial role in atherosclerosis development by
promoting chronic inflammation and differentiating into macrophages that accumulate in
plaques.'* By identifying monocyte-specific DNA methylation signals, we may identify genes or
pathways more biologically relevant to atherosclerosis pathogenesis.

Our prior work in the Multi-Ethnic Study of Atherosclerosis (MESA) identified
differentially methylated regions and loci on the lllumina 450k array that were associated with
fine particulate matter (PM.s) and/or oxides of nitrogen (NOx) exposure in CD14+ purified

monocytes (Chapters 2 and 3). In this paper, we investigate the association between these air
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pollution-associated DNA methylation signals and CAC in the same prospective multi-ethnic

cohort.

METHODS
Study Population

MESA is a longitudinal multi-site study of risk factors that predict progression of
subclinical and clinical cardiovascular disease and began in 2000.3! We also used data from
two ancillary studies, MESA Air and the MESA Epigenomics and Transcriptomics Study.
Additional detail of these studies can be found in Chapter 1, pages 5-7.

Our study is restricted to individuals with methylomic, transcriptomic, and computed
tomography (CT) scan data (n=1,203). Those with missing covariates were further excluded
and the analytic sample for the baseline and longitudinal analyses included 1,094 and 1,020
participants, respectively. With the exception of race/ethnicity and site, the analytic samples
were generally representative of all participants at exam 5 from the four MESA sites. DNA
methylation and gene expression data were not available for participants from Los Angeles and

Chicago, and thus there are no Asian participants in the analytic sample.

DNA Methylation Quantification

DNA extraction and DNA methylation quantification has been described in detail in
Chapter 2, pages 15-17. Briefly, trained technicians isolated CD14+ monocytes from blood
obtained at the 5" examination following strict protocols.®* Methylomic profiles of monocytes
were assessed using the Infinium HumanMethylation450 BeadChip after bisulfite conversion of
methylated DNA.33

In our prior work in this cohort (Chapters 2 and 3), we identified nine differentially
methylated sites (DMSs) associated with PM; s and/or NOx exposure. The nine CpG sites

include cg20455854, cg07855639, cg07598385, cg17360854, cg23599683, cg05926640,
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€g04310517, cg09509909, and cg11756214. We also identified four differentially methylated
regions (DMRs) associated with air pollution and they are located on chromosome 5 (position
1,594,282-1,594,863), chromosome 6 (position 29,648,379-29,649,024), chromosome 16
(11,374,865-11,374,865), and chromosome 7 (position 27,183,274-27,184,109). For DMSs, we
used the M-value for each CpG site in association analyses. For DMRs, we used the average

M-value for all CpGs within the region.

Assessment of Coronary Artery Calcium

Coronary artery calcium was assessed using chest CT as previously described.'*® CAC
was measured by certified technologists who conducted CT scans using multi-detector and
electron-beam CT scanners following a standardized protocol. All participants were scanned
twice on separate breath-holds at full inspiration. The field of view included a phantom of known
physical calcium concentration, which was used to adjust the average of the Agatston score of
the two scans. The CAC scored was calculated according to the methodology of Agatston et
al.1*"118 Different scanners were used across studies and over time, but consistent calibration
using a phantom was conducted to calibrate the scans.

All participants received CT scans at baseline. By design, approximately half of the
participants were scanned during exam 2 and the other half scanned during exam 3. Those
without exam 3 scans were preferentially selected for CT scans during exam 4. For exam 5,

participants who had CT scans for exam 3 and 4 were more likely to be selected for CT scans.

Other Measures

A description of covariates used in this analysis are described in Chapter 2, page 17-18.

Statistical Analysis

Cross-sectional Model
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The cross-sectional association between DNA methylation and CAC at exam 5 was
assessed using multiple linear regression with robust standard errors.'® A separate model was
fit for each DMS and DMR. Given the small number of candidate sites and regions investigated,
we report nominal p-values unadjusted for multiple comparisons. Our primary analysis modeled
CAC continuously on the natural scale as opposed to the commonly used logarithmic scale.
The logarithmic scale may exaggerate differences at the low end of the scale, where the noise
is, and where the differences in scanner technologies are amplified. The natural scale
performed well in an analysis of CAC progression and cardiovascular risk factors.'?® However,
relative differences in CAC scores are also of interest and adding a constant to the score prior
to logarithmic transformation may prevent very small CAC scores from causing unreasonably
large relative differences.'?* Thus, in secondary analyses, we modeled CAC as In(CAC+25).

Our models adjusted for age (years), race/ethnicity (Black, Hispanic, White), sex (female,
male), study site (NY, MD, MN, NC), income (<$25,000, $25,000-$49,000, $50,000-$99,999,
$100,000+), education (less than high school, high school, some college,
bachelor's/association/technical, advanced degree), pack-years of cigarettes, smoking status
(never, former, current), secondhand smoke (hours per week), body mass index (kg/m?),
physical activity (MET-min/wk m-su), methyl nutrient intake (folate, vitamin B12, vitamin B6,
methionine, zinc), residual cell contamination (by enrichment scores non-monocytes:
neutrophils, B cells, T cells, and natural killer cells®), recent infection (yes/no), and methylation
chip and position. We did not adjust for CT scanner type in this analysis because it was
perfectly predicted by study site, which was already included as an adjustment variable.

Results did not differ by choosing study site or CT scanner type. Participants with missing data
on any variables were excluded.

We considered methyl nutrient intake as a potential confounder because it can affect S-
adenosylhomocysteine (SAH) levels. SAH is a byproduct of transmethylation reactions that use

S-adenosylmethionine (SAM) as a methyl donor and is the precursor to homocysteine.??
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Apolipoprotiein E-deficient mice that were fed a high methionine diet deficient in folate had
significantly increased SAH levels and increased atherosclerotic lesion areas.’?®* SAH is
considered a sensitive marker of atherosclerosis.’?? SAH levels may affect the pathogenesis of
atherosclerosis through alterations in DNA methylation such as through regulation of DNA
methyltransferases.'?> However, SAH may also affect atherosclerosis development through
pathways besides DNA methylation, such as by modifying histone methylation, which can

activate or repress genes involved in inflammation.??> Moreover, SAH accumulation can induce
oxidative stress and apoptosis in endothelial cells.*? Thus, methyl nutrient intake is a plausible

confounder of the association between DNA methylation and atherosclerosis.

Longitudinal Model

The assaociation between DNA methylation and CAC progression was assessed using
linear mixed-effects models with a random intercept and random slope for each patrticipant. A
separate model was fit for each DMS or DMR. In addition to modeling the longitudinal
association between DNA methylation and CAC, the mixed-effects model also simultaneously
modeled and controlled for the baseline association between DNA methylation and CAC.1?°

Again, in primary analyses CAC was modeled continuously on the natural scale to avoid
emphasizing low CAC scores, and CAC on the natural scale performed well in a study of CAC
progression in the MESA cohort.'?® In secondary analyses, we modeled CAC as In(CAC+25).
The mixed-effects model allowed for participants with variable numbers of observations to still
be included in the analysis. Any scan that was performed after a coronary revascularization
procedure was removed from the analysis.

Age, sex, race/ethnicity, income, education, neighborhood socioeconomic status,
smoking, secondhand smoke, body mass index, and physical activity were obtained from

baseline. These variables were considered time-invariant and were included in the model as a
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main effect and interaction term with time. Variables that may specifically affect exam 5
methylation values were included as main effects only, and these included methylation chip,

chip position, residual cell contamination, recent infection, and methyl nutrient intake.

Functional Annotation Analysis
Differentially methylated regions and sites were analyzed for overlap with potentially
functional genomic regions. A description of our functional analysis approach can be found in

Chapter 2, page 19.

RESULTS

MESA participants with available CAC scores, DNA methylation measurements, and no
missing data in covariate were included in the analysis. Participant demographics and other
characteristics of participants included in the cross-sectional (n=1,094) and longitudinal
analyses (n=1,020) can be found in Table 4.1. In general, participants included in the cross-
sectional analysis were very similar to participants in the longitudinal analysis. The mean age of
participants at baseline was 60 years old. Approximately half of the sample were female, and
the sample consisted of roughly 21% Black, 33% Hispanic, and 46% White participants. At
baseline, 55% of participants had CAC scores of 0, and mean CAC was 115 + 335 Agatston
units (median 0, 25™"-75" percentile 0-62) for participants in the cross-sectional analysis. At the
5" exam, about 30% of participants had CAC scores of zero, and the mean CAC score
increased to 299 + 626 Agatston units (median 44, 25"-75th percentile 0-293) for participants in
the cross-sectional analysis. Mean methylation M-values for each air pollution-associated DMR
or DMS were generally consistent across study sites (Table 4.2).

The cross-sectional associations between air pollution-associated methylation signals
and CAC scores can be found in Table 4.3. In the In(CAC+25) analyses, the DMR on

chromosome 7 (position 27,183,274-27,184,109) was significantly associated with CAC score at
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exam 5 (=-0.13; 95% CI: -0.25, -0.01; p=0.03). None of the other air pollution-associated
regions or sites were significantly associated with CAC in cross-sectional analyses.

In the longitudinal analysis, DNA methylation at the DMR located on chromosome 7 was
statistically significantly and inversely associated with CAC progression (=-4.6 Agatston
units/year; 95% CI: -7.5, -1.7; per 2-fold higher methylation; p=0.002) on the natural scale after
adjustment for potential confounders (Table 4.4). This association was slightly attenuated when
CAC was modeled on the logarithmic scale (p=0.01; Table 4.4). This DMR overlaps the &’
untranslated region of HOXADS5, a predicted weak promoter region, and heterochromatin (Table
3.1, Chapter 3). DNA methylation of this DMR was also positively associated with long-term
exposure to PM.s (Table 3.1, Chapter 3) and cis-gene expression of three HOXA cluster genes
(HOXA5, HOXA9, and HOX10) (Table 3.2, Chapter 3). Other air pollution-associated sites or

regions were not associated with CAC progression.

DISCUSSION

We investigated the association between methylation of air pollution-associated
methylation signals and CAC, a measure of subclinical atherosclerosis. DNA methylation of an
air pollution-associated DMR, located on chromosome 7 that overlaps the 5’ untranslated region
of HOXADS5, was negatively associated with CAC in both cross-sectional and longitudinal
analyses. DNA methylation of other air pollution-associated signals were not associated with
CAC.

Methylation of the DMR located on chromosome 7 was positively associated with long-
term ambient PM; s exposure in a prior cross-sectional analysis (Chapter 3). A prior study in the
MESA cohort found long-term PM. s exposure to be positively associated with CAC
progression.t?* Thus, we would expect methylation at this DMR to be positively associated with
CAC as well. Contrary to expectations, methylation in this region was negatively associated

with CAC in both the cross-sectional and longitudinal analyses.
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The inverse association between methylation at the DMR on chromosome 7 and CAC is
also contrary to what we would expect based on current biological knowledge. Disturbed flow in
the carotid artery regulates endothelial inflammation and monocyte-endothelial cell adhesion
and also induces hypermethylation of HOXA5 and downregulation of its expression in
endothelial cells.® Higher methylation of this DMR was associated with reduced HOXA5
expression (Chapter 3), so we would expect a positive association between this DMR and CAC
progression. In addition to being associated with HOXAS expression, methylation of this DMR
was also positively associated with HOXA9 expression (Chapter 3). HOXA9 regulates pro-
inflammatory factors in endothelial cells and was found to be more highly expressed in
atherosclerotic aortas compared to normal aortas.?” This further supports our expectation that
methylation of this DMR should be positively associated with to CAC progression.

It is possible that methylation of this DMR may be accompanied by compensatory
mechanisms that mitigate the effect of air pollution exposures on CAC. It is also possible that
an unknown confounder explains the negative association between DNA methylation of the
DMR on chromosome 7 and CAC. Likewise, an unknown confounder may also explain the
positive association observed between the DMR at chromosome 7 and air pollution exposure
from Chapter 3. Moreover, we cannot rule out the possibility that the relationship we observed
between methylation of the DMR on chromosome 7 and CAC is a chance finding. Future
studies that measure DNA methylation, CAC, air pollution, and potential confounders over time
are needed to disentangle the relationship between air pollution-associated DNA methylation
signals and CAC.

Our study is limited by the cross-sectional measurement of DNA methylation at exam 5.
DNA methylation is pliable and may vary over time and in response to environmental
exposures.® Given the cross-sectional measurement of DNA methylation, we cannot establish
temporality of DNA methylation and CAC. Moreover, for our longitudinal analyses, we modeled

the association between exam 5 DNA methylation and CAC progression from baseline to exam
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5 (a 10 year period). Thus, we cannot rule out the possibility of reverse causation, where the
association observed between the HOXA5 DMR and CAC is due to the influence of CAC on
DNA methylation of the DMR. While the current literature focuses on the potential for DNA
methylation to be play a role in disease pathogenesis, it is also possible that disease processes
may affect DNA methylation patterns. Future studies can address this gap in the literature to
provide insight into whether diseases, especially progressive conditions like atherosclerosis, can
alter DNA methylation during disease development.

Batch effects are known to cause spurious associations in microarray studies.>® In this
study, monocyte purification and DNA extraction occurred at each study location before DNA
methylation was assessed, and this may be a source of unwanted variability in methylation
measurements. However, the procedures were conducted by trained technicians following
standardized protocols, and methylation samples were randomized to methylation chips and
positions to minimize the potential for confounding by batch effects. In addition, our analysis
adjusted for site, methylation chip, and methylation chip position to reduce potential confounding
by these technical factors. Finally, there is no evidence that methylation differed across study
sites (Table 4.2).

Selection bias may also partially explain our results. Observations with missing data
were not included in the longitudinal analysis. However, in minimally adjusted models that
included all participants with CAC measurements, the point estimates for the effect of the
methylation of the DMR on Chromosome 7 on CAC were not materially different (results not
shown). In addition, our study included approximately 15% of the original sample of MESA
participants. While our study participants were generally similar to exam 5 participants from the
four sites represented, we did not have any participants from Los Angeles and Chicago. The
longitudinal study of air pollution exposure and CAC progression included participants from all

six MESA sites.
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Besides the DMR on chromosome 7, we did not find any significant associations
between other air pollution-associated signals and CAC. Our reduced sample size may have
decreased our power to detect associations between DNA methylation and CAC. In addition,
the CAC score in Agatston units does not provide information on the low end of the
atherosclerosis distribution (30% of participants at exam 5 had a CAC score of zero), and this
reduced contrast may further diminish our power.

Our study has several strengths. MESA is a well-characterized prospective cohort with
unusual dedication of resources for measurement of subclinical atherosclerosis. MESA had
standardized protocols for CAC scanning and interpretation, which were coupled with a
substantial follow-up time of ten years. In addition, the availability of DNA methylation from
purified monocytes allowed us to study monocyte-specific associations, which are more relevant
for atherosclerosis. The linear mixed-effects model permitted variable follow-up times and

accounted for repeated measures within a participant.

CONCLUSION

We investigated the cross-sectional and longitudinal association between air pollution-
associated DNA methylation signals and CAC. We identified one DMR that overlaps the 5’
untranslated region of HOXAS with DNA methylation that was negatively associated with cross-
sectional and longitudinal CAC. However, since DNA methylation was only measured at exam
5, these results should be interpreted with caution. Additional longitudinal studies that measure
both DNA methylation and CAC over time are needed to elucidate the association between

DNA methylation of air pollution-associated DNA methylation and CAC.
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TABLES

Table 4.1. Descriptive characteristics of MESA participants in cross-sectional (n=1,094) and
longitudinal analyses (n=1,020).

Cross-sectional (n=1,094) Longitudinal (n=1,020)

n (%) or n (%) or
mean = SD mean = SD

Age at baseline (y) 59.9+95 60.3+£9.6
Race/ethnicity, %

White 501 (45.8) 477 (46.8)

Black 236 (21.6) 209 (20.5)

Hispanic 357 (32.6) 334 (32.7)
Sex, %

Female 564 (51.6) 536 (52.5)

Male 530 (48.4) 484 (47.5)
Smoking status at baseline, %2

Never 502 (45.9) 528 (51.8)

Former 440 (40.2) 440 (43.1)

Current 152 (13.9) 52 (5.1)
Secondhand smoke at baseline (hours per week)?2 4.7+14.3 4.6+13.9
Education, %2

Less than high school 159 (14.5) 143 (14.0)

High school/GED 208 (19.0) 189 (18.5)

Some college but no degree 201 (18.4) 181 (17.7)

Bachelor's/Associate/Technical 333 (30.4) 317 (31.1)

Advanced degree 193 (17.6) 190 (18.6)
Body mass index at baseline (kg/m?) 29.3+5.2 29.3+5.2

Physical activity at baseline (MET-min/wk m-su)?
Income at baseline, %?

6,919.70 + 7,037.9

6,907.50 + 7,099.8

< $24,999 259 (24.0) 238 (23.3)

$25,000 - $49,999 375 (34.8) 359 (35.2)

$50,000 - $99,999 330 (30.6) 307 (30.1)

$100,000 or more 115 (10.7) 116 (11.4)
Recent infection, %2

Yes 243 (22.2) 235 (23.0)
Folate (mcg)? 315.9+167.5 316.1+164.4
Vitamin B12 (mcg)? 39+38 40+3.9
Vitamin B6 (mg)? 15+0.8 15+0.8
Methionine (g)?2 1.4+0.8 1.4+0.8
Zinc (mg)?3 8.8+5.0 8.8+5.0
Coronary artery calcium at baseline (Agatston unit)? 114.6 + 334.8 112.9 + 350.9
Coronary artery calcium at exam 5 (Agatston unit) 299.4 +626.4 279.0 +573.9

& Contains missing values.
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Table 4.2. Average methylation for air pollution-associated methylation sites and regions.

Total NY MD MN NC

Mean SD Mean SD Mean SD Mean SD Mean SD
cg04310517 3.2 0.2 3.2 0.2 3.2 0.2 3.2 0.2 3.1 0.2
cg05926640 2.9 0.2 -2.9 0.2 -2.9 0.2 -2.9 0.2 2.9 0.2
cg07598385 -3.0 0.6 -3.0 0.7 -2.9 0.6 -3.1 0.6 -3.7 0.5
cg07855639 1.3 0.4 1.2 0.4 1.3 0.4 1.3 0.4 1.2 0.3
cg09509909 2.2 0.3 2.2 0.3 2.2 0.4 -2.3 0.3 2.3 0.2
cg11756214 -2.6 0.1 -2.6 0.2 -2.6 0.2 -2.6 0.1 -2.6 0.2
cg17360854 -4.4 0.5 -4.5 0.5 -4.3 0.4 -4.5 0.4 -4.7 0.4
cg20455854 -3.3 0.8 -3.4 0.8 3.1 0.8 -3.4 0.8 -4.1 0.5
923599683 1.8 0.3 1.8 0.3 1.8 0.3 1.7 0.3 1.8 0.3
Chr5: 1594282-1594863 2.7 1.2 -2.6 1.3 2.7 1.2 -2.8 1.2 -2.9 1.1
Chr6: 29648379-29649024 1.5 1.4 1.5 1.3 1.6 1.4 1.5 1.4 1.4 1.4
Chr7: 27183274-27184109 1.6 0.7 15 0.7 1.6 0.7 1.6 0.7 15 0.8
Chrl6: 11374865-11374865 -0.1 2.5 0.2 2.5 -0.6 2.4 0.0 2.4 -1.3 2.3

SD, standard deviation.
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Table 4.3. Cross-sectional association between air pollution-associated methylation sites and regions (per 2-fold higher DNA
methylation) and coronary artery calcium in MESA.

Natural Scale In(CAC+25)
Methylation Site or Region N B (95% ClI) P-value B (95% ClI) P-value
cg04310517 1094 -20.3 (-205.4, 164.7) 0.83 -0.02 (-0.41, 0.38) 0.93
€g05926640 1094 -75.7 (-295.4, 144.1) 0.50 0.21 (-0.26, 0.68) 0.38
cg07598385 1094 44.7 (-29.4, 118.7) 0.24 0.14 (-0.02, 0.30) 0.09
cg07855639 1094 20.8 (-79.8, 121.4) 0.69 0.09 (-0.13, 0.30) 0.42
cg09509909 1094 -109.4 (-234.0, 15.2) 0.09 -0.13 (-0.39, 0.14) 0.36
cgl1756214 1094 71.2 (-200.9, 343.3) 0.61 -0.35 (-0.93, 0.24) 0.24
cg17360854 1094 83.7 (-15.7, 183.1) 0.10 0.11 (-0.10, 0.33) 0.30
€g20455854 1094 -13.3 (-72.8, 46.3) 0.66 0.01 (-0.11, 0.14) 0.84
€g23599683 1094 41.1 (-97.1, 179.2) 0.56 0.05 (-0.25, 0.34) 0.76
Chr5: 1594282-1594863 1094 4.2 (-26.5, 34.9) 0.79 0.02 (-0.05, 0.08) 0.58
Chr6: 29648379-29649024 1094 -0.5 (-28.1, 27.1) 0.97 -0.01 (-0.07, 0.05) 0.81
Chr7: 27183274-27184109 1094 -30.8 (-85.9, 24.4) 0.27 -0.13 (-0.25, -0.01) 0.03
Chrl6: 11374865-11374865 1094 2.9 (-13.0, 18.8) 0.72 0.01 (-0.03, 0.04) 0.74

Cl, confidence interval.

aModels adjusted for age, race/ethnicity, sex, study site, income, education, cigarette smoking, secondhand smoke, body mass index, physical

activity, methyl nutrient intake (folate, vitamin B12, vitamin B6, methionine, zinc), residual cell contamination by non-monocytes, recent infection,
and methylation chip and position.
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Table 4.4. Association between air pollution-associated methylation sites and regions (per 2-fold higher DNA methylation) and
coronary artery calcium progression in MESA.

Natural Scale In(CAC+25)
Methylation Site or Region N N Observations B (95% ClI) P-value B (95% CI) P-value
cg04310517 1020 2204 15(-8.2,11.1) 0.76 0.014 (-0.012, 0.039) 0.30
€g05926640 1020 2204 0.3 (-9.5, 10.1) 0.95 -0.007 (-0.033, 0.019) 0.61
cg07598385 1020 2204 1.7 (-1.5, 4.9) 0.29 0.000 (-0.008, 0.009) 0.92
cg07855639 1020 2204 1.8(-3.5,7.1) 0.50 0.009 (-0.005, 0.023) 0.22
cg09509909 1020 2204 -0.9 (-6.6, 4.8) 0.76 0.007 (-0.008, 0.022) 0.35
cgl1756214 1020 2204 12.9 (0.0, 25.9) 0.05 -0.011 (-0.046, 0.024) 0.54
cgl17360854 1020 2204 0.9 (-3.5,5.4) 0.68 -0.010 (-0.022, 0.002) 0.10
€g20455854 1020 2204 -1.3(-3.9, 1.3) 0.32 -0.004 (-0.011, 0.003) 0.23
€g23599683 1020 2204 3.3(-3.8,10.4) 0.36 -0.005 (-0.024, 0.014) 0.63
Chrb5:; 1594282-1594863 1020 2204 -0.2 (-1.9, 1.4) 0.77 0.000 (-0.005, 0.004) 0.91
Chr6: 29648379-29649024 1020 2204 0.7 (-0.8, 2.1) 0.35 0.000 (-0.004, 0.004) 0.95
Chr7: 27183274-27184109 1020 2204 -4.6 (-7.5, -1.7) 0.002 -0.010 (-0.018, -0.003) 0.01
Chrl6: 11374865-11374865 1020 2204 -0.3(-1.2,0.5) 0.41 0.000 (-0.002, 0.002) 0.94

ClI, confidence interval.

a Model adjusted for age, race/ethnicity, sex, study site, income, education, cigarette smoking, secondhand smoke, body mass index, physical

activity, methyl nutrient intake (folate, vitamin B12, vitamin B6, methionine, zinc), residual cell contamination by non-monocytes, recent infection,

and methylation chip and position.
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CHAPTER 5

Conclusions and Implications for Future Research

In this dissertation, we identified differentially methylated DNA regions and loci in
monocytes associated with exposure to long-term ambient PMs and/or NOx. We identified
novel associations between air pollution and methylation sites/regions near genes that have
never been reported to be associated with air pollution exposure before. Several of these air
pollution-associated methylation signals were also associated with cis-gene expression profiles
and overlapped predicted functional regions such as promoters and enhancers. One of the
differentially methylated regions was also associated with CAC scores. This study not only
identifies new epigenetic markers to be targeted for future functional studies, but also supports
the possibility that epigenetic alterations may link air pollution inhalation to pathophysiological
changes.

A large body of literature has documented that exposure to air pollution elevates risk of
cardiovascular outcomes,® inducing policymakers to progressively reduce allowable pollutant
concentrations over the years to safeguard public health. The Clean Air Act (CAA) requires the
U.S. Environmental Protection Agency (EPA) to develop and enforce air quality regulations to
protect the public from hazardous air pollutants. The National Ambient Air Quality Standards
(NAAQS) regulate levels of six primary pollutants considered harmful to public health and the
environment: sulfur dioxide, particulate matter, carbon monoxide, nitrogen dioxide, lead, and
ozone. However, critics of these standards have cited a lack of understanding of mechanisms
to be a major limitation.'?

While a contextual framework for biological pathways linking air pollution to
cardiovascular outcomes has been laid out in an update to the American Heart Association

scientific statement on “Air Pollution and Cardiovascular Disease,” there are still many gaps in
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our understanding of how these pathways are activated by air pollution inhalation. Growing
literature suggests that epigenetic mechanisms such as DNA methylation may mediate the
association between environmental pollutants and health effects.>®
This dissertation contributes to this gap in understanding by providing evidence

associating long-term air pollution exposure with differential DNA methylation of specific regions
and sites. Previous studies have found associations between air pollution exposure and global
and site-specific DNA methylation.1°4893-% However, none of these were replicated by our
study. Substantial differences in study design and study population could partially explain these
results. Past studies focused on short- and intermediate-term air pollution exposure while we
concentrated on long-term (one-year average) exposure, as is appropriate for studies of chronic
conditions such as atherosclerosis. Chronic and acute exposures may have different epigenetic
signatures. Previous studies have also been conducted using mixed blood cells, where the cell
type composition of samples may confound results. In contrast, we analyzed DNA methylation
from purified monocytes, which improves our ability to identify methylation signals important in
atherosclerosis. We also utilized sophisticated individual-level ambient air pollution exposure
predictions from MESA Air which were able to characterize fine spatial variations in pollutant
concentrations to reduce measurement error. Prior studies of shorter term exposures typically
used central monitors to assign air pollution exposures to all participants within a specific region.
Moreover, many prior studies used data from the Normative Aging Study, a mostly White cohort
of elderly male participants from the Boston area.!® Our study population includes both female
and male participants and is ethnically diverse, consisting of Black, Hispanic, and White
participants from four U.S. regions.

Given the multiethnic nature of our participants, our results are more generalizable to a
multiethnic population than past studies that included mostly White participants from Boston or
Germany.*22 However, our study only included only Blacks, Hispanics, and Whites and may

not be representative of other racial/ethnic groups. Our study included both females and males,
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thereby improving our generalizability compared to results from the Normative Aging Study
which only included men.*® Our study also includes participants age 55 and over, constituting a
younger adult population than that of the Normative Aging Study. Since our participants reside
within four U.S. regions, our results may not be generalizable to the overall nation or to other
countries. Moreover, the air pollution exposures in our study are lower than exposures in many
parts of the world, thus our study results may not be representative of populations experiencing
higher air pollution exposures.

Few prior studies coupled DNA methylation data with mRNA expression profiles to
investigate potential functional relevance. We investigated the association between DNA
methylation of air pollution-associated sites and regions with cis-gene expression. Three out of
six DMRs and six out of nine DMSs were associated with cis-expression of gene(s) within 1 Mb
of the methylation signal in question. Moreover, we incorporated publicly available information
on functional regions (such as histone modifications and DNAse hypersensitive sites) to gain a
better understanding of the possible biological relevance of our results.

Consistent with the current hypothesis that inflammation plays a key role in air pollution-
related cardiovascular disease,® we identified several air pollution-associated methylation
signals that were linked with expression of genes involved in inflammation. These genes
include LGALS2, HOXA genes, DEXI, and IRF2BP2. LGALS2 encodes the protein galectin-2,
which can regulate both pro- and anti-inflammatory proteins and has been found to be
differentially expressed in monocytes and macrophages of coronary artery disease patients with
low arteriogenic response.” HOXA genes have been found to be responsive to inflammatory
activation,'®! and endothelial inflammation alters HOXA5 methylation and expression.1°® DEXI
is upregulated in emphysema tissue and has been suggested to modulate inflammation.%
IRF2BP2 binds a negative regulator of interferon-responsive genes, and macrophages that lack

IRF2BP2 are inflammatory.1! In addition, ANKRD11 has been linked to autism, and
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inflammation has been a common pathway suggested to mediate air pollution effects on both
cardiovascular disease and autism.8!

DNA methylation of two air pollution-associated methylation signals, cg05926640 and a
DMR located on chromosome 5, were associated with mRNA expression of TOMM20 and
MRPL36, respectively. TOMM20 encodes a subunit of the translocase of a major import
channel for nuclear-encoded mitochondrial proteins,'®® and MRPL36 participates in
mitochondrial protein synthesis.'2 Aberrant mitochondrial function can disturb cholesterol
balance in macrophages and promote inflammation and atherosclerosis.'® In addition,
€g05926640 methylation was also associated with expression of IRF2BP2, which has been
linked to impaired cholesterol efflux in macrophages, atherosclerosis, and coronary artery
disease.''’ Moreover, emerging evidence suggests that disrupted cholesterol homeostasis in
hematopoietic stem and multipotential progenitor cells can lead to increased production of
monocytes, which has been linked to increased cardiovascular risk and atherosclerosis
severity.1?6

Interestingly, we identified two air pollution-associated signals that may regulate genes
involved in hematopoiesis. The DMR located on chromosome 7 was associated with
expression of three HOXA genes. HOXA genes are involved in hematopoiesis, and HOXA10
overexpression in CD34+ progenitor cells can augment differentiation into monocytes and
reduce differentiation into B cells and natural killer cells.®® In addition, methylation of
€g05926640, which was associated with PM. s exposure, was associated with mRNA
expression of three ARID4B transcripts. ARID4B has been suggested to regulate
hematopoiesis by modulating HOX gene expression.1®

In Chapter 4, we assessed whether methylation of air pollution-associated DMSs and
DMRs were also associated with CAC in cross-sectional and longitudinal analyses. We
observed a statistically significant negative association between methylation at the DMR located

on chromosome 7 (near HOXAS) and both cross-sectional and longitudinal CAC. However, the
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direction of this association does not support this DMR as a potential mediator of the PM,5-CAC
association because PM; s was positively associated with both methylation at this DMR
(Chapter 3) and CAC progression.'?* This result must be interpreted very cautiously because
DNA methylation was only measured at exam 5 whereas time-varying CAC was measured from
exam 1 to exam 5, which spans a 10-year period. We did not detect associations for other
DMSs and DMRs.

While we did not find evidence of a methylation target that is likely responsible for the
association between PM; s exposure and CAC progression, we cannot dismiss the possibility
that DNA methylation may link air pollution inhalation to CVD. We focused on subclinical
atherosclerosis as measured by CAC score in Agatston units. The CAC score is not informative
about the lower end of the distribution of atherosclerosis, and 30% of participants had a CAC
score of zero at exam 5. In addition, CAC scores are difficult to analyze because of their high
proportion of zero values and highly skewed distribution.'?” There are additional measures of
subclinical atherosclerosis, such as common carotid intima-thickness, that could be studied.
However, we chose to analyze CAC because its progression was linked to long-term PM. s
exposure in a prior MESA analysis.'?* Air pollution exposure has also been linked to a variety of
clinically overt outcomes including cardiovascular mortality, ischemic heart disease, heart failure,
and cerebrovascular disease which were not analyzed in this study.® Investigating the
association between air pollution-associated methylation signals and other CVD events and
measures would contribute to the broader understanding of mechanisms underlying air
pollution-related CVD.

In this dissertation, we demonstrated evidence that long-term ambient air pollution
exposure is associated with DNA methylation of specific regions and loci, but it is likely that we
missed signals with smaller effect sizes. Our sample size of 1,207 participants represents about
one-fifth of the MESA sample and provides limited power. We also adjusted for site, which

removed the between-community variation in air pollution exposure and greatly diminished our
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statistical power. As we can see from Figure 2.1, there is great contrast in air pollution
exposure comparing New York to the rest of the other sites. We adjusted for study site because
monocytes were purified on-site and that may introduce site-specific differences in the
measurement of DNA methylation and gene expression that could confound our analyses. CVD
is a complex disease with multiple potential causal pathways, and the presence of numerous
pathways can diminish our ability to detect a component of one pathway. Our analyses were
exploratory in nature, and our statistical power was further reduced by accounting for multiple
comparisons. To increase study sensitivity to identify true associations, future studies could be
hypothesis-driven and focus on genes/pathways that could plausibly link air pollution exposure
and CVD, using data form a larger sample of participants exposed to a greater range of air
pollution concentrations. Results from this dissertation, in addition to prior research, suggest
several genes and pathways that are good candidates for more focused investigation.

Study limitations should be considered when interpreting results of this study. First,
DNA methylation was measured at one point in time during the 5" study exam and may not
reflect a subject’s usual methylation status. Due to the cross-sectional nature of our analysis,
we could not establish temporality or study the effect of long-term air pollution exposure and
change in DNA methylation. In the cross-sectional analysis of DNA methylation and CAC, we
could not rule out the possibility of reverse causation where atherosclerosis might alter DNA
methylation. Although the literature thus far has focused on disease as a potential outcome of
aberrant DNA methylation, it is possible that disease processes could potentially alter DNA
methylation. Future studies are needed to address this gap in the literature. The longitudinal
analysis of DNA methylation and CAC progression in Chapter 4 should be interpreted carefully
because DNA methylation was only measured at the 5" exam. In Chapter 4, our study may be
underpowered to detect associations as our sample included about 15% of the original MESA

sample, and 30% of our analytic sample had a CAC score of zero at exam 5.
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Our air pollution predictions are only estimates, and do not reflect the true exposures of
participants. First, we estimated exposures for outdoor air pollution concentrations at participant
homes, but we did not estimate the amount of indoor air pollution that is of ambient origin. Our
cohort of older adults likely spent most of their time indoors, and the outdoor air pollution at their
residence may not reflect their true exposure. Unmeasured individual level characteristics such
as infiltration (e.g. open windows, air conditioning) may affect personal exposure. In addition,
we did not take into account individual time-activity patterns. Exposures measured at
participant homes may not be a good estimate of individual exposure if participants spend much
of their time away from home. Furthermore, not taking into account exposures while
participants are commuting or driving may underestimate individual exposures because
exposures tend to be high in those environments. Additional participant-level information such
as time-location activity and home characteristics can be used to obtain improved exposure
predictions in future studies.

In light of these limitations, future studies are needed to confirm our results. Future
studies will ideally be prospective longitudinal studies that measure air pollution, DNA
methylation, risk factors, and cardiovascular outcomes over time. Air pollution exposure should
clearly precede differences in DNA methylation which clearly precede disease or markers of
disease. ldeally, more effort should be devoted to reducing exposure measurement error by
estimating air pollution concentrations at different microenvironments and incorporating time-
location information. Future studies should also include participants who are exposed to a wide
range of air pollution concentrations to increase power and to detect associations that are
present at varying levels of exposure.

There are still many unanswered questions regarding the relationship of air pollution
exposure, DNA methylation, and CVD. This study addressed long-term air pollution exposures
because we were focused on chronic effects that relate to atherosclerosis, a progressive

inflammatory process. However, it is unclear whether differences in DNA methylation
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attributable to short-term exposures accumulate over time and are reflected in DNA methylation
differences associated with long-term exposures. On the other hand, it is possible that short-
term and long-term air pollution activate different pathways. A study incorporating different
exposure windows could be informative about DNA methylation changes in response to different
air pollution averaging periods, the magnitudes of these changes, the ability of these changes to
persist over time, and the reversibility of these changes. In addition, our study is limited by the
investigation of linear relationships between DNA methylation and air pollution exposure. In this
cohort, the distribution of median methylation percent across CpG sites is bimodal, but the
distribution of median methylation percent of a particular site between individuals is quite
uniform.® Future studies may elucidate whether non-linear relationships exist between
environmental exposures and DNA methylation. The reversibility of methylation changes
associated with disease, either by lowering exposures or adopting healthy habits, would be
important in the prevention and control of air pollution-related disease. In addition, little is
known about the relationships between DNA methylation and distinct sources or components of
air pollutants, which may have disparate toxicity and operate through different pathways. The
associations between PM;s-associated methylation signals and other CVD measures and
diseases (such as cancer) also remain to be elucidated. Many parts of the world experience
much higher pollution levels than the United States. It is unknown whether very high
concentrations of air pollution lead to alterations in DNA methylation that are different from
those elicited by low concentrations.

Our analysis reported associations between PM; s exposure and methylation of several
genes with unclear function, especially in monocytes. The availability of gene expression data
and our functional analysis were useful in providing evidence of potential biological relevance,
but these results could be supplemented by additional functional experiments that knock down
or overexpress these genes of interest in monocytes. Animal and in vitro studies can contribute

greatly to our understanding of the functions of these genes and their gene products. These
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studies would be an important step in identifying potential targets for therapeutic of preventive
interventions.

In conclusion, we identified several methylation regions and sites in monocytes that are
associated with exposure to long-term ambient air pollution exposure. Several are also related
to expression of genes involved in various cellular pathways including inflammation, cholesterol
homeostasis, mitochondrial function, and hematopoiesis. The results provide supportive
evidence that DNA methylation may plausibly link air pollution inhalation to physiological
changes. The analyses described herein are exploratory, and future studies are necessary to
confirm these results and further elucidate the biological significance of identified genes and

whether they participate in the pathogenesis of atherosclerosis.
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