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Abstract

Introduction: Cigarette smoking is inversely associated with DNA methylation of the aryl hydro-
carbon receptor repressor (AHRR; cg05575921). However, the association between secondhand
tobacco smoke (SHS) exposure and AHRR methylation is unknown.

Methods: DNA methylation of AHRR cg05575921 in CD14+ monocyte samples, from 495 never-
smokers and 411 former smokers (having quit smoking >15 years) from the Multi-Ethnic Study
of Atherosclerosis (MESA), was cross-sectionally compared with concomitantly ascertained self-
reported SHS exposure, urine cotinine concentrations, and estimates of air pollutants at partici-
pants’ homes. Linear regression was used to test for associations, and covariates included age,
sex, race, education, study site, and previous smoking exposure (smoking status, time since quit-
ting, and pack-years).

Results: Recent indoor SHS exposure (hours per week) was inversely associated with cg05575921
methylation (f + SE =-0.009 + 0.003, p =.007).The inverse effect direction was consistent (but did
not reach significance) in the majority of stratified analyses (by smoking status, sex, and race).
Categorical analysis revealed high levels of recent SHS exposure (>10 hours per week) inversely
associated with cg05575921 methylation ( + SE = -0.28 + 0.09, p = .003), which remained signifi-
cant (p < .05) in the majority of stratified analyses. cg05575921 methylation did not significantly
(p < .05) associate with low to moderate levels of recent SHS exposure (1-9 hours per week),
urine cotinine concentrations, years spent living with people smoking, years spent indoors (not at
home) with people smoking, or estimated levels of air pollutants.
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Conclusions: High levels of recent indoor SHS exposure may be inversely associated with DNA

methylation of AHRR in human monocytes.

Implications: DNA methylation is a biochemical alteration that can occur in response to cigarette
smoking; however, little is known about the effect of SHS on human DNA methylation. In the pre-
sent study, we evaluated the association between SHS exposure and DNA methylation in human
monocytes, at a site (AHRR ¢cg05575921) known to have methylation inversely associated with cur-
rent and former cigarette smoking compared to never smoking. Results from this study suggest
high levels of recent SHS exposure inversely associate with DNA methylation of AHRR cg05575921
in monocytes from nonsmokers, albeit with weaker effects than active cigarette smoking.

Introduction

DNA methylation is a biochemical modification to the DNA that
occurs without changes to the underlying genetic code and is typi-
cally investigated at cytosine-[phosphate]-guanine (CpG) dinucleo-
tides. CpG methylation can be altered by various environmental and
external exposures,' including cigarette smoking.>* For instance,
robust and significant reductions in average methylation levels of the
aryl hydrocarbon receptor repressor (AHRR) gene CpG dinucleotide
cg05575921 (located on chromosome 5: 373,378, hg19) have been
reported in blood and lung tissues from current and former smokers
compared to never-smokers.>®” Methylation levels of ¢g05575921
were reported to be sensitive to less than one-half pack-year of
smoking exposure® and remain lower in former smokers decades
after quitting compared to never-smokers.*” ¢g05575921 methyla-
tion levels in newborn cord blood were also found to inversely asso-
ciate with maternal smoking during pregnacy.?

In our recent study® of CD14+ monocytes, a cell type known
to be affected by cigarette smoke,” we reported inverse associa-
tions between short-term (cotinine, cigarettes per day) and long-
term (pack-years) estimates of tobacco smoking with ¢g05575921
methylation, and direct associations between time since quitting in
former smokers and ¢g05575921 methylation, confirming previ-
ous findings from whole blood and leukocyte samples. Moreover,
we observed inverse associations between ¢g05575921 methylation
and subclinical atherosclerosis, even after adjusting for other known
cardiovascular risk factors. DNA methylation may play a regulatory
role in the transcription of nearby genes.'’ Intriguingly, lower levels
of ¢g05575921 methylation observed in cigarette smokers correlate
with increased gene expression of AHRR.**"" AHRR is known to
be activated by aryl hydrocarbon receptor (AhR) pathway ligands'*
such as polycyclic aromatic hydrocarbons present in active and sec-
ondhand tobacco smoking!*-'% as well as other forms of air pollution
such as vehicle exhaust.

Secondhand tobacco smoke (SHS) exposure is a major public
health concern and an established risk factor for cardiovascular dis-
eases, respiratory disease, and lung cancer.!*"? As SHS exposure dur-
ing childhood is associated with an increased risk of cardiovascular
disease in adulthood,'”? alterations in DNA methylation profiles
resulting from SHS exposure represent a potential functional mecha-
nism that could contribute to SHS-related health risks that persist
long after exposure. We hypothesized that (1) exposure to SHS can
reduce AHRR methylation at ¢g05575921 and increase transcrip-
tion of AHRR in nonsmokers, and (2) cg05575921 methylation
may reflect acute and long-term SHS exposure in nonsmokers. The
literature, however, is currently lacking reports of the relationship
between SHS exposure and methylation of cg05575921. Here, we
quantify the associations between SHS exposure and methylation

of ¢g05575921 in CD14+ monocyte samples, using self-reported
SHS exposures and urine cotinine concentrations from a subset of
nonsmoking participants from a population-based cohort study in
several cities across the United States, the Multi-Ethnic Study of
Atherosclerosis (MESA). Additionally, we incorporate estimates of
ambient fine particulate matter (PM, ) and oxides of nitrogen (NO, )
concentrations predicted at participants’ residences using environ-
mental air monitoring measures, geographic variables, and land use
information to further examine the influence of air pollution on
¢g05575921 methylation in nonsmokers.

Methods
Study Design and Data Collection

MESA was designed to investigate the prevalence, correlates, and pro-
gression of subclinical cardiovascular disease in a population cohort
of 6814 participants. MESA enrolled participants aged 45-84 years,
free of cardiovascular disease at baseline, from July 2000 to July
2002 at six field centers (Baltimore, Maryland; Chicago, lllinois; Los
Angeles, California; New York; St. Paul, Minnesota; and Winston-
Salem, North Carolina). Since its inception, five clinic visits collected
extensive clinical, sociodemographic, lifestyle, behavior, laboratory,
nutrition, and medication data.?' During the MESA exam 5 (April
2010-February 2012), the MESA Epigenomic and Transcriptomic
Ancillary Study collected genome-wide methylomic and transcrip-
tomic profiles in CD14+ purified monocytes from 1264 randomly
selected MESA participants (47% Caucasian, 32% Hispanic, and
21% African American) from four MESA field centers (Baltimore,
Maryland; New York; St. Paul, Minnesota; and Winston-Salem,
North Carolina).?? Asian American participants of MESA were not
included in this ancillary study due to the limited sample size within
MESA. The study protocol was approved by the Institutional Review
Board at each site. All participants signed informed consent.

SHS Exposure Assessment

Smoking status, age of smoking cessation, and pack-years of ciga-
rette smoking were assessed via standard American Thoracic Society
questionnaire items.”® Participants who reported smoking fewer
than 100 cigarettes in their lifetimes were classified as never-smok-
ers. Among participants who reported smoking greater than 100
cigarettes in their lifetime, those reporting not smoking during the
last 30 days were initially classified as former smokers (for exclu-
sion criteria, see Methods: Study Population). Pack-years of cigarette
smoking was calculated from age of starting to quitting x (cigarettes
per day/20). Self-reported SHS exposure included both recent SHS
exposure, defined as the approximate number of hours per week in
close contact with people smoking cigarettes indoors during the past
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year, and long-term SHS exposures, defined as the number of adult
years with time spent indoors where there were people smoking ciga-
rettes (not at home), and the number of adult years living with a
cigarette smoker who smoked in the home. Urinary cotinine concen-
trations were measured via immunoassay** (Immulite 2000 Nicotine
Metabolite Assay; Diagnostic Products Corp., Los Angeles, CA) in a
subsample of participants of the MESA Lung Ancillary Study (exam
5), including 688 nonsmoking participants of the MESA Epigenomic
and Transcriptomic Ancillary Study (exam 5). Undetectable values of
cotinine were assigned as 7.07 ng/mL.

Air Pollution Assessment

PM, ; and NO, concentrations were predicted using spatiotempo-
ral models estimated by maximum likelihood and are available as
2-week averages from MESA Air for all participants from 1999 to
2012.228 Exposure models incorporated air pollution data from
Environmental Protection Agency-operated Air Quality System
monitors, monitors deployed by MESA Air in MESA community
locations and participants’ homes, geographic data such as roadway
density and land use, and dispersion model outputs.?*?* This mod-
eling technique used the combined data to characterize seasonal and
shorter-term time trends, key sources of spatial variability within
the study communities, and underlying spatial and spatiotemporal
correlation.?*?® For the present analyses, individual-level outdoor
residential concentrations of PM, ; and NO, were averaged over the
12 months prior to blood draw.

DNA Methylation Assessment

As described previously,”? monocytes were isolated with anti-CD14
monoclonal antibody—coated magnetic beads, using AutoMACs
automated magnetic separation unit (Miltenyi Biotec, Bergisch
Gladbach, Germany). Initially, flow cytometry analysis of 18
monocyte samples collected from all four MESA field centers was
performed to assess the cell purification quality across the labs
and technicians. The purity was >90% for all samples. DNA and
RNA were isolated from samples simultaneously using the AllPrep
DNA/RNA Mini Kit (Qiagen, Inc, Hilden, Germany). Illumina
HumanMethylation450 BeadChips and HiScan reader were used
to perform epigenome-wide methylation quantification.?? These
methylation data have been deposited in the NCBI Gene Expression
Omnibus and are accessible through GEO Series accession number
(GSE56046).

Data preprocessing and quality control analyses were per-
formed using R statistical software using Bioconductor packages.
Bead-level methylation data were summarized in GenomeStudio.
Because a two-channel system and both Infinium I and II assays
were used, normalization was performed in several steps using
the lumi package. Smooth quantile normalization was used to
adjust for color bias. Next, the data were background adjusted
by subtracting the median intensity value of the negative control
probes. Lastly, data were normalized across all samples by stand-
ard quantile normalization applied to the bead-type intensities and
combined across Infinium I and II assays and both colors. Quality
control measures included checks for sex and race/ethnicity mis-
matches, and outlier identification by multidimensional scaling
plots. To remove technical error in methylation levels associated
with batch effects across the multiple chips, positional effects of the
sample on the chip, we adjusted methylation M-values for chip and
sample position on the chip.

RNA Sequencing
A subset of 374 samples was randomly selected from the MESA

monocyte samples for RNA sequencing of mRNA as previously
described.®

Study Population

To limit potential confounding effects of time since quitting with
¢g05575921 methylation,* former smokers with smoking cessation
dates within the past 15 years (119 former smokers) or missing (92
former smokers) were excluded from analysis. Overall, demograph-
ics were similar between former smokers included in the analysis
and former smokers excluded due to missing quit dates. Other par-
ticipants excluded from analysis included those with urine cotinine
concentrations >100ng/mL, a threshold previously used to classify
active smokers in MESA*° (five never-smokers and 18 former smok-
ers), and participants missing covariates (two never-smokers). The
resulting study population included 906 nonsmoking participants
(48% Caucasian, 31% Hispanic, and 21% African American) of the
MESA Epigenomic and Transcriptomic Ancillary Study with DNA
methylation measured in monocytes.

Statistical Analysis

Using R statistical software, linear regression was used to examine
the associations between recent and long-term SHS exposures (inde-
pendent variables) and ¢g05575921 methylation (dependent vari-
able). Independent variables investigated included: (1) SHS exposure
status (“SHS exposed” defined as any self-reported nonzero recent
or long-term SHS exposure, or having detectable cotinine), (2) self-
reported hours per week of recent SHS exposure, (3) urine cotinine
concentrations, (4) self-reported years of long-term SHS exposure at
home, (3) self-reported years of long-term SHS exposure not at home,
and (6) categories of recent exposure (no exposure: 0 hours per week,
low-moderate: 1-9 hours per week, high: >10 hours per week). Two
outliers for hours per week of SHS exposure greater than the total
168 hours in the week (two never-smokers) were excluded from
the analysis. Methylation of ¢g05575921 was measured using the
“M-value” (the log ratio of the methylated to the unmethylated inten-

sity in monocyte samples,’!

adjusted for chip and sample position
on chip). Although associations were performed using cg05575921
M-values, M-values were transformed into the beta-value, an esti-
mate of the percent methylation of an individual CpG site within a
sample, that ranges from 0 to 1 [M is logit(beta-value)]*' in figures to
aid interpretability of ¢g05575921 methylation levels. Model covari-
ates included age, sex, ethnicity/race, smoking status, pack-years and
time since quitting (former smokers only), education (three levels: no
high school degree/diploma, high school degree/diploma, degree or
certification in addition to a high school degree), study site, and esti-
mated residual sample contamination with nonmonocyte cell types
(neutrophils, B cells, T cells, and natural killer cells). Although the
CD14+ purified monocyte samples were >90% pure, as described
previously,” we estimated residual sample contamination by lever-
aging transcriptomic measurements from the same monocyte sam-
ples to generate separate enrichment scores for neutrophils, B cells,
T cells, monocytes, and natural killer cells. We implemented a gene
set enrichment analysis® to calculate the enrichment scores, using the
gene signature of each blood cell type in the ranked list of expression
values for each CD14+ sample. The cell type-specific signature genes
were selected from previously defined lists** and passed the follow-
ing additional quality control filters: at least fourfold more highly
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expressed in the targeted cell type than in any other cell populations
and low expression levels in monocytes.

For associations reaching a Bonferroni significance threshold
(o = 0.05, Bonferroni corrected for multiple testing of six independ-
ent variables), secondary analyses were performed to investigate
potential interactions between SHS exposure and ¢g05575921 meth-
ylation by smoking status, sex, race/ethnicity, and education levels.
Also, to investigate the potential for population stratification, the
first 10 principal components (derived from genotypic data as pre-
viously described®* and estimated using Eigenstrat®) were included
as covariates in place of self-reported race/ethnicity. Analyses of
PM, ; and NO, (independent variables) and cg05575921 methyla-
tion (dependent variable) included the following covariates: age,
sex, ethnicity/race, education (three levels), smoking status, hours of
SHS exposure, pack-years and time since quitting (former smokers
only), study site, estimated residual sample contamination with non-
monocyte cell types, and chip and position on chip of Illumina 450K
microarray.

We estimate 80% power to detect at least 1.4% variance in
¢g05575921 methylation explained by the number of hours per
week in close contact with people smoking indoors (7 = 889,
SD = 5.1), 1.4% of methylation variance explained by the num-
ber of years living or around people smoking indoors (7 = 890,
SD = 11.3), and 1.8% variance in ¢g05575921 methylation
explained by urine cotinine (7 = 688, SD = 5.3), based on a power
calculation using a simple linear regression (a = 0.05, Bonferroni
corrected for multiple testing of six independent variables), per-
formed using Quanto v1.2.

Results

The overall population characteristics of the 906 nonsmokers, aged
54-93 years, representing three race/ethnicities (48% Caucasian,
31% Hispanic, and 21% African American) are shown in Table 1.
Approximately 60% of population (SHS exposed group) reported
either recent or long-term SHS exposure, or had detectable urine coti-
nine suggestive of SHS exposure. Compared to the unexposed group,
the SHS exposed group had more former smokers and Caucasian par-
ticipants, and fewer participants without a high school degree or of
Hispanic race/ethnicity. DNA methylation of cg05575921 in the SHS
exposed group (1 = 544, mean beta-value + SD = 0.81 = 0.07) was not
significantly different than cg05575921 methylation in the SHS unex-
posed group (7 = 362, mean beta-value = 0.82 = 0.06) after adjusting
for covariates including age, sex, race, smoking status, and pack-years
of active smoking exposure (§ = SE = -0.015 = 0.037, p = .68).
Comparisons of the 495 never-smokers and 411 former smokers
(all having quit smoking for at least 15 years) revealed never-smokers
had higher frequencies of women and participants without a high
school degree, and a lower frequency of long-term SHS exposure,
compared to the former smokers. As previously reported,’ former
smokers had significantly lower c¢g05575921 methylation compared
to never-smokers (f = SE = -0.20 = 0.04, p = 3.8 x10°), even after
adjusting for demographics and pack-years of active smoking history.
A statistically significant association was observed between
the average number of hours per week of recent SHS exposure
and ¢g05575921 methylation (n = 889, § = SE = -0.009 = 0.003,
p =7.05x107%),as shown in Figure 1. No significant associations were
observed between other continuous measures of SHS exposure and
¢g05575921 methylation, including urine cotinine concentrations as
a biomarker of recent exposure (7 = 688, 5 = SE = -0.001 = 0.004,

p =.70) or long-term SHS exposure estimates: years of SHS exposure
in home (7 = 890, B + SE = -0.0009 = 0.0016, p = .56), and years
of SHS exposure not at home (z = 875, = SE = -0.003 = 0.002,
p = .15). Estimated concentrations of PM, . and NO, were also
investigated for association with ¢g05575921 methylation in non-
smokers; however, neither fine particulate matter (PM, ;: 7 = 646, §
= SE =-0.03 = 0.04, p = .45) nor oxides of nitrogen (NO,: 7 = 646,
B+ SE =-0.08 = 0.08, p = .33) concentration estimates significantly
(p < .05) associated with ¢g05575921 methylation, as shown in
Supplementary Figure 1.

The number of hours per week of recent SHS exposure uniquely
explained 0.6 % of the variance of cg05575921 methylation. Other than
hours per week of recent SHS exposure, other covariates in the model
also uniquely explained variation in ¢g05575921 methylation including:
pack-years of active smoking (3.2 %), smoking status (2.0%),sex (0.9%),
age (0.7%), race (0.5%), and residual monocyte sample contamination
with non-monocyte cell types (0.6%). Lower ¢g05575921 methylation
significantly associated with: the number of pack-years of active smok-
ing (§ = SE = -0.009 = 0.001, p = 4.2x10~°), former smoker for at least
15 years versus never-smoker status (= SE =-0.20 £ 0.04,p = 3.3x 1079,
male versus female (§ = SE = -0.12 = 0.04, p = 1.4x1073), older age
(B = SE = -0.006 = 0.002, p = 2.6x107%), African American race/
ethnicity compared to Caucasian (§ = SE = -0.10 = 0.05, p = .04) and
Hispanic (f = SE = -0.15 = 0.06, p = .01) race/ethnicity, and residual
monocyte sample contamination with B cells (3 = SE = -0.6 = 0.3,
p = .02). Further analysis (1) utilizing principal components derived
from genotypic data in place of self-reported ethnicity, and (2) exclud-
ing estimates of monocyte sample contamination did not alter the sig-
nificant association between hours of SHS exposure and ¢g05575921
methylation.

The inverse relationship between the number of hours of SHS
exposure and c¢g05575921 methylation had a statistically significant
(p < .05) interaction by participant education level, but not by smok-
ing status, sex, or race/ethnicity. In stratified analyses by education
level, a significant (p < .05) inverse association was observed in sub-
sets of participants without high school degrees/diplomas and with
high school degrees/diplomas, but not in the subset of participants
with additional degrees beyond a high school degree, as shown in
Supplementary Figure 2A. The inverse relationship between hours
per week of recent SHS exposure and cg05575921 methylation was
consistent in stratified analyses by smoking status, sex, and race/
ethnicity, although did not reach significance (p < .05) in many of
the strata. For instance, Figure 1 illustrates the nominally signifi-
cant effect sizes for the association between hours of recent SHS
exposure and ¢g05575921 methylation among the former smokers
(B = SE = -0.013 = 0.005, p = .015) but not among never-smokers
(B = SE = ~0.006 = 0.004, p = .15).

The number of hours per week of recent SHS exposure was
weakly correlated with cg05575921 methylation (partial correla-
tion = -0.09; 95% confidence interval: -0.16, —0.03), as shown in
Figure 2A. Categorical analysis of recent SHS exposure (0 hours
per week, 1-9 hours per week, and >10 hours per week), as shown
in Figure 2B, revealed that participants reporting at high levels of
recent SHS exposure (210 hours per week) had significantly lower
¢g05575921 methylation compared to participants reporting no
recent SHS exposure (f = SE = -0.28 = 0.09, p = .0025). However,
an inverse association was not detected between low to moderate
levels of recent SHS exposure (1-9 hours per week) compared to
no recent SHS exposure (§ = SE = 0.08 = 0.04, p = .08). High levels
of recent exposure to SHS (210 hours per week) were reported in
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Figure 1. Estimated effects of recent and long-term secondhand tobacco smoke (SHS) exposure on cg05575921 methylation in nonsmokers. Forest plots show
SHS-related exposure effect sizes on cg05575921 methylation (x-axis, § and 95% confidence interval [Cl]) measured in CD14+ monocyte samples, including recent
SHS exposure (hours per week of close contact with indoor SHS, urine cotinine concentrations), and long-term SHS exposure (years exposed to SHS at home,
and not at home). SHS-related effect sizes on methylation are shown overall and stratified by smoking status (never-smokers and former smokers having quit for
at least 15 years). Covariates included age, sex, race/ethnicity, education level, smoking status, pack-years, time since quitting smoking (former smokers only),
site of data collection, and estimates of residual sample contamination with non-monocyte cell types. Significance indicated as follows: **p <.01; *.01 < p <.05.

3.8% of the overall population, including 4.4% of former and 3.3%
of never-smokers. High levels of recent SHS exposure remained sig-
nificantly associated with lower cg05575921 methylation levels in
both subsets of never-smokers (8 = SE = -0.24 = 0.11, p = .033) and
former smokers (f = SE = -0.34 = 0.15, p = .018) compared to those
reporting no recent SHS exposure. The inverse relationship between
high levels of recent SHS exposure and cg05575921 methylation
was consistent across the majority of sex and race/ethnicity specific
strata, although not among participants with additional education
beyond high school, as shown in Supplementary Figure 2B. High
levels of recent exposure were reported by 4.0% of participants
without a high school degree/diploma, 6.2% of participants with a
high school degree/diploma, and 2.0% of participants with degrees
in addition to high school degree.

Given the previous relationships reported between DNA meth-
ylation and transcription of nearby genes,'*?* we further examined
the association between cg05575921 methylation and nearby gene
expression (transcription start site within 1 MB of ¢g05575921)
within the subset (7 = 271) of the nonsmokers with both DNA meth-
ylation and RNA sequencing results. A nominally significant rela-
tionship was observed between ¢g05575921 methylation and AHRR
mRNA expression (§ = SE = -0.31 = 0.12, p = .013); however, no
significant (p < .05) effect on AHRR expression was detectable with
either hours per week of SHS exposure (§ = SE = -0.006 = 0.013,
p = .65) or high levels of SHS exposure (210 hours per week,
B = SE =-0.22 = 0.34, p = .52) compared to participants reporting
no recent SHS exposure.

Discussion

Results from this population-based cohort study of nonsmokers pro-
vide evidence for an inverse association between the number of hours
recently in close contact with people smoking cigarettes indoors and
DNA methylation of AHRR, particularly with high levels (>10 hours
per week) of recent SHS exposure. Suggestive inverse associations

were observed across the majority of sex and race/ethnicity specific
strata, but not in participants with degrees and certifications beyond
high school. We also investigated associations between cg05575921
methylation and urine cotinine concentrations, low to moderate
recent SHS exposure (1-9 hours per week), years spent with SHS
exposure in home, years spent with SHS exposure not at home,
and estimated concentrations of air pollutants (PM, ; and NO,),
although none of these associations reached statistical significance
(p <.05).

While previous studies in humans have identified significant
relationships between active smoking habits and DNA methyla-
tion measured in blood and lung tissues,™® as well as associations
between maternal smoking habits during pregnancy and DNA meth-
ylation patterns in new born cord blood,? no previous studies have
reported associations between SHS exposure and DNA methylation
in humans. In mice, one recent study found prenatal SHS exposure
was associated with lower global methylation, as well as significant
DNA methylation alterations to inflammatory mediators compared
to controls.’* However, two other studies in mice reported no sig-
nificant changes in DNA methylation or in gene expression in lung
tissue of key epigenetic modifiers after SHS exposure.’”* These stud-
ies were performed on a relatively small number of mice and may
have been underpowered to detect effects of SHS exposure on DNA
methylation, and also may have missed significant associations with
DNA methylation profiles not examined by the microarrays used to
measure DNA methylation.?”

Our results in a human population support an inverse rela-
tionship between high levels (210 hours per week) of recent SHS
exposure and DNA methylation of AHRR (cg05575921), but not
between low to moderate (1-9 hours per week) levels of SHS expo-
sure and ¢g05575921 methylation. The relationship between high
levels of SHS exposure and c¢g05575921 methylation did not appear
to be modified by smoking status, sex, or race/ethnicity; however,
educational attainment was identified as a potential modifier. In
analyses stratified by educational attainment, high levels of recent
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Figure 2. Hours per week of recent indoor secondhand tobacco smoke (SHS) exposure and cg05575921 methylation in nonsmokers. (A) Scatterplot of cg05575921
methylation in CD14+ monocyte samples (y-axis: converted to beta-values) versus hours per week of recent indoor SHS exposure (x-axis). (B) Boxplot of
¢g05575921 methylation (y-axis, beta-value) by categories of recent SHS exposure per week (none: 0 hours, low—moderate: 1-9 hours, heavy: >10 hours), in
all nonsmokers (overall), and stratified by smoking status (never-smokers and former smokers having quit for at least 15 years). Covariates included age, sex,
race/ethnicity, education level, smoking status, pack-years, time since quitting smoking (former smokers only), site of data collection, and estimates of residual
sample contamination with non-monocyte cell types; significance indicated as follows: **p < .01; *.01 < p < .05.

SHS exposure only significantly associated with lower cg05575921
methylation in the subsets of participants without degrees beyond a
high school degree/diploma. One explanation for this could be that
our analysis lacked the power necessary to detect the effect of SHS
exposure on ¢g05575921 methylation in the subset of participants
with degrees beyond a high school degree/diploma, as participants
without a degree beyond a high school were more than twice as
likely to report high levels of SHS exposure than participants with
degrees beyond a high school degree/diploma.

Although our sample sizes were relatively small in stratified anal-
yses, inverse associations between high levels of SHS exposure and

AHRR methylation were detected in both subsets of never-smokers
and former smokers having quit for at least 15 years. However, the
estimated effect size of high levels of SHS exposure on c¢g05575921
methylation was larger in former smokers than in never-smokers,
which could have resulted from an increased power to detect an
effect in former smokers because of an increased prevalence of high
levels of SHS exposure. Results from continuous analysis of the
number of hours per week of recent SHS exposure and AHRR meth-
ylation revealed the correlation between hours of recent SHS expo-
sure and ¢g05575921 methylation (r = -0.09) was weaker than the
correlations we previously observed with ¢g05575921 methylation
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in current smokers with the number of cigarettes per day (r = -0.39)
and pack-years of active smoking (r = -0.34).® The correlation
between recent SHS exposure and cg05575921 methylation was
also weaker than the correlations in former smokers with pack-years
active smoking (r = —=0.35), and the number of years since quitting
smoking (7 = 0.35).% In this study of nonsmokers, including never-
smokers and former smokers having quit for at least 15 years, we
found a larger proportion of variance of ¢g05575921 methylation
uniquely explained by pack-years of active smoking and by former
versus never smoking status than explained by recent SHS expo-
sure. Combined, these results suggest that while high levels of SHS
exposure may have similar effects on cg05575921 methylation in
never-smokers and former smokers, previous active smoking expo-
sure, even 15 years prior to the methylation measurement, may be
a stronger influence on ¢g05575921 methylation levels than recent
SHS exposure in former smokers.

Our results also indicate that ¢g05575921 methylation may not
accurately reflect self-reported cumulative or long-term levels of SHS
exposure. However, we cannot rule out the potential for cg05575921
methylation to reflect long-term SHS exposure, as we may have been
underpowered in our analyses. Future longitudinal studies will be
necessary to better understand the relationship between recent and
long-term SHS exposure and cg05575921 methylation, as well as
the potential reversibility of these modifications during periods of
time without SHS exposure, which may be similar to observations of
increasing cg05575921 methylation levels with time since quitting
among former smokers.”$

As DNA methylation is associated with alterations in transcrip-
tion of nearby genes,”? and cg05575921 lies within a predicted
poised enhancer in the AHRR gene,® the biological implications
of reduced ¢g05575921 methylation include alterations in AHRR
expression. As expected based on our previous findings in current
smokers,® here we report significant associations between reduced
¢g05575921 methylation and increased AHRR expression in non-
smokers. Although we did not identify a significant association
directly between recent SHS exposure and AHRR gene expression,
a previous transcriptomic study of mice did report upregulated Ahrr
gene expression in mice exposed to SHS compared to controls,* sup-
porting a potential role for AHRR in the response to SHS. AHRR
is a transcription factor which is known to form a complex with
the AhR nuclear translocator (ARNT) to repress the AhR signaling
pathway and hypoxia-inducible factor (HIF)-dependent signaling.*’
Given that AHRR can be upregulated by the AhR signaling path-
way,'>*! a pathway known to regulate transcription of cytochrome
P450 genes in response to environmental AhR ligands,*" we hypoth-
esize that reduced methylation of AHRR associated with recent
SHS exposure could reflect components of SHS activating the AhR
pathway, such as polycyclic aromatic hydrocarbons or other harmful
or potentially harmful constituents of SHS.' Future studies of the
effects of the individual components of SHS on AHRR ¢g05575921
methylation will be required to determine if a specific component of
cigarette smoke and SHS may be functionally linked to methylation
or gene expression alterations in humans.

It is known that differences in nicotine and carcinogen metabo-
lism exist between race/ethnic groups.*>* Intriguingly, in addition
to the AhR signaling pathway being responsible for activation of
phase I and II carcinogen metabolism genes,* genetic variation
within AHRR (rs2292596) has been associated with differences in
induction of a carcinogen metabolism gene (CYP1A2).* However,
we did not observe a significant statistical interaction between SHS

exposure and ¢g05575921 methylation by race, suggesting that
either SHS exposure-related alterations in ¢g05575921 methylation
may not differ by race or that there was insufficient power to detect
such an interaction.

Limitations of this study include the cross-sectional nature of the
SHS exposure and methylation measurements, and the potential for
unaccounted variables which may also influence DNA methylation
patterns. For instance, ¢g05575921 methylation may be influenced
by other exposures (ie, wood burning exposure, previous active
smoking in former smokers, air pollution), although no significant
associations were detected between air pollution levels estimated at
participants’ homes and ¢g05575921 methylation. Methylation is
also known to vary by cell type*; therefore, DNA methylation meas-
ured in monocyte samples purified from peripheral blood may not
be applicable to all cell types. Previous studies have found inverse
associations between cg05575921 methylation and active smok-
ing habits in multiple tissues, including whole blood and lung mac-
rophages'*” supporting the potential for these results to be valid in
other cell types. In this study, the results did not appreciably change
with and without the adjustment for residual sample contamination
with non-monocyte cell types; however, estimates of B-cell contami-
nation significantly associated with ¢g05575921 methylation, sug-
gesting that cell type may be important to consider in future studies
of SHS exposure and DNA methylation.

The power to detect a dose-response relationship between SHS
exposure and cg05575921 methylation was limited by the small
number of participants reporting recent SHS exposure greater than
10 hours per week, or with detectable urine cotinine. As serum
cotinine is currently the preferred SHS biomarker, and chromatog-
raphy-based analytical methods may be more sensitive and specific
to cotinine compared to immunoassay,* the use of urine cotinine
concentrations ascertained by immunoassay was not ideal to quan-
tify recent SHS exposure. Additionally, cotinine concentrations are
subject to considerable individual variability in the rates of nico-
tine metabolism and elimination,* and do not reflect long-term or
cumulative SHS exposure, while self-reported SHS exposures are
limited by recall biases and the potential lack of knowledge of SHS
exposures by participants.*® Finally, this study was limited to meth-
ylation of one CpG dinucleotide within AHRR (cg05575921) that
was previously found to be strongly modified by active smoking.>>
Methylation profiles of hundreds of other CpG dinucleotides have
been associated with active smoking*” and also have the potential to
be associated with SHS exposure. Larger studies will be necessary to
quantify SHS exposure associations with DNA methylation on the
genome-wide scale.

In conclusion, in combination with previous findings of
cg05575921 methylation as a potential dose-dependent biomarker
of cigarette smoke exposure in current and former smokers, these
findings support the ability of ¢g05575921 methylation to reflect
high levels of recent SHS exposure. However, the effect of recent SHS
exposure on cg05575921 methylation appears to be much weaker
than the effects of active smoking. Larger studies are necessary to
validate findings across different race/ethnic backgrounds and edu-
cation levels, and to determine if there is a significant inverse associa-
tion between long-term SHS exposure and DNA methylation.

Supplementary Material

Supplementary Figures 1 and 2 can be found online at http:/www.
ntr.oxfordjournals.org
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