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ENVIRONMENTAL
EPIDEMIOLOGY

I (ISEL)

[ OPEN _

In utero tobacco smoke exposure, DNA
methylation, and asthma in Latino children

Andreas M. Neophytou*®*, Sam S. Oh¢, Donglei Hu¢, Scott Huntsmane, Celeste Eng®,
José R. Rodriguez-Santanad, Rajesh Kumaref, John R. Balmes®¢, Ellen A. Eisen?, Esteban G. Burchard®

Background: Maternal smoking during pregnancy is a risk factor for chronic disease later in life and has been associated with \
variability of DNA methylation at specific cytosine-phosphate-guanine (CpG) loci. We assessed the role of DNA methylation as a
potential mediator of adverse effects of in utero tobacco smoke exposures on asthma outcomes in Latino children from the US
mainland and Puerto Rico.

Methods: Relationships between self-reported exposure and DNA methylation at CpG loci previously reported to be associated
with maternal smoking were assessed in a subsample consisting of 572 children aged 8-21 years (310 cases with asthma, 262
healthy controls), sampled from a larger asthma case-control study. Subsequently, we assessed associations between top loci and
asthma-related outcomes, followed by mediation analysis for loci for which associations with outcomes were observed.

Results: Self-reported maternal smoking was associated with a —1.5% (95% confidence interval (Cl) = —=2.4%, —0.6%) lower meth-
ylation at CpG locus cg05575921 on the AHRR gene; a 1% increase in DNA methylation at the same locus resulted in an odds ratio
(OR) of 0.90 (95% CI = 0.83, 0.96) for the odds of asthma. The OR for the indirect effect of maternal smoking on asthma mediated
through methylation at the cg05575921 locus was 1.18 (95% Cl = 1.07, 1.68), compared to the OR for the total effect of exposure
in the parent study of 1.48 (95% Cl = 1.03, 2.11).

Conclusions: Our findings suggest potential mediation by DNA methylation in the association between maternal smoking during

pregnancy and asthma status.
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Introduction

Harmful exposures in utero are thought to contribute to the de-
velopment of chronic disease later in life, including asthma.!
Maternal tobacco smoking during pregnancy is one of these expo-
sures, with children exposed while in utero being at greater risk
of adverse health effects,*” including asthma.*'® Among children
with asthma, those with in utero tobacco smoke exposures have
been shown to have more severe and difficult to control asthma,!!
while in utero tobacco smoke exposure is also adversely related to
fetal lung growth'>'* and lung function in childhood.%!*"7

There is mounting evidence that exposures such as maternal
smoking during pregnancy can have epigenetic effects on DNA
methylation measured at birth,'®" childhood,'® and adult-
hood,* suggesting potentially persisting effects on DNA methyl-
ation. DNA methylation is well known to alter gene expression
and may be one of the pathways by which in utero tobacco
smoke exposures exert health effects, with recent studies sug-
gesting that the effects of maternal smoking during pregnancy
on birth weight may be mediated through DNA methylation.?!?
Fetal lung and placental methylation has also been linked to to-
bacco smoke exposure during pregnancy, suggesting that DNA

What this study adds

In this study we assess the relationship between maternal smok-
ing during pregnancy and DNA methylation in minority children
with asthma, as well as consider the role of DNA methylation
as a potential mediator for effects of in utero tobacco smoke
exposures on asthma. We quantify indirect effects of exposure on
odds of asthma with respect to DNA methylation at an identified
gene in the framework of mediation analysis. Our findings high-
light the potential role of DNA methylation as a mediator of the
effects of in utero exposures on asthma and further underscore
the importance of smoking prevention and cessation.
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methylation may be an intermediate between smoke exposure
and adverse effects on lung development.?

Maternal smoking during pregnancy remains an impor-
tant risk factor, with an estimated 12.3% of pregnant women
smoking in United State, despite increased awareness of the as-
sociated risks in recent years.?* Minorities tend to have higher
prevalence of exposure, with African American and Puerto
Rican women more likely to smoke during pregnancy than
Whites in the United States.'"** Minority children are also dis-
proportionately affected by asthma, with asthma morbidity and
mortality being highest among African Americans and Puerto
Ricans but lowest in Mexicans.?>2¢ Recent studies report poten-
tial effect modification by maternal folate intake?” and normal-
ization of DNA methylation levels in pregnant smokers with
Vitamin C treatment, with restoration of methylation at specific
cytosine-phosphate-guanines (CpGs) that were also associated
with phenotypic respiratory outcomes.?® This finding suggests
that DNA methylation can be a potential intervention site for
the effects of maternal smoking during pregnancy.?’

In the present study, we examine the relationships between
DNA methylation at specific CpG loci previously identified
to be associated with in utero tobacco smoke exposures in a
meta-analysis of older pediatric and adolescent cohorts,'® with
(1) self-reported maternal smoking during pregnancy and with
(2) asthma-related outcomes as well as lung function in a study
of Latino children from the US mainland and Puerto Rico. We
also perform mediation analysis for the effects of in utero to-
bacco smoke exposure on lung function as potentially mediated
through DNA methylation loci, in an effort to quantify indirect
effects of maternal smoking during pregnancy on asthma, which
in theory could be eliminated by intervening on the mediator.

Methods
Study participants

This study is based on the Genes-environments and Admixture
in Latino Americans (GALA II) study. GALA 1II is described in
detail elsewhere.!' Briefly, GALA 1II is an asthma case—control
study of 4,702 children (2,374 participants with asthma and
2,328 healthy controls) recruited from five centers (Chicago,
IL; Bronx, NY; Houston, TX; San Francisco Bay Area, CA; and
Puerto Rico). Participants were 8-21 years old, self-identified as
Latino and must have had four Latino grandparents. Exclusion
criteria were 10 or more pack-years of smoking; any smoking
within 1 year of recruitment date; history of lung diseases other
than asthma (cases) or chronic illness (cases and controls); or
pregnancy in the third trimester.

Exposure and methylation data

Data on self-reported maternal smoking during pregnancy
were collected through questionnaires administered in-per-
son with the children’s parents/caretakers by trained bilingual
(English—-Spanish) interviewers at the time of study recruitment.
Specifically, we asked if the child’s mother smoked while she
was pregnant with the child (yes/no). Genomic DNA (gDNA)
was extracted from whole blood, collected at the time of recruit-
ment using Wizard Genomic DNA Purification Kits (Promega,
Fitchburg, WI). A subset of 572 participants (310 cases with
asthma and 262 healthy controls) was measured for DNA meth-
ylation using the Infinium Human-Methylation450 BeadChip
(llumina, Inc., San Diego, CA) following the manufacturer’s
instructions. Raw genome-wide methylation data were loaded
in the R package minfi and assessed for basic quality control
metrics, including determination of poorly performing probes
with insignificant detection P values above background con-
trol probes (i.e., detection P value >0.01). Probes with a single
nucleotide polymorphism in the single base extension site were
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excluded. X and Y chromosomes were removed from the raw
methylation values. A total of 321,509 methylation loci were
available for analysis. Batch (microarray chip) effect was cor-
rected for using the ComBat function in the R package SVA
(surrogate variable analysis) and SWAN normalization was per-
formed to correct for intra-array differences between Illumina
Type I and Type II probes. A total of 569 samples passed quality
control metrics and were further considered for statistical anal-
yses. Methylation beta values (ranging from 0 to 1) representing
the ratio of the intensity of the methylated allele to the sum of
the intensities of the methylated and unmethylated alleles were
used in analyses. The exposed (self-reported maternal smoking
during pregnancy) were oversampled in the subset, and latter
analysis with asthma status as the outcome in the subset with
methylation data is weighted for the probability of selection in
the subset conditional on exposure.

Outcomes and covariates

Children with asthma (cases) were defined as participants with
a history of physiciandiagnosed asthma and the presence of
two or more symptoms of coughing, wheezing, or shortness of
breath in the 2 years preceding enrollment. Among the cases,
asthma control was classified according to National Heart,
Lung, and Blood Institute measures.>® Asthma control was clas-
sified as having controlled, partially controlled, or uncontrolled
asthma. Asthma and asthma-related outcomes were all ascer-
tained at the time of recruitment in the study.

Pulmonary function results in the cases were obtained
through spirometry using KoKo PFT Spirometers (nSpire
Health Inc., Louisville, CO) according to American Thoracic
Society criteria.’! Participants were asked not to use their bron-
chodilator medication 8 hours before spirometry testing. Up to
eight tracings were obtained to collect five reproducible expira-
tory flow—volume curves with less than 5% variability in forced
expiratory volume in one second (FEV, in liters). For analysis,
the loop with the best sum of FEV, and forced vital capacity
(FVC) was extracted. Information on age, sex, and height was
recorded, while further demographic information, medical his-
tories, and environmental exposures were obtained through the
questionnaires. Exposure to ambient particulate matter less than
10 pm in diameter (PM, ) was estimated based on self-reported
residential histories from birth (geographic coordinates for each
residence were using TomTom/Tele Atlas EZ-Locate software
(TomTom, Amsterdam, The Netherlands)) and regional ambient
air quality monitoring data acquired from the US Environmental
Protection Agency Air Quality System. Exposure was estimated
by calculating the inverse distance-squared weighted average
from the four closest air quality monitoring stations within 50
km of the residence for each year.

Covariates of interest in our analyses were, sex, age, eth-
nicity, recruitment region, health insurance, maternal educa-
tion, self-reported exposures to mold and pets in the household,
and average PM, exposure in the first 3 years of life. Analyses
were conducted in 506 participants with complete covariate
data.

Statistical Analyses

We assessed relationships between self-reported exposures and
methylation values of 148 loci reported with false discovery
rate (FDR)-adjusted P values <0.05 in a meta-analysis consist-
ing of eight different older child cohorts as reported in Joubert
et al.'® Linear regression models were used to assess associa-
tions between self-reported maternal smoking and DNA meth-
ylation levels at specific CpG loci. We accounted for multiple
comparisons by controlling the FDR at 5%. To account for the
case-control design of the study, these models were weighted
for the prevalence of the asthma in the target population and
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proportion of asthma cases in our sample, to obtain consistent
estimators for the parameters.3>33

We then examined loci with associations with self-reported ex-
posure with FDR-adjusted P values<0.05 in our own sample, as
potential mediators of effects of in utero tobacco smoke exposure
on asthma status, asthma control, as well as pulmonary function.
Associations with asthma status were assessed with logistic re-
gression; logistic regression models restricted to the cases were
used for asthma control as the outcome with “controlled” asthma
as the referent category compared to “not well controlled” or
“very poorly controlled” in a single collapsed category. Linear
models restricted to the cases were used for lung function param-
eters, specifically FEV , FVC, and the FEV /FVC ratio.

Mediation analysis was performed for those CpG loci where
95% confidence intervals (CI) for associations observed for
the outcomes of interest did not include the null. For media-
tion analysis, we also considered additional loci on identified
genes that were not on the original a priori list if Cls for the
associations between methylation at the locus and the exposure
and the outcome did not include the null. Loci that were in-
dividually associated with the exposure and outcome were si-
multaneously entered in a model for the outcome (adjusted for
covariates and the exposure), and those that remained signifi-
cantly associated with the outcome were retained for mediation
analysis. Total effects were partitioned to direct and indirect
effects, estimated according to an extension of product method
suitable for case—control data.>** Direct effects (not mediated
through methylation) were estimated from the parameter for
the exposure (self-reported maternal smoking) in models for
the outcome, including both exposure and mediators (DNA
methylation levels at identified loci) as predictors. Indirect
effects (mediated through methylation) were estimated from the
product of the parameters for the exposure from models for
the mediators and the parameter from the mediators from the
model for the outcome, with 95% ClIs for direct and indirect
effects estimated from 1,000 bootstrap samples.* The direct
effect here has the interpretation of the contrast in the outcome
(e.g., asthma status) between the exposed (to maternal smoking)
and the unexposed had the mediator(s) (DNA methylation) was
at the levels of the unexposed in everyone. The indirect effect is
the contrast in the outcome among the exposed in those where
the mediators assume the levels under exposure and those where
the mediators assume the levels under no exposure.3*3¢

The exposure of interest was entered in all models as an in-
dicator variable for self-reported maternal smoking during
pregnancy. All models further included variables for age, sex,
recruitment region, and ethnicity, a categorical variable for ma-
ternal education (elementary school or less, some high school,
high school or equivalent, at least some college, college grad),
indicator variable for whether or not the family had health in-
surance, average PM,  exposure in the child’s first three years of
life, and indicators for parental self-reported exposures to mold
and pets in the household; models for lung function also con-
trolled for height and height squared. Analyses for outcome and
methylation associations were controlled for cell type heteroge-
neity using variables derived from ReFACTor,*” a method based
on principal component analysis designed for cell type heteroge-
neity correction in epigenetics studies. Sensitivity analyses were
performed excluding subjects identified as outliers in ReFACTor
(n=13). Data on cell type heterogeneity data in this sample are
also extensively detailed by Rahmani et al.>”

This study was approved by the institutional review board
at UC San Francisco. All subjects (or their parents) provided
written informed consent.

Results

Demographic and asthma outcomes information in the study
sample with DNA methylation data are summarized in Table 1.

www.environmentalepidemiology.com

Demographic characteristics of study sample of 572 Latino
children with methylation data from the GALA Il asthma case
control study.

Cases Controls

Characteristic, n (%) (N=310) (N=262)
Male 156 (50.3) 130 (49.6)
Age, mean+SD 124+34 12.7+35
Maternal smoking during pregnancy 59 (19.0) 21(8.0)
Maternal education*

Less than high school 104 (33.9) 121 (46.5)

High school grad. or equivalent 89 (29.0) 64 (24.6)

At least some college 114(37.1) 75 (28.8)
Family had health insurance 292 (94.2) 231(88.1)
Mold exposure in the household 102 (32.9) 61(23.3)
Pets in the household 114 (36.8) 104 (39.7)
Recruitment region

Chicago 91 (29.4) 85 (32.4)

Houston 21 (6.9) 28 (10.7)

New York 21(6.8) 31(11.8)

Puerto Rico 132 (42.6) 60 (22.9)

SF Bay Area 45 (14.5) 58 (22.1)
Ethnicity

Mexican 124 (40) 152 (58.0)

Other Latino 40 (12.9) 37 (14.9)

Puerto Rican 146 (47.1) 73 (27.9)
Asthma control

Controlled 88 (28.4)

Partially controlled 106 (34.2)

Uncontrolled 116 (37.4) .
PM,, in first 3 years (ug/m* meanSD) 29.5+£5.7 29.2+5.3

“Information on maternal education, insurance, and PM, | exposure was available in 567, 567, and
517 subjects, respectively.
GALA Il indicates Genes-environments and Admixture in Latino Americans; PM, particulate matter.

Difference in methylation levels associated with self-reported
maternal smoking for selected CpG loci, presented by
increasing FDR adjusted P value.*

Change
CpG locus (gene)t (95% Cl), P FDR-adjusted P
cg18132363 (LINCO0473)t -4.1(-6.0, -2.1), <0.0001 0.0049
€g26764244 (GNG12) -2.3(-3.4,-0.2), <0.0001 0.0049
913822849 (OLFM1) 1.5(0.6, 2.5), <0.001 0.0400
€g05575921 (AHRR) -1.5(-2.4,-0.6),0.002 0.0489
€g22549041 (CYP1AT) 3.6 (1.2,5.9),0.0019 0.0489
€g26889659 (EXOC2) -5.7(-9.2,-2.1),0.0020 0.0489
(

925189904 (GNG12) —-2.6 (-4.3,-0.9),0.0023 0.05

*Results from linear models with methylation as the outcome and adjusted for age, sex, ethnicity,
recruitment region, maternal education, health insurance, PM, | exposure in the first 3 years of life,
self-reported mold and pets in the household, and ReFACTor variables. Models weighted for the
prevalence of the outcome and proportion of cases.

1The gene for CpG locus cg18132363 is the nearest (within 10 Mb) genes to the locus as opposed
to a mapped gene.

CpG indicates cytosine-phosphate-guanine; FDR, false discovery rate.

eTable S1, http://links.lww.com/EE/A44 compares these charac-
teristics between the study sample with DNA methylation data
and the entire GALA II study.

Table 2 summarizes the top associations (i.e., FDR-adjusted P
value < 0.05 for the current study) out of the 148 loci tested for
association with self-reported maternal smoking during preg-
nancy, sorted by FDR-adjusted P value. Observed distributions
for DNA methylation levels for these loci are summarized in
boxplots in eFigure S1, http://links.lww.com/EE/A41. Summary
statistics on methylation levels are also given in eTable S2,
http://links.lww.com/EE/A44. Overall, the range of methylation
for each CpG locus was not very wide, with interquartile ranges
varying from 3.9% to 14.2%.
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Associations between self-reported maternal smoking, as well
as methylation at CpG loci and asthma status and asthma con-
trol are presented in Table 3. DNA methylation at CpG locus
cg05575921 on the AHRR gene resulted in the strongest asso-
ciation with asthma status in magnitude, with a 1% increase in
methylation levels corresponding to an odds ratio (OR) of 0.90
(95% CI =0.85,0.96). Associations between the same locus and
asthma control were in the same direction though weaker, and
ClIs included the null, with a 1% increase in methylation corre-
sponding to an OR of 0.97 (95% CI = 0.89, 1.06) for asthma
control. No other loci considered yielded associations with odds
of asthma where the 95% Cls did not include the null. Although
asthma control was strongly associated with self-reported ma-
ternal smoking, CIs for the associations between this outcome
and all the selected loci included the null.

The OR for the total effect of in utero tobacco smoke expo-
sures on asthma status using the full GALA II study sample with
complete data on self-reported maternal smoking and covariates
as listed above (n=3364) was 1.48 (95% CI = 1.03, 2.11). In
analysis for the same association, in the subsample with DNA
methylation data (using weights to account for the probability
of selection into the sample with DNA methylation data given
exposure), the effect estimate was nearly the same, but CIs were
much wider and included the null (OR = 1.47; 95% CI = 0.60,
3.59).

Results from mediation analysis considering CpG locus
cg05575921 as a potential mediator of the effect of maternal
smoking during pregnancy are summarized in Table 4. The
corresponding direct effect of in utero tobacco smoke expo-
sures was an OR of 1.23 (95% CI = 0.48, 3.16) with an indi-
rect effect mediated through DNA methylation at AHRR locus
g05575921 of 1.18 (95% CI = 1.07, 1.68).

There was a 0.03 decrease (95% CI = -0.05, -0.01) in the
FEV /FVC ratio among the cases associated with self-reported
maternal smoking, but 95% CI for individual associations with
FEV, and FVC included the null. Observed associations be-
tween lung function parameters and DNA methylation at the
CpG loci considered were small in magnitude, and generally
95% Cls included the null for both FEV, and FVC (eFigures 52
and S3; http://links.lww.com/EE/A42 and http:/links.lww.com/
EE/A43).

Odds ratios (95% Cls) for asthma status and asthma control
associated with a 1% methylation increase at selected loci and
self-reported maternal smoking during pregnancy.

OR (95% ClI)

CpG locus Asthma Asthma
(associated gene)* statust (n=506) controlt (n=289)
Maternal smoking 1.47 (0.60, 3.59)% 2.03(0.88,4.72)
cg18132363 (LINCO0473)* 1.02 (0.98, 1.05) 0.98 (0.92,1.03)
€g26764244 (GNG12) 1.03(0.97,1.09) 0.97 (0.90, 1.05)
913822849 (OLFM1) 1.06 (0.98,1.13) 0.90 (0.82, 1.00)
€g05575921 (AHRR) 0.90 (0.83, 0.96) 0.96 (0.87,1.05)
€g22549041 (CYP1AT) 0.99(0.97,1.02 0.99(0.97,1.01)
€g26889659 (EXOC2) 1.01(0.99, 1.03) 1.01 (0.98, 1.04)
€g25189904 (GNG12) 1.00 (0.96, 1.04) 1.01(0.95,1.07)

*The gene for CpG locus cg18132363 is the nearest (within 10 Mb) gene to the locus as opposed
to a mapped gene.

TResults for asthma status are from logistic models for all subjects with DNA methylation and
covariate data, while results for asthma control are from logistic models restricted to the cases. All
models adjusted for age, sex, ethnicity, recruitment region, maternal education, health insurance,
PM,, exposure in the first 3 years of life, self-reported mold and pets in the household, and
ReFACTor variables.

$The OR corresponding to self-reported maternal smoking is weighted by the probability of
selection from the original GALA Il study as the exposed were oversampled for the subset in the
current study.

Clindicates confidence interval; CpG, cytosine-phosphate-guanine; GALA I, Genes-environments
and Admixture in Latino Americans; OR, odds ratio.
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Discussion

We examined the relationship between DNA methylation at
loci previously associated with in utero tobacco smoke expo-
sures and asthma-related outcomes in a sample of Latino chil-
dren from the mainland United States and Puerto Rico. We
observed associations between DNA methylation levels at the
¢g05575921 CpG locus on the AHRR gene and asthma status.
Overall, the observed findings support DNA methylation as a
potential biologic pathway of the effects of in utero tobacco
smoke exposure on asthma status, while evidence for potential
effects of DNA methylation at loci considered in this study on
asthma control and lung function parameters (FEV,, FVC, and
the FEV /FVC ratio) among children with asthma was weaker
and 95% ClIs always included the null.

Tobacco smoke exposures have been shown to adversely affect
lung growth in children, including effects of in utero exposures
independent of subsequent postnatal SHS exposures.”'! This
suggests potential damage may begin during critical periods
of fetal development and is in accordance with the hypothesis
that risk of chronic disease begins in utero. Tobacco smoke rep-
resents a mixture of chemicals, such as nicotine, carbon mon-
oxide, and polycyclic aromatic hydrocarbons, which are known
to have harmful effects. Nicotine has been linked with differen-
tiation of developing lung cells into abnormal phenotypes*$ and
has been shown to cross the placenta in utero.'**

Epigenetic regulation as a potential mechanism of disease is
an area of particular interest in recent asthma literature*® and
also has been strongly linked with in utero tobacco smoke expo-
sures. Gene expression can be modulated by epigenetic modifi-
cations, including methylation of CpG islands in specific genes,
thus affecting fetal development and contributing to chronic di-
sease. Epigenetic modifications in relation to in utero tobacco
smoke exposures have been reported in newborns and placental
and cord blood samples'®?? but also later in childhood'® and
adulthood,® indicating potentially persistent changes in the
epigenome associated with these exposures. The harmful effects
of in utero tobacco smoke exposures are also documented
throughout the life course, with potential damage beginning
during fetal development, resulting in attenuated lung function
and increased risk of childhood asthma®*! early in life but also
persisting effects later in childhood!'®* and potentially adult-
hood.”® DNA methylation can potentially be intervened upon
to reduce effects of harmful exposures mediated through these
mechanisms as suggested by a recent study, indicating restora-
tion of DNA methylation in pregnant smokers through Vitamin
C treatment.?*?’ Dietary interventions have also been shown to
potentially ameliorate health effects of air pollution exposures
mediated through DNA methylation.* This could prove to be
a useful mechanism to supplement interventions targeting a re-
duction in the prevalence of exposure, if interventions on the
mediator can help reduce exposure effects after the exposure
has already taken place (i.e., potential dietary supplementation
in children born to mothers who smoked).

Our results are consistent with the hypothesis that DNA
methylation is a potential biologic mediator of the harmful
effects of in utero tobacco smoke exposures on asthma and asth-
ma-related outcomes, particularly with respect to methylation
at the AHRR gene. Differential methylation at AHRR loci has
been reported in other studies of maternal smoking!'®"® where
exposure results in reduced methylation. The aryl hydrocarbon
receptor has a role in detoxification and immune system regu-
lation* and has been linked with inflammation in the lung.*
Epigenetic changes in AHRR have been shown to persist during
childhood.'*#¢ Epigenetic changes at the AHRR gene have also
been observed in studies of adolescent smokers.” In our study,
self-reported maternal smoking was associated with lower
methylation at an AHRR CpG locus (cg05575921). This locus
has consistently been reported to be differentially methylated
in association to smoking exposures, including in studies using
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Associations between DNA methylation at selected AHRR loci
(mediators) and self-reported maternal smoking (exposure) from
a model for the mediator, as well as associations between DNA
methylation and asthma status (outcome) from a model for the
outcome.

Change in DNA
methylation (SE)

Direct and
Indirect Effects

Mediator model*
AHRR locus cg05575921
Outcome modelt

—0.015 (0.005)
Change in log(odds) of asthma (SE) OR (95% Cl)F
Maternal smoking 0.21(0.48) DE: 1.23(0.48, 3.16)
AHRR locus cg05575921 -11.01 (3.47) IE: 1.18 (1.07, 1.68)

Model parameters from both models are used to estimate indirect (mediated) effects of exposure
(results based on the GALA Il subsample with DNA methylation and complete covariate data
(n=506)).

Cl indicates confidence interval; DE, direct effect; GALA II, Genes-Environments and Admixture in
Latino Americans; IE, indirect effect; OR, odds ratio.

*Model for the mediator and adjusted for age, sex, ethnicity, recruitment region, maternal
education, health insurance, PM, ; exposure in the first 3 years of life, self-reported mold and pets
in the household, and ReFACTor variables. Models weighted for the prevalence of the outcome and
proportion of cases. Standard errors estimated based on bootsraps.

TModel for the outcome was a logistic model including the exposure and mediators and adjusted
for age, sex, ethnicity, recruitment region, maternal education, health insurance, PM, , exposure in
the first 3 years of life, self-reported mold and pets in the household, and ReFACTor variables and
weighted for the probability of selection in the subsample.

FThe log(odds) of the direct effect is equivalent model parameter for the exposure in the outcome
model. The log(odds) for the indirect effect are the product between the model parameter for the
CpG locus in the outcome model times the model parameter for the exposure in the respective
mediator model, that is, the OR for IE: exp((~0.015)x(—11.01)). 95% Cls estimated based on
bootstraps.

maternal plasma cotinine, a sensitive tobacco smoke exposure
biomarker, to assess exposure.!$1%21:4748 In turn, an increase in
methylation at this locus was associated with decreased risk of
asthma. In our study population, the same directions of associ-
ations (though weaker in magnitude and with 95 CIs including
the null) were observed for asthma control, FEV,, and FEV /
FVC among children and adolescents with asthma. Results for
asthma control and lung function parameters were limited to
the asthma cases and therefore were less powered.

Of the loci considered, differential methylation associated with
self-reported maternal smoking at the AHRR ¢g05575921 locus
was the only locus consistently associated with harmful effects
in all outcomes considered, though CIs often included the null.
AHRR loci, however, were not found among the top loci associ-
ated with childhood asthma in an epigenome-wide meta-analysis
of DNA methylation and childhood asthma.* Our approach had
exposure-mediator associations as the starting point, whereas
analyses of epigenome-wide associations jointly for exposures
and outcomes of interest could be a future direction.

Results from mediation analysis are subject to several assump-
tions, so interpretation of these findings should be made in light
of these assumptions as well as other limitations of observa-
tional data. In addition to the assumptions of no unmeasured
exposure-outcome confounders required for analyses of total
effects, assumptions of no unmeasured exposure-mediator, or
mediator-outcome confounders and no mediator-outcome con-
founders affected by the exposure are also required. Our results
are also estimated under the assumption of no exposure-me-
diator interactions. The assumption of no mediator-outcome
confounding will likely be particularly problematic in studies
examining DNA methylation as a potential mediator, as factors
such as maternal diet and genetics could all act as mediator-out-
come confounders. DNA methylation at other loci could also be
a confounder even if unassociated with exposure and could be
an issue given the loci reported to be associated with the out-
come as highlighted by Reese et al.*’ Failure of this assumption
may have resulted in overestimation of indirect effects in our
case.
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A further point of caution in mediation analysis is bias due
to potential exposure misclassification. While nondifferential
misclassification of exposure is generally expected to lead to
bias toward the null with respect to total effects, bias in indirect
effects can be in either direction.?* Mother’s reported smoking
during pregnancy is subject to misclassification but is generally
considered a valid measure of fetal tobacco smoke exposure.*
In our study, self-reported exposures are consistent with pre-
vious reports and national estimates by race/ethnicity,'*! so
misclassification of exposure is not expected to be a major issue.
The exposure-mediator associations seen in our study were
also observed in studies that used cotinine to assess exposure.
Methylation differences between the exposed and unexposed
based on self-reported measures in our study were in the same
direction for 25 out of 26 CpG loci reported in a study using
mid-pregnancy maternal cotinine to determine in utero tobacco
smoke exposures.’? This lends further confidence to our self-re-
ported measure of exposure.

The cross-sectional nature of the data is a limitation of the
study. Blood samples were collected at one point in time, con-
current with outcome assessment, which was retrospective with
respect to ascertainment of asthma status and asthma-related
outcomes. The temporal relationship between DNA methyla-
tion and asthma outcomes cannot therefore be established with
certainty in this dataset. In this regard, DNA methylation meas-
ured in cord blood would be more advantageous; however, evi-
dence in the literature supports effects of in utero exposures on
DNA methylation, observed early in life and prior to manifesta-
tion of chronic disease and other clinical outcomes, and there-
fore can be considered as potential intermediates. Furthermore,
DNA methylation associations from prenatal exposures such
as parental smoke exposure could persist later in life,?*** and
DNA methylation measured in child blood may still be a useful
marker for mediators.

Among the strengths of the study was the ability to adjust for
potential confounders and co-exposures such as socioeconomic
status variables and other co-exposures. Our study is also based
on a sample of Latino children from the GALA II study, the
largest gene-environment study of pediatric asthma in Latinos
in the United States. Some minority children, particularly Puerto
Ricans, are both more at risk for asthma-related morbidity and
mortality?® and have higher prevalence of maternal smoking
during pregnancy compared to the rate for the entire US pop-
ulation. Our target population, therefore, is of particular clin-
ical and public health interest given the potential differences in
susceptibility to the outcome in light of the greater burden of
exposure. In addition, a previous study in this population in-
dicated that methylation at loci associated with environmental
exposures including maternal smoking was also associated with
ethnicity and genetic ancestry.** This finding in addition to the
differential prevalence of exposure and outcome by race/eth-
nicity introduces the potential for lack of transportability of
effects from one population to another, and it is therefore im-
portant to assess these associations in populations of different
racial/ethnic backgrounds. Finally, and to our knowledge, the
current study is the first to apply mediation analysis of in utero
tobacco smoke exposure effects on asthma, mediated through
epigenetic modification of DNA methylation. DNA methylation
as a potential mediator of effects is an area of increasing interest
in asthma epidemiology and one which may provide insights as
to the biochemical mechanisms through which external expo-
sures exert their effects.*

In summary, we observed associations between DNA methyl-
ation at loci previously linked to in utero tobacco smoke expo-
sure and asthma-related outcomes. Our findings are consistent
with DNA methylation acting as a mediator of potential effects
of in utero tobacco smoke exposures on asthma status. Potential
future studies including mediation analysis in longitudinal pro-
spective studies where exposure, mediators, and outcomes are
assessed in a temporal order as hypothesized will benefit our



Neophytou et al. e Environmental Epidemiology (2019) 3:e048

overall understanding of in utero tobacco smoke exposure, as
will studies with gene expression as an additional part of the
pathway of mediated mechanisms of disease.
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