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Abstract

Background—Exposure to traffic pollution during fetal development has been associated with
reduced fetal growth, and there is evidence to suggest that epigenetic mechanisms in the placenta
in the form of variant DNA methylation may be a potential mechanism of this effect.

Objectives—To examine the association between residential proximity to nearest major
roadway, as a marker of traffic-related pollution, fetal growth and placental DNA methylation.

Methods—We obtained residential addresses, placenta samples, and demographic data from 471
women following delivery. Using generalized linear models we evaluated the association between
living close to a major roadway (defined as living <150 m from a primary highway or primary
road or <50 m from a secondary road) and fetal growth and DNA methylation of repetitive
elements (LINE-1 and AluYb8). We evaluated epigenome-wide methylation in a subset of 215
women to further investigate specific variation in DNA methylation associated with proximity to
major roadways.

Results—L.iving close to a major roadway was associated with a 175.9 g (95% CI: -319.4, -32.5;
p=0.016) lower birth weight, 1.8 (95% ClI: 0.9, 3.8; p=0.09) times the odds of being small for
gestational age, and 0.82 percentage points (95% CI: —1.57, —0.07; p=0.03) lower mean placental
LINE-1 methylation levels in fully adjusted models. In epigenome-wide analyses, 7 CpG sites
were significantly associated with residential proximity to major roadways. Additional adjustment
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for placental methylation did not attenuate the association between roadway proximity and birth
weight.

Conclusions—L.iving close to major roadways was associated with lower fetal growth and
significant placental epigenetic changes. However, the observed epigenetic changes appear
insufficient to explain the observed association between roadway proximity and fetal growth.

Keywords
traffic; pollution; epigenetics; placenta; birthweight

1.0 Introduction

Environmental exposures during fetal development can have short-term (e.g. reduced fetal
growth) and long-term (e.g. impaired neurodevelopment) impacts on the health of the child
(Ballester et al. 2010; Jirtle and Skinner 2007; Li et al. 2003; Marsit et al. 2012; Nelissen et
al. 2011). The placenta can play an important role in this developmental programming as it
responds to these exposures and regulates the growth and development of the fetus by
controlling nutrient, gas, and waste exchange, as well as growth factor and hormone
production (Sood et al. 2006). Epigenetic mechanisms, such as DNA methylation, play an
important role in placental development and function by affecting gene expression (Nelissen
et al. 2011).

A number of previous studies have reported an association between prenatal exposure to
traffic-related air pollution and reduced fetal growth, recently reviewed by Stieb et al.
(2012). However, the pathophysiologic mechanisms underlying these associations remain
uncertain. Based on some prior evidence, we hypothesize that one possible mechanism is
through epigenetic alterations of the placenta, in utero. Indeed, one prior study reported that
in utero exposures to particulate air pollution was associated with a marker of global DNA
methylation in placenta (Janssen et al. 2013) but to our knowledge the findings from this
study have not been replicated. Other evidence indicates that placental DNA methylation
patterns, assessed epigenome-wide and at specific repetitive elements (e.g. LINE-1 and
AluYDb8), are associated with fetal growth (Banister et al. 2011; Wilhelm-Benartzi et al.
2012). More specifically these prior studies found that decreased placental methylation at
repetitive elements and patterns of distinct methylation (hypo- or hyper- methylation) at
specific loci are associated with reduced fetal growth. This raises the possibility that the
observed associations between traffic pollution and reduced fetal growth are mediated
through placental epigenetic changes. However, we are not aware of any published studies
evaluating this hypothesis.

Accordingly, we examined the association between proximity to major roadways, as a
marker of residential exposure to traffic pollution, markers of fetal growth, and placental
DNA methylation in a cohort of 471 mother-infant pairs from the Rhode Island Child Health
Study (RICHS). We hypothesized that living close to major roadways would be associated
with: (1) lower birth weight, (2) higher odds of being small for gestational age (SGA), (3)
lower levels of placental DNA methylation of repetitive elements as assessed by LINE-1 and
AluYDb8, and (4) altered patterns of placental DNA methylation at specific loci.
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2.0 Methods
2.1 Study Population

This study included 471 mother-infant pairs who were enrolled in the RICHS cohort
following delivery at Women and Infants Hospital in Providence, Rhode Island between
March 2009 and May 2013, as previously described (Marsit et al. 2012). Briefly, inclusion
criteria for this study included singleton, viable, full term births to mothers 18 years or older
and exclusion criteria were a life-threatening complication for the mother or a congenital or
chromosomal abnormality of the infant. About 63% of mother-infant pairs who were
identified as eligible and invited to participate consented and joined the study. Infants born
SGA or large for gestational age (LGA) were selected and matched one-to-one on sex,
gestational age (3 days), and maternal age (2 years) to infants appropriate for gestational
age (AGA). However, the number of SGA and LGA infants is not equal because not
everyone consented to participate and as a result of excluding preterm babies there were
more LGA than SGA infants in the study. Information, including residential address, was
collected from a structured medical chart review and lifestyle, demographic, and exposure
histories were collected from a structured questionnaire administered by an interviewer in
person.

2.2 Exposure Assessment

To estimate residential exposure to traffic pollution we used ArcMap 10.1 (ESRI; Redlands,
CA) to geocode participant addresses and calculate the Euclidean distance to nearest major
roadway (Supplemental Material Figure 1). We obtained residential addresses from maternal
inpatient medical records at the time of delivery, but did not identify address changes
throughout pregnancy.

Major roadways were defined as those with census feature class codes Al (primary highway
with limited access), A2 (primary road without limited access), or A3 (secondary and
connecting roads). Al and A2 roadways include interstate highways and US highways,
which typically contain a mix of car and truck traffic moving at higher speeds, and A3
roadways include state highways and other major arteries, which typically have lower traffic
counts moving at slower average speeds. The particle number concentration exponentially
decays as distance from a major roadway increases and reaches a plateau after 150 m (Zhu et
al. 2002a; Zhu et al. 2002b). Therefore, to combine exposures from different road types
using a single metric as in previous studies (Gan et al. 2010; Gan et al. 2014; Hart et al.
2013), we considered participants living <150 m of an Al or A2 roadway or <50 m of an A3
roadway as “exposed” and unexposed otherwise.

2.3 DNA Methylation Analysis

Within 2 hours of birth, full-thickness sections were taken from the maternal side of the
placenta, 2 cm from the umbilical cord-insertion site and free of maternal decidua. These
sections were immediately placed in RNAlater™ (Applied Biosystems, Inc., AM7020).
Following =72 hours at 4°C, samples were blotted dry, snap-frozen in liquid nitrogen,
homogenized via pulverization and stored at —80°C until analysis. DNA was extracted,
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quantified and bisulfite modified via QIAmp DNA Mini Kit (Qiagen, 51304), ND-1000
spectrophotometer (NanoDrop), and EZ DNA Methylation Kit (Zymo Research, D5008).

The LINE-1 and AluYb8 methylation analysis was completed as previously described for all
471 participants (Wilhelm-Benartzi et al. 2012). Briefly, bisulfite pyrosequencing of LINE-1
and AluYb8 was used to determine DNA methylation. LINE-1 methylation extent is defined
as the mean percent methylation of four CpG sites on the LINE-1 element. AluYb8
methylation extent is defined as the mean percent methylation of five CpG sites on the
AluYb8 element.

For a subset of 215 women, we previously reported epigenome-wide methylation of CpG
sites using the Infinium HumanMethylation450 (450K) Bead Chip (Illumina, San Diego,
CA) (Maccani et al. 2015). For our analysis, we removed all probes that were present on
either the X or Y chromosome, have previously been identified as cross-hybridizing with
other genomic locations (Chen et al. 2013), or contained a single nucleotide polymorphism.
In addition, probes identified as having detection P values >0.01 in at least one sample were
removed. The final data set included 336,484 autosomal probes from 215 samples.

Data was normalized using the functional normalization (funNorm) protocol within the
‘minfi’ package as specified by the software authors (Aryee et al. 2014). In order to correct
for any batch to batch variation, we adjusted our data using the ‘ComBat’ method (Johnson
et al. 2007), and a principle component analysis (PCA) was used for appropriate
normalization and batch effect control.

2.4 Covariate Data

We used data collected from in-person interviewer-administered questionnaires to adjust for
potential confounders. Maternal age in years was considered as a continuous variable. We
defined maternal education as the highest self-reported level of education attained by the
mother and categorized into three groups: high school graduate or less, some college, and
college graduate or more. Maternal race was dichotomized as white or other. Maternal
alcohol and tobacco use during pregnancy were each dichotomized as yes or no. Maternal
prenatal vitamin use during pregnancy was defined as regularly taking prenatal vitamins and
was dichotomized as yes or no. Parity was categorized as having 1 child, 2 children, or 3 or
more children. Household income (9.5% missing) was categorized in the interviewer-
administered survey, but categories were further collapsed into 5 groups: <$25,000; $25,000
- <$50,000; $50,000 - <$80,000; $80,000 - < $100,000; and =$100,000. Maternal health
insurance was categorized as no insurance/self-pay, private insurance, or public insurance/
other. Marital status was defined as married or not married, which includes single, separated,
and divorced. Maternal BMI before pregnancy was considered in the analyses as a
continuous variable, and was previously calculated from self-reported height and weight.

Covariate data for the infant include sex, gestational age at birth in weeks, birth weight, and

infant growth status. SGA was defined as the lowest 101" percentile and LGA was defined as
the highest 10t percentile based on birth weight and gestational age and calculated from the
Fenton growth chart (Fenton and Kim 2013).
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Neighborhood socioeconomic status (SES) was assessed by 6 census-level variables (Diez
Roux et al. 2001): median household income; percent of households with interests,
dividends, or rent income; percent of residents with high school diploma; percent with
college degree; percent with professional occupation; and median value of owner-occupied
housing units. We calculated a z-score for each of these variables and summed the scores to
create a zsum, which we used to control for potential confounding by neighborhood SES.

2.5 Statistical Analysis

We examined unadjusted bivariate associations of all potential confounders with distance to
roadway and with LINE-1 and AluYb8 methylation levels using one-way ANOVA tests, t-
tests, and chi-square tests, as appropriate. We used linear regression to evaluate the
association between proximity to major roadways and continuous outcomes (birth weight,
LINE-1 methylation, AluYb8 methylation). We used logistic regression to evaluate the
association between proximity to major roadways and infant growth status (SGA versus
LGA and AGA). We drew a causal diagram (Supplemental Material Figure 2) to determine
the selection of variables to include in the models. Models were adjusted for age, education
level, tobacco use during pregnancy, prenatal vitamin use during pregnancy, BMI before
pregnancy, parity, annual household income, health insurance status, marital status, race,
infant gestational age at birth, infant sex, and neighborhood SES as a sum z-score.
Birthweight adjusted for gestational age provides a marker of fetal growth (Oken et al. 2003;
Vidal et al. 2015), which was our primary health outcome of interest. For the analyses of
infant growth status, SGA, AGA, and LGA are categorized by percentiles that are based on
gestational age so we do not include gestational age as a covariate in our models.

We performed secondary analyses to better understand potential mediation effects. We
examined the association between proximity to major roadway and birth weight additionally
adjusted for mean LINE-1 methylation levels and mean AluYb8 methylation levels to test
the hypothesis that the effects of traffic pollution on fetal growth are mediated at least in part
through changes in global methylation levels as assessed by LINE-1 and AluYb8. If some or
all of the effect on birth weight is mediated through placental methylation, under certain
unverifiable assumptions (Cole and Hernan 2002; VanderWeele and Vansteelandt 2009,
2010) we would expect that further adjusting by LINE-1 and AluYb8 should attenuate the
observed association between living close to a major roadway and birth weight.

For the epigenome-wide analysis, we used a linear regression model in the Limma package
(R version 3.0.0) to compare the methylation beta values of those living close vs further
from a major roadway. Our primary model adjusted for the same covariates as the previous
models for LINE-1 and AluYb8, with the exception of health insurance status and parity
because there was virtually no variation in these variables in the subset with epigenome-
wide methylation data.

We used the Houseman reference-free method to calculate and adjust for cell type
proportions as described previously (Houseman et al. 2014). Briefly, methylation and
covariate data are used to infer the number of latent variables (number of cell types) in
placenta samples without a reference set. Then a linear regression model is fit and includes
the latent variables and potential confounders to obtain adjusted estimates. DNA methylation
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profiles are cell-specific, thus we need to adjust for cell type proportions to control for this
potential confounding bias. This method has been used previously to adjust for confounding
by cell type proportion and also to reduce standard errors (Green et al. 2016). To calculate
standard errors and p-values we ran 100 Bootstraps. Finally, to adjust for multiple
comparisons, we calculated g-values to protect the false discovery rate (FDR) using the
Benjamini-Hochberg method (FDR<0.05). In a secondary analysis, we performed the main
analysis additionally adjusting for the statistically significant CpGs to evaluate potential
mediation. Using the annotation files from the GenomeStudio from Illumina, we mapped the
statistically significant CpGs its gene of origin. Analyses were performed in SAS 9.3 (SAS
Institutes, Inc.; Cary, NC) and in R (v3.0.0) with packages: Limma (Linear Models for
Microarray Analysis), qvalue, RefFreeEWAS, and ggman (Team 2013).

3.0 Results

Most of the 471 participants were white (76.7%), married (63.9%), and multiparous (73.7%)
with a mean age of 30.0 (standard deviation, SD=5.6) years (Table 1). About 21% of
mothers lived near a major roadway (Supplemental Figure 1) and tended to be slightly
younger, slightly more obese, and reported slightly lower annual household income
compared to mothers living further away from major roadways.

In crude analyses, the association between proximity to major roadways and birth weight did
not reach statistical significance (p=0.15). However, after adjusting for a number of
individual and area-level sociodemographic variables, living near a major roadway was
associated with a 175.9 g (95% CI: -318.9, —32.9; p=0.016) lower birth weight and 1.8
(95% CI: 0.9, 3.8; p=0.09) times the odds of being SGA, compared to those living farther
from a major roadway (Figure 1). Living near a major roadway was not associated with odds
of being LGA (OR=0.63; 95% CI: 0.36, 1.12; p=0.12).

LINE-1 and AluYb8 methylation data were available in 469 (99.6%) and 467 (99.2%)
participants, respectively. Mean LINE-1 methylation levels were marginally associated only
with gestational age (p=0.071), while AluYb8 methylation levels were associated with infant
sex (p<0.001) and marginally associated with maternal education (p=0.06) (Supplemental
Material Table 1). In crude analyses, mean LINE-1 methylation levels were significantly
lower (p=0.03) among those living near a major roadway, while AluYb8 levels tended to be
slightly higher (p=0.07) among participants living near a major roadway. After adjusting for
a number of individual and area-level sociodemographic variables, living near a major
roadway was associated with a mean LINE-1 methylation that was 0.82 percentage points
lower (95% CI: -1.57, —0.07; p=0.03) versus participants living further from a major
roadway. We found no associations between residential proximity to nearest major roadway
and mean placental AluYb8 methylation levels in fully adjusted models. In fully adjusted
models the associations between LINE-1 and AluYb8 methylation levels and birth weight
did not reach statistical significance (data not shown).

To examine the association between proximity to nearest major roadway and birth weight
not mediated through placental DNA methylation, we additionally adjusted for mean
LINE-1 and AluYb8 methylation levels and found that living near a major roadway was
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associated with a 172.0 (95% ClI: -316.7, —27.3; p=0.02) and 179.8 (95% CI: —324.1, -35.6;
p=0.015) lower birth weight, respectively (Table 2), which is essentially unchanged from the
175.9 g difference found in the main analyses not adjusted for LINE-1 or AluYb8.

After finding a statistically significant association between residential proximity to major
roadways and LINE-1 indicative of epigenetic activity, we performed an epigenome-wide
analysis in a subset of the study population. There was no statistically significant difference
between the full cohort (n=471) and the 215 participants with epigenome-wide data
(Supplemental Material Table 2). Among this sub-cohort, we found 7 CpG sites that were
differentially methylated (at the FDR<0.05 level) in mothers living close to a major roadway
versus further away (Table 3 and Figure 2). Three of these CpG sites were mapped to genes
PTPRN2, TMEM125, and VVPS4A, but the other 4 sites map to non-genic regions. Figure 3
plots the coefficient for each CpG site versus its p-value. Loci on the PTPRN2 gene,
highlighted in red, appear many times in the top 1000 sites. It also has the most significant
p-value, as shown in Table 3.

To gain further insights into the potential mediating effect of DNA methylation, we
examined the association between distance to roadway and birth weight with and without
additional adjustment for the 7 CpG sites that reached statistical significance. In this subset
of participants, living close to a major roadway was associated with a 297.6 g (95% ClI:
-507.9, —87.2; p=0.006) lower birth weight and 1.6 (95% CI: 0.6, 4.0; p=0.33) times the
odds of being SGA, compared to those living farther from a major roadway (Figure 1). After
additional adjustment for methylation levels of one or all of the 7 CpG sites, the association
between roadway proximity and birth weight was essentially unchanged both in magnitude
and statistical significance (Table 4). Accordingly, the associations between each CpG site
and birth weight did not reach statistical significance (data not shown).

4.0 Discussion

Among 471 mother-infant pairs, we found that living close to a major roadway was
associated with statistically significant lower birth weight, lower levels of placental LINE-1
DNA methylation, and differential methylation of DNA at 7 loci, compared to those living
farther from major roadways. We did not find an association between residential proximity
to nearest major roadway and mean AluYb8 methylation levels.

Our findings of associations between residential proximity to major roadways, acting as a
marker of residential exposure to traffic-related air and noise pollution, lower birth weight
and higher odds of being SGA are consistent with prior studies (Dadvand et al. 2013;
Dadvand et al. 2014; Fleisch et al. 2015; Stieb et al. 2012). For example, Fleisch et al.
(2015) found that those living <50 m from a major roadway had reduced fetal growth
compared to those living =200 m, and that maternal exposure to traffic-related air pollutants
was also associated with reduced fetal growth. Similarly, Dadvand et al. (2014) examined
maternal residential proximity to major roadways and found that living within 200 m of a
major roadway was associated with increased risk of low birth weight and that this
association was partially mediated through higher exposure to traffic-related air pollutants.
A number of other studies have reported associations between maternal exposure to either
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NO,, a marker of traffic-related air pollution, or ambient particulate matter and markers
indicative of reduced fetal growth (Ballester et al. 2010; Dadvand et al. 2013).

A number of previous studies have reported associations between traffic-related air
pollutants and DNA methylation changes in circulating leukocytes of adults (Baccarelli et al.
2009; Madrigano et al. 2011; Tarantini et al. 2009). However, we are aware of only two prior
studies considering the effects of traffic pollutants on placental DNA methylation. Similar to
our observation of decreased LINE-1 placental DNA methylation associated with living
close to a major roadway, Janssen et al. (2013) found that maternal exposure to ambient fine
particulate matter (PM, 5) was associated with lower global placental DNA methylation. In a
separate study, Janssen et al. (2015) found that PM> 5 was positively associated with
placental mitochondrial DNA (mtDNA) methylation and inversely associated with mtDNA
content. Mediation analyses suggest that mtDNA methylation partially mediated the
association between PM, 5 and mtDNA content (Janssen et al. 2015).

Based on these prior studies, we hypothesized that those living near a major roadway would
have lower global methylation levels compared to those living farther from a major roadway.
Previous studies have examined the potential mechanism by which this happens and found
that air pollutants were associated with cellular stress and inflammation responses, which
results in oxidation and potentially to changes to DNA methylation (Baccarelli et al. 2009;
Brook et al. 2004; Donaldson et al. 2001; Valinluck et al. 2004). Our finding that living close
to a major roadway was associated with lower mean LINE-1 methylation levels supports this
hypothesis.

Among the subset of participates with epigenome-wide data, we found that living close to a
major roadway was associated with 7 statistically significant differentially methylated CpGs
in placental tissue. Three of the 7 CpG sites were mapped to genes: PTPRN2, TMEM125,
and VPS4A. Breton et al. (2009) previously found an association between prenatal smoking
and differentially methylated PTPRO, which encodes a protein tyrosine phosphatase
receptor and is a candidate tumor suppressor (Motiwala et al. 2004). PTPRN2 also encodes a
protein tyrosine phosphatase receptor (Motiwala et al. 2004; NCBI 2015a), potentially
suggesting some degree of similarity in the molecular mechanisms by which maternal
exposure to smoking and traffic-related pollution impacts placental DNA methylation.

The implications of the differential methylation of the other loci are less clear. The
TMEM125 gene encodes a transmembrane protein and the VPS4A gene encodes a protein
involved in vacuolar protein sorting and is part of the ATPase family, which is associated
with diverse cellular activities (NCBI 2015b, c). To our knowledge, neither of these genes
has been studied in the context of prenatal environmental exposures and DNA methylation
so we cannot compare our findings.

In secondary analyses we additionally adjusted for methylation levels to explore the
hypothesis that the putative effects of living close to a major roadway on birth weight are
mediated through placental epigenetic changes. The association between residential
proximity to major roadways and birth weight were nearly identical with or without
adjustment for LINE-1, AluYb8, or both LINE-1 and AluYb8 methylation levels, suggesting
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that LINE-1 and AluYb8 methylation are not important mediators of the association
between traffic pollution and fetal growth. In the subset of participants with data on
epigenome-wide methylation, we found that adjusting for any or all 7 CpGs further
strengthened the association between residential proximity to major roadways and birth
weight, also suggesting that epigenetic changes at these loci are not important mediators of
the observed associations between traffic pollution and birth weight. However, these
analyses rely on the unverifiable assumption that there is no residual confounding by other
common causes of methylation and fetal growth (Cole and Hernan 2002). Clearly additional
studies on the potential mediating influences of epigenetic changes are needed to confirm or
refute our findings.

This study has some important limitations. First, residential distance to nearest major
roadway is a marker of traffic pollution so the associations observed could be due to traffic-
related air pollution, traffic-related noise, or potentially other stressors associated with living
very close to a major roadway. However, the use of residential proximity to major roadways
has a significant advantage in that it allows consideration of the joint effects of air and noise
pollution from traffic and has been used as such in a number of prior studies of both adults
and children (Fleisch et al. 2015; Gan et al. 2010; Harris et al. 2015; Hart et al. 2013;
Kingsley et al. 2015). Second, although the study area is geographically small there are
likely differences in noise and air pollution characteristics at varying distances from major
roadways across the study area. Additional studies with high quality data on residential
exposure to both air and noise pollution are clearly needed to disentangle these effects.
Third, information on residential history throughout pregnancy was unavailable. Between
9-32% of pregnant mothers move during their pregnancies (Bell and Belanger 2012; Saadeh
et al. 2013), which likely lead to some exposure misclassification. Fourth, we do not know
how much time pregnant mothers spend at home vs other locations. Fifth, we do not have
measures of indoor pollution levels or information on potential modifiers of the association
such as air conditioning use. Sixth, we do not have measures of wind speed or direction
which could impact the level of traffic-related air pollution exposure from living near a
major roadway. Seventh, although we expect geocoding errors to be relatively small in an
area with high population density such as the northeast, there remains potential for
geocoding errors that may also contribute to exposure misclassification (Jacquez 2012).
Eighth, there is potential for selection bias if participation in the study was influenced by
proximity to major roadway conditional on the demographic and socioeconomic factors
included in our models. Finally, the observed epigenetic changes may not represent changes
in gene expression, which depend on the CpG site's location on the genome and the
promoter's CpG density (Marchal and Miotto 2015). However, DNA methylation reset early
in development and is critical in in defining tissue differentiation and function. Thus,
environmental exposures, such as traffic pollution, may interfere with this epigenetic
programming during this critical period in development and can have long term
consequences (Jaenisch and Bird 2003). We acknowledge, though, that we are examining
these marks using a terminally differentiated tissue (the placenta) at a single time point, and
so cannot make definitive statements regarding persistence, although this is an area for
further investigation utilizing longitudinal study designs
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Nonetheless, important strengths of this study include a comparatively large sample size for
a study of epigenetics, the use of highly quantitative bisulfite pyrosequencing for LINE-1
and AluYb8 methylation profiling, and the use of the high sample throughput Infinium
HumanMethylation450 (450K) Bead Chip that spans across the genome. Additionally, we
adjusted for the potential confounder of cellular heterogeneity in the placenta when
modelling the effect of residential proximity to major roadway and differentially methylated
CpGs.

In conclusion, we found that living near a major roadway was associated with lower birth
weight, increased odds of being SGA, and lower mean LINE-1 methylation levels in human
placenta and 7 statistically significant differentially methylated CpG sites, after adjusting for
important confounders. However, the observed association between residential proximity to
major roadways and fetal growth does not appear to be explained by the observed placental
epigenetic changes. Additional studies in with improved exposure assessments are needed to
understand the functional impacts of the epigenetic changes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Traffic pollution exposure /n utero is associated with reduced fetal growth.
This association may be mediated by placental epigenetic mechanisms.
Living close to a major roadway is associated with lower birth weight.

Living close to a major roadway is associated with placental epigenetic
changes.

Placental epigenetic changes do not appear to mediate the relationship.
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Association between distance to roadway (<150m of A1/A2 or <50m of A3) and difference
in birth weight (filled circles indicate mean difference, bars indicate 95% confidence
intervals) (A) and infant growth status (B, filled circles indicate odds ratio, bars indicate
95% confidence intervals). Models are adjusted for maternal age, BMI before pregnancy,
maternal education, tobacco use during pregnancy, prenatal vitamin use, annual household
income, health insurance, maternal ethnicity, parity, gestational age, infant sex, and

neighborhood SES z-sum.
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Figure 2.
Manhattan plot showing the association between distance to roadway (£150m of A1/A2 or

<50m of A3) and DNA methylation of CpGs. Each dot represents an individual CpG site,
and the horizontal blue line the level of statistical significance (q < 0.05, P < 1x1075).
Models adjusted for maternal age, BMI before pregnancy, maternal education, prenatal
vitamin use, annual household income, maternal ethnicity, gestational age, infant sex,
neighborhood SES z-sum and cell type.
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\olcano plot showing the regression coefficient (x-axis) of the association between living
near a major roadway (< 150m of A1/A2 or < 50m of A3) and DNA methylation of each
individual CpG site for the top 1000 loci, plotted versus its p-value (y-axis). All models
adjusted for maternal age, BMI before pregnancy, maternal education, prenatal vitamin use,
annual household income, maternal ethnicity, gestational age, infant sex, neighborhood SES
z-sum and cell type.
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Population characteristics by residential distance to nearest major roadway (within 150 m of Al or A2

roadway or within 50 m of A3 roadway)

Table 1

Page 18

Total (n=471) Near major roadway (n = 98) Further from r'g%;r roadway (n = p-valuea

Maternal characteristics
Age, years, mean +— SD 30.0+£5.6 29.2+5.1 30.3+£5.8 0.091
BMI before pregnancy, kg/m? 269+7.1 2719+75 26.7+£7.0 0.12
Tobacco use during pregnancy 23 (4.9%) 3(3.1%) 20 (5.4%) 0.24
Alcohol use during pregnancy 4 (0.9%) 1(1.0%) 3(0.8%) 0.44
Prenatal care during pregnancy, No 458 (97.2%) 96 (98.0%) 362 (97.1%) 0.84
Prenatal vitamin use, No 434 (92.1%) 89 (90.8%) 345 (92.5%) 0.66
Annual household income 0.11

<$25,000 101 (21.4%) 27 (27.6%) 74 (19.8%)

$25,000-49,999 71 (15.1%) 19 (19.4%) 52 (13.9%)

$50,000-79,999 82 (17.4%) 19 (19.4%) 63 (16.9%)

$80,000-99,999 55 (11.7%) 6 (6.1%) 49 (13.1%)

>$100,000 117 (24.8%) 19 (19.4%) 98 (26.3%)
Married 301 (63.9%) 63 (64.3%) 238 (63.8%) 0.91
Race, Caucasian 361 (76.7%) 75 (76.5%) 286 (76.7%) 0.87
Education 0.74

< High school 102 (21.7%) 24 (24.5%) 78 (20.9%)

Some college 115 (24.4%) 26 (26.5%) 89 (23.9%)

College or more 249 (52.9%) 47 (48.0%) 202 (54.2%)
Health insurance 0.18

None/self-pay 8 (1.7%) 2 (2.0%) 6 (1.6%)

Private 282 (59.9%) 52 (53.1%) 230 (61.7%)

Public/other 175 (37.2%) 41 (41.8%) 134 (35.9%)
Parity 0.79

1 123 (26.1%) 24 (24.5%) 99 (26.5%)

2 164 (34.8%) 32 (32.7%) 132 (35.4%)

>3 183 (38.9%) 42 (42.9%) 141 (37.8%)
Newborn characteristics
Gestational age (weeks), mean + SD 39.0+0.9 39.1+0.9 39.0+0.9 0.47
Infant sex, Male 244 (51.8%) 49 (50.0%) 195 (52.3%) 0.69
Neighborhood SES, z-score 0.0+5.3 0.3+5.0 -0.1+54 0.57
Outcomes
Birth weight (g), mean + SD 3568.3 + 664.2 3483.4 + 688.3 3590.6 + 656.9 0.15
Growth status 0.50

SGA 77 (16.4%) 19 (19.4%) 58 (15.6%)
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Total (n=471) Near major roadway (n = 98) Further from major roadway (n = lue
373) p-value
AGA 260 (55.2%) 55 (56.1%) 205 (55.0%)
LGA 134 (28.5%) 24 (24.5%) 110 (29.5%)
Mean LINE-1 41.7+31 41.1+35 419+3.0 0.023
Mean AluYb8 705+ 3.7 71.1+47 70.3+35 0.066

Note: Near major roadway defined as <150 m of A1/A2 or <50 m of A3 and far from major roadways defined as >150 m of A1/A2 or >50 m of A3.
Not all N values equal 471 because of missing values. Neighborhood SES z-sum is the sum of the z-scores for median household income, percent
of households with interests, dividends, or rent income, percent of residents with high school diploma, percent with college degree, percent with

professional occupation, and median value of owner-occupied housing units.

Abbreviations: SD is standard deviation, BMI is body mass index, SGA is small for gestational age, AGA is average for gestational age, LGA is

large for gestational age, and SES is socioeconomic status.

a . . . . . .
p-values obtained from chi square tests for categorical variables and one-way ANOVA tests for continuous variables
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Table 2

Association between residential distance to nearest major roadway (within 150 m of Al or A2 roadway or
within 50 m of A3 roadway) and birth weight (g), with and without adjustment for LINE-1 and/orAluYb8
methylation levels

Adjustment for Potential Intermediate  Difference in birth weight (95% CI)  p-value

None -175.9 (-318.9, -32.9) 0.016
LINE-1 -172.0 (-316.7, -27.3) 0.020
AluYb8 -179.8 (-324.1, -35.6) 0.015

LINE-1 + AluYb8 -175.7 (-321.4, -30.1) 0.018

All models adjusted for maternal age, BMI before pregnancy, maternal education level, tobacco use during pregnancy, prenatal vitamin use, annual
household income, health insurance status, maternal ethnicity, gestational weeks, infant sex, parity, and neighborhood SES z-sum (the sum of the z-
scores for median household income, percent of households with interests, dividends, or rent income, percent of residents with high school
diploma, percent with college degree, percent with professional occupation, and median value of owner-occupied housing units). The LINE-1
model additionally adjusted for mean LINE-1 methylation levels. The AluYb8 model additionally adjusted for mean AluYb8 methylation levels.
The LINE-1+AluYb8 model additionally adjusted for mean LINE-1 methylation levels and AluYb8 methylation levels.
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Statistically significant (FDR g<0.05) CpG sites out of 336,484 total sites

Name P value P value adjusted* Qvalue Genename Chromosome Difference in Mean Methylation Percentage
€g22517801  2.904e-06 3.729e-07 0.046 PTPRN2 7 0.061
cg02757456  1.359e-03 5.122e-07 0.046 unknown 4 -0.039
cg05375878  1.077e-03 6.242e-07 0.046 TMEM125 1 -0.012
€g26468152  3.151e-05 7.573e-07 0.046 VPS4A 16 -0.016
€g13839439  2.508e-04 7.658e-07 0.046 unknown 12 0.024
cg03838806  4.209e-04 8.289e-07 0.046 unknown 4 0.034
€g21884122  1.418e-04 1.019e-06 0.049 unknown 14 0.014

All models are adjusted for maternal age, BMI before pregnancy, maternal education level, prenatal vitamin use, annual household income,
maternal ethnicity, gestational age, infant sex, and neighborhood SES z-sum (the sum of the z-scores for median household income, percent of
households with interests, dividends, or rent income, percent of residents with high school diploma, percent with college degree, percent with

professional occupation, and median value of owner-occupied housing units).

*
Adjusted p-values additionally adjusted for cell type using the Reference-free method. Q-values were calculated using the Benjamini-Hochberg

method
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Association between distance to nearest major roadway (<150m of A1/A2 or <50m of A3) and birth weight
with and without adjustment for differentially methylated loci

CpG site Change in birth weight (95% CI)  P-value

None -297.6 (-507.9, -87.2) 0.006
€g22517801 -286.8 (—496.9, -76.6) 0.008
€g02757456 -288.3 (-499.2, ~77.4) 0.008
cg05375878 -284.5 (—495.4, -73.6) 0.008
€g26468152 -285.6 (—496.3, -74.8) 0.008
€g13839439 -286.3 (—496.9, -75.6) 0.008
cg03838806 -288.3 (—499.2, -77.4) 0.008
€g21884122 -281.7 (-493.0, -70.4) 0.009
All 7 CpGs -285.4 (-500.3, ~70.4) 0.010

All models are adjusted for maternal age, BMI before pregnancy, maternal education level, prenatal vitamin use, annual household income,

maternal ethnicity, gestational age, infant sex, and neighborhood SES z-sum (the sum of the z-scores for median household income, percent of
households with interests, dividends, or rent income, percent of residents with high school diploma, percent with college degree, percent with
professional occupation, and median value of owner-occupied housing units).
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