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ABSTRACT: Maternal exposure to airborne particulate matter (PM) has been associated with restricted fetal growth and reduced
birthweight. Here, we performed methylome-wide analyses of cord and children’s blood DNA in relation to resi-dential exposure to PM
smaller than 10 pum (PMy,). This study included participants of the Avon Longitudinal Study of Preg-nancy and Childhood (ALSPAC,
cord blood, n = 780; blood at age 7, n = 757 and age 15—17, n = 850) and the EXPOsOMICS birth cohort consortium including cord
blood from ENVIRON-AGE (n = 197), INMA (n = 84), Piccolipiu(n = 99) and Rhea (n = 75). We could not identify significant CpG
sites, by meta-analyzing associations between maternal PM;, exposure during pregnancy and DNA methylation in cord blood, nor by
studying DNA methylation and concordant annual exposure at 7 and 15—17 years. The CpG cg21785536 was inversely associated with
PM,, exposure using a longitudinal model integrating the three studied age groups (—1.2% per 10 pg/m®; raw p-value = 3.82 x 10°%),
Pathway analyses on the corresponding genes of the 100 strongest associated CpG sites of the longitudinal model revealed enriched
pathways relating to the GABAergic synapse, p53 signaling and NOTCH1. We provided evidence that residential PM;, exposure in
early life alects methylation of the CpG cg21785536 located on the EGF Domain Specific O-Linked N-Acetylglucosamine Transferase
gene.

INTRODUCTION

Exposure to air pollution represents a major threat to health worldwide. Consequences are observed at all ages
and even in areas with relatively low exposure levels.! The in utero envi-ronment can be perturbed by
environmental exposures alJecting developmental processes and thereby triggering adverse health e[Jects later in
life.® Several studies showed that maternal expo-sure to ambient air pollution and particulate matter (PM) was
associated with restricted fetal growth or reduced birthweight.*® During in utero development cells are
epigenetically reprog-rammed making them particularly susceptible to environmental perturbations.” A few
epigenome-wide studies investigated DNA methylation and exposure to air pollution, in adults* ' and in early
life.""™" For example, prenatal exposure to ambient NO, was associated with the methylation status of DNA of
mitochondria-related genes and genes involved in antioxidative defense pathways in cord blood.” A study
comparing methylation profiles of blood samples of children (aged 7—15 years) from two regions with high and
low air pollution reported dilJerential meth-ylation at CpG sites in biological pathways including immune
responses and DNA—protein binding."> An in vivo study on bronchial epithelial cells showed that diesel exhaust
is associated with dilJerential methylation of CpG sites located in genes with a role in transcription factor
activity, protein metabolism, cell adhe-sion, and vascular development.'' To understand the evolution of DNA
methylation changes in early life associated with intra-uterine exposures, it is necessary to study longitudinal



measures of DNA methylation in relation to contemporaneous postnatal exposure. An in depth understanding of
DNA methylation trajec-tories over time can distinguish causal DNA methylation changes from stochastic
processes.

We first performed methylome-wide analyses in cord blood DNA in relation to maternal exposure during
pregnancy to par-ticles smaller than 10 um (PM,;() in independent population-based cohorts; the Avon
Longitudinal Study of Parents and Chil-dren (ALSPAC)' and a consortium (EXPOsOMICS) of four birth
cohorts: ENVIRONAGE, INMA, Rhea, Piccolipiu. In addition, we analyzed DNA methylation in serial venous
blood samples from the same individuals at two additional time points (at age 7 and 15—17) in the ALSPAC
cohort. Using a longitudinal model integrating DNA methylation of the three time points (i.e., birth, at 7 and
15—17 years of age) we aimed at identifying methylation signals in childhood in relation to prenatal and early life
residential PM o exposure (at 7 and 15—17 years of age).

MATERIALS AND METHODS

Participants. ALSPAC is a birth cohort study of children born in Avon, UK between April 1991 and December
1992." In the framework of the Accessible Resource for Integrated Epigenomics Studies (ARIES) project
(http://www.ariesepigenomics.org.uk/) DNA methylation data was collected. Mother-o[Ispring pairs (n = 1018)
were selected based on the availability of DNA samples of the mother (prenatal and when the child(ren) were at
age 17 years) and the children (at birth, at age 7 and at age 15—17 years).? Within the EXPOsOMICS
collaborative European project,’” a subset of four population-based birth cohorts, ENVIRONAGE,'® INMA,

Rhea and the Turin center of the Piccolipiu study, was established to conduct DNA methylation
analyses. Sam-ples were selected randomly from each cohort (N = 200 for ENVIRONAGE, N = 99 for
Piccolipiu,N = 100 for INMA and N = 101 for Rhea) among participants with sullcient sample volume, quality
and available covariate data. Detailed methods for each cohort are provided in the Supporting Information (SI) p
3.

Methylation Data. DNA methylation assays were per-formed at the University of Bristol, UK (ALSPAC) as
part of the ARIES project,” at the International Agency for Research on Cancer, Lyon, France (ENVIRONAGE,
Rhea, Piccolipiu)and at the Genome Analysis Facility of the University Medical Center Groningen, The
Netherlands (INMA). The Zymo EZ DNA meth-ylation kit (Zymo, Irvine, CA) was used for bisulphite-treatment
of the DNA. DNA methylation was determined using the Illumina InfintumVR HumanMethylation 450K
BeadChip, arrays were scanned using an Illumina iScan and GenomeStudio software performed initial quality
review.

ARIES data were preprocessed in R, with the mel[]l package. For the EXPOsOMICS data preprocessing we
used in-house software written in the statistical software program R as described previously.'

The data was trimmed for outliers as defined by methylation levels which were more than three interquartile
ranges below the first quartile or above the fourth quartile. Probes that target nonspecific CpG sites (n = 40
590),” showing a p-value for detection of >0.01, detected in less than 20% of the samples, or probes located on
sex chromosomes (n = 11 648) were excluded. This left the following total of remaining probes:

i.in the ARIES study: 430 670, 430 699, and 430 710 probes in neonatal cord blood, peripheral blood in
childhood and peripheral blood in adolescence, respectively.

ii.in the EXPOsOMICS study: 420 399, 387 965, 419 692, and 419 815 probes for ENVIRONAGE, INMA,
Rhea, and Piccolipiu,respectively.

The methylation levels of CpG loci were expressed as Beta values, calculated as the ratio of the intensity of
methylated CpG loci and the sum of methylated and unmethylated CpG loci. CpGs were annotated to genes using
the Illumina’s genome coordinates™ and UCSC Genome Browser.

Residential Air Pollution. In ALSPAC (including the ARIES sample), exposure to particulate matter <10 pm
(PM,) was modeled using dispersion modeling of annual average exposures for the period 1990-2008 based on
daily total PM,, assessed at maternal residential addresses (including address changes). For pregnancy trimesters
and infancy (birth to 6 months; 7 to 12 months) we used local (ADMS-Urban)** and regional/long-range (NAME-
II1)* air pollution models. For annual average expo-sures up to age 15, we assessed spatial contrasts in local



sources (ADMS-Urban) of PM,, with a yearly varying model constant for all background sources. We accounted
for changes in address in all periods using a bespoke algorithm developed at Imperial College London: Algorithm
for Generating Address-History and Exposures (ALGAE; https://smallareahealthstatisticsunit.github.
io/algae/index.html).

* In INMA, Rhea and Piccolipiuexposure to air pollutants was generated in the framework of the ESCAPE study.
Following the ESCAPE protocol®**’ the residential location of the mothers have been geocoded and particulate
matter concentrations at the addresses
of study participants were estimated by applying a standardized procedure of land-use regression models (LUR).
Levels of PM with an aerodynamic diameter smaller than 10 pm were determined during dillerent seasons at
residential sites for each study between October, 2008 and April, 2011.2**” LUR-models were established using
the annual mean concentration as the dependent variable and an wide-ranging list of geographical variables as
potential predictors.”®*’ These predictors were among others related to trallc, population density, industry and
altitude. A large portion of spatial variation was explained by the models, the R* from leave-one-out cross-
validation was 0.87 for Spain (Barcelona), 0.53 for Greece (Heraklion) and 0.78 for Italy (Turin). Finally, the
models were applied to determine exposure to PM;, at the mother’s residential address. Details of this procedure
are available via the following Web site: http://www. escapeproject.eu/manuals/. To temporally adjust the LUR
PM, levels to the pregnancy period, data from routine monitoring stations were used.

In ENVIRONAGE, the regional background levels of PM;, were modeled for each mother’s residential address
using a high resolution spatial temporal interpolation method that combines data from land cover obtained from
satellite images (Corine land cover data set) with measures from monitoring stations (n = 34) and a dispersion
model.”® Validation statistics of the model showed that the spatial explained variance (R?) for annual mean PM;,
was more than 0.80.

Biosamples. In ARIES, a total of 1018 subjects with at least one available DNA methylation profile were
selected (at birth: n = 914, 7 years: n = 980, 15 years: n = 981). Subjects that failed DNA methylation quality
control (n = 53 for cord blood, n = 53 for childhood and n = 56 for adolescents) and those with missing values on
confounders or residential PM,, levels (n = 81 for cord blood, n = 170 for childhood and n = 75 for adolescents)
were removed. As a result, a total of 780, 757, and 850 subjects were included in the analyses for birth, childhood
and adolescence, respectively.

For ENVIRONAGE, Rhea, Piccolipiu,out of the 399 analyzed samples, three failed quality control and 25 had
missing values for confounders or exposures, leaving us with 371 subjects included for further analyses. In INMA
only one sample failed and 15 did not have methylation data available, thus a total of 84 subjects were included in
our analyses.

Statistical Analyses. As summarized in Figure 1 and SI Figure S1, we ran analyses looking at residential
average PM;, exposure across (i) the entire pregnancy for cord blood samples, and (ii) for the year of blood
sampling for childhood (7 years) and adolescence (15—17 years of age). In our epigenome-wide association
studies, the analyses were conducted in three steps:

(i) in cord blood samples in relation to pregnancy exposure to PM;, (analyses were conducted for each study
separately and resulting eJect size estimates were subsequently meta-analyzed using fixed e[Jects models with
inverse-variance weighting);

(ii)at age at 7 in relation to concomitant annual PM;, exposure in the ARIES sample; (iii) at age 15—17 in relation
to concom-itant annual PM;,, in ARIES.

In all these models, DNA methylation intensities at each CpG site were modeled as the dependent variable in a
mixed linear model including microarray number and position on array as random elJect and exposure as the
explanatory variable. All mod-els were adjusted for sex of the child, maternal smoking during pregnancy, blood
cell type proportions estimated using estab-lished deconvolution approaches for ARIES* and EXPOsO-MICS,*
respectively.

We also investigated longitudinal e[Jects of prenatal exposure on DNA methylation in early life in the ARIES
sample, by first regressing pregnancy exposure to PM;, against DNA genome-wide DNA methylation at 7 or
15—17 years, using the same parametrization and confounding variables as described above, but additionally
including annual PM,, exposure level at the corresponding year. Finally, adopting a multivariate normal model,



we integrated data (i.e., methylation profiles and exposure measurements) at the three time points, adjusting for
the same set of confounding variables. We corrected for multiple testing by

controlling the False Discovery Rate (FDR) below 5% using a Benjamini-Hochberg procedure. Sensitivity
analyses included additional adjustment on maternal age, gestational age (weeks), ethnicity (based on
citizenship), maternal education (classified as obtained primary school, secondary school and higher education)
and passive smoking at 7 years of age.

The 100 strongest associations, based on p-values, identified in the longitudinal analyses were further
investigated using phen-ograms (chromosomal figure annotated with lines at specific base-pair locations -
http://visualization.ritchielab.psu.edu/phenograms), and by performing an overrepresentation analysis (using
DAVID software, https://david.nciferf.gov) of the associated genes. In this analysis enriched pathways with (i)
enrichment p-values smaller than 0.05, (ii) fold changes larger than 1.5 and with (iii) at least three genes included
were considered as significantly enriched.

In order to assess whether exposure to PM, also alJects meth-ylation sites associated with similar exposures,
we performed look-up analyses based on (i) 6073 identified smoking CpG sites in a Pregnancy and Childhood
epigenetics (PACE) study,’’

(i1) 148 smoking related CpGs that met FDR significance at lookup replication level in older children in a PACE
study’' and
(iii)the 25 strongest associations CpG sites of a PACE study on maternal Nitrogen Oxide (NOy) exposure. '

RESULTS

Table 1 depicts demographic characteristics and residential exposure to PM;, of the five participating cohorts:

ALSPAC, ENVIRONAGE, INMA, Rhea and Piccolipiu.SI Figure S2 shows the distribution of PM,, exposure

during pregnancy and SI Table S1 shows the correlation between PM;, exposure at birth, at 7 and 15 years of age.
1.Residential Prenatal and Early Life Exposure to PM;,.

The meta-analysis of the epigenome-wide association studies of PM,¢-exposure during pregnancy in the five
cohorts (n = 1235) did not show any CpG sites after correction for multiple testing using a threshold of 0.05
(Table 2 shows top 15 CpG sites). Furthermore, we observed heterogeneity between the five cohorts under study;
59% of the probes (n = 252,333) showed an I* > 0.4. In the ARIES sample, regressing the residential annual
exposure to PM;o on methylation in childhood (at 7 years) and adolescence (15—17 years) did not reveal
significant CpG sites after correction for multiple testing (SI Table S2).

Table 1. Characteristics of the Populationa

ALSPAC (n = 780) ENVIRONAGE (n=197) INMA (n=84) Piccolipiu(n =99) Rhea (n = 75)

Maternal Characteristics

maternal age + SD 29.69%4.39 29.29+ 437 31.78+ 4.04 3333+ 444 29.41+4.86
maternal education

(%) low 396 (51) 31(16) 18 (22) 8(8) 6(8)
medium 230 (29) 71 (36) 38 (45) 41 (41) 42 (56)

high 154 (20) 95 (48) 28 (33) 50 (51) 27 (26)
maternal smoking (%) 107 (14) 24 (12) 10 (12) 8 (8) 10 (13)

parity >1 (%) 408 (53) 90 (46) 41 (49) 53 (54) 53 (71)
Newborn Characteristics

girls (%) 403 (52) 96 (49) 44 (52) 45 (45) 36 (48)

birth weight (grams) + SD 3491+ 476 3390+ 489 3316+ 405 3221+ 431 3253+ 414
gestational age at delivery (weeks) £ SD 39.55+ 1.49 39.10+ 1.64 39.92+1.59 39.50+ 1.58 38.49+ 1.37
In utero residential exposure to PMy( (ug/m3) +SD 20.58+ 2.87 17.73+2.38 46.69+ 5.34 59.15+ 14.18 35.54+ 3.86
children’s residential exposure to PM1q

at childhood (7 years) = SD 22.55+1.04

in adolescence (15—17 years) + SD 2397+ 1.27

a . . . L.
Information of variables are given as counts (percentages) or means * standard deviation (SD).



2. Longitudinal Analysis. After correction for multiple testing in utero exposure to PM10 was not significantly
associated with DNA methylation in childhood at 7 or 15—17 years of age (SI Tables S3 and S4), we then
evaluated the persistence of the DNA methylation signals by investigating the ranking of the CpG sites based on
p-values. Figure 2 shows that in the 7-year olds, results for three CpG sites (cg22377963 located in BCL7C gene,
cg19718508 located in F12 gene, cg06406026) were among the 100 top ranked associations of both pregnancy
and concurrent exposure to PM10 based on p-value, while in the 15—17 years-old sample only 1 CpG site was
ranked in both top 100-lists (cg01363474 located in PPP2R2C gene). In addition, the CpG site ¢g25213055
located in EXOC2 gene was ranked at place 108

in relation to exposure of PM10 at 15—17 years.

To identify DNA methylation signals of longitudinal residen-tial PM10 exposure we integrated methylation
profiles and expo-sure measurements at the three time points (during pregnancy, annual exposure at 7 and 15—17
years), and ran multivariate nor-mal models (Figure 3, SI Table S5). One CpG site (cg21785536) was identified
as inversely associated with residential PM10 expo-sure over the 3 (during pregnancy, annual exposure at 7 and
15—17 years) studied age groups (p=-0.0012; raw p-value = 3.82 x 10-8, g-value: 0.016). Sensitivity analyses
additionally adjusting for respectively maternal age, gestational age, ethnicity, maternal education and
environmental tobacco smoking at 7 years of age did not alJect the direction of this association and slightly
attenuated the p-value (p-values ranged from 3.44 x 10—8 to 6.04 x 10-8, SI Figure S3). As illustrated by Figure
4, the 100 strongest associated CpG loci are spread across all chromosomes except chromosome 21.

Table 2. Study on cord blood DNA methylation and PM g exposure during pregnancy. Results from the inverse weighted meta-analysisa

CpG CHR gene localization on gene  localization on CGI B SE p-value direction |2
¢g27026202 2:235200560 -0.740 0.198 1.91 % 10_4 ————— 11.9
¢g20380368 15:70342278 TLE3 3UTR 0.750 0.203 224 % l()_4 +--- 88.0
¢g02326285 14:79111719 NRXN3 SUTR 0.826 0.224 230 % 10_4 A 76.0
cg21341928 13:25670327 PABPC3 IstExon Island -1.285 0.350 245 % 10_4 e 57.3
cgl18136930 7:4831038 KIAA0415 3UTR North Shore 0.736 0.201 25010 - 58.2
cgl6847315 7:116139414 CAV2 TSS200 North Shore -0.661 0.181 251% 10 —+et- 37.2
cg25846290 7:144100799 NOBOX TSS200 0.729 0.199 256%10 0 e 77.8
cg09582545 22:39440294 APOBEC3F 3UTR 0918 0.251 2.61 % l()_4 —tt+ 9.19
¢g20098659 12:10183364 CLEC9A IstExon —-1.230 0.337 2.62 % 10_4 - 297
¢g03950476 1:53019814 ZCCHCI11 TSS1500 South Shore -0.732 0.201 2.64 x 10_4 —t 49.0
cgl13881452 6:169601968 0.684 0.188 266% 10 +Hom- 50.0
cg01680054 3:491979 -0.535 0.147 279% 10} - 83.2
cgl4371343 7:122097744 CADPS2 Body -0.490 0.135 282% 10 - 79.9
cg22393213 2:237478526 CXCR7 IstExon South Shore -0.551 0.152 291 % l()_4 +--- 69.2
cg16034268 8:41188196 -0.610 0.169 208x10 ¢ e 49.2

aTop 15 CpG sites based on p-values from the epigenome-wide association study of exposure to PM|g during pregnancy, n = 1235. B (regression coel Icient)

represents the dillerence in methylation for 10 units (ug/m") increase of PM(. Adjusted p-values (correction for multiple testing) were equal to 1 for all the
CpGs and thus are not shown in the table. The transcription start site and untranslated region are abbreviated as respectively TSS and UTR. The column
headers stand for: UCSC annotated gene (gene), chromosome and chromosomal position (CHR), UCSC gene region feature category (localization on gene);
UCSC relation to CpG islands (Localization on CGI); regression coelIcient (B); standard error for regression coellcient (SE); direction of the associations

for each cohort (Rhea, INMA, Piccolipiu,ENVIRONAGE, ALSPAC, respectively); I squared heterogeneity statistic (|2). Models were adjusted for technical
variables, sex of the child, maternal smoking during pregnancy, and estimated blood cell composition.

Insight into the underlying mechanisms of the top 100 CpG sites was pursued by gene enrichment analyses based
on its cor-responding gene list (n = 75) (Table 3). We identified five enriched pathways. One relates to the
GABAergic synapse that plays a role in neurotransmission, one to p53 signaling that plays a role in tumor
suppression and three to NOTCHI, a sig-naling pathway. SI Figure S4 shows volcano plots of associations in the
longitudinal model restricted to the CpG sites located on genes involved in these three pathways. The plots show
an enrichment of negative associations which suggests that exposure leads more often to lower methylation of the
CpG sites in these pathways.

3.Lookup Analyses. Employing a CpG look-up approach to the longitudinal model, we explored whether
exposure to PMy, also allects methylation sites associated with similar exposures. Among three sets of selected
CpG sites identified as related to maternal smoking or to prenatal NO,-exposure,'" we did not identify
significant associations to PMj-exposure after FDR correction (number of comparisons = 6073 and 148 for the
two smoking sets and 25 for NO, exposure set) (SI Figure S5). However, the CpG sites cg07571337 (B = 0.0020,
raw p-value = 2.84 x 107), ¢g26500033 (B = 0.0023, raw p-value = 6.53 x 10~°) and cg10704395 (B = —0.0020,
raw p-value = 8.12 x 107°), present in the set of maternal smoking signals that are persistent in early childhood®'
were associated with the same direction to PM o with an adjusted p-value of 0.24.



DISCUSSION

Evidence of prenatal exposure to air pollution allecting the cord blood or placenta methylome is available from a
few published studies.'>**® By collecting blood samples at multiple time points through the early life course, our
study olJers the first evi-dence that exposure to particulate matter at birth and throughout early life induces
epigenetic alterations in children and adoles-cents. Contemporancous residential PM exposure as well as
longitudinal modeling of the three time points in early life were moderately associated with single DNA
methylation entities. The identified targets from birth to adolescence might point toward neurological and cell
division control mechanisms.

In our study, one CpG site (cg21785536) located in the region before the transcription start site of EOGT, the
eukaryotic growth factor (EGF) Domain Specific O-Linked N-Acetylglucosamine transferase (previously
C3orf64) met strict FDR-corrected statis-tical significance. This enzyme modifies proteins containing EGF-like
domains, and is employed in regulating the NOTCH receptor signaling pathways.”” This observation is further
strength-ened by the result of our overrepresentation pathway analysis showing that the NOTCHI1-pathway is
associated with PM,o across childhood. The p53-pathway, important in cell-cycle checkpoint control, was
additionally identified in this overrepre-sentation analyses. Both are commonly dysregulated pathways in cancer
development.®™ *° Moreover, in relation to pregnancy exposure of PMy, our analyses provided a potential
epigenetic downregulated CpG site located in BCL7C, a gene involved in tumor suppression that may be also
relevant to exposure in early childhood (7 years). These observations are suggestive evidence of an involvement
of cell-cycle control underlying elJects of exposure to air pollution. In regard of the young age of the present
study population, these results may be interpreted within the context of the developmental origin of disease
(DOHAD) hypothesis and reflect biomolecular changes exhibiting possible health eTects later in life. The
findings can also be relevant in the context of developmental processes, such as for example for EOGT that plays
a role in ligand-induced NOTCH signaling required in endothelial cells for optimal vascular development,*’ and
p53 that regulates dillerentiation and the response of embry-onic cells to diverse environmental stresses.*’ Our
observations are in concordance with a study reporting dilJerential methylation of the tumor suppressor genes:
APC, pl6, p53, and RASSF1A, in peripheral blood of steel workers with a well-characterized exposure to PM,
after working 4 days compared to the baseline (before working).**

As the brain neocortex rapidly develops, pregnancy or infancy are sensitive periods for exposure to pollutants,
this is exemplified by studies that show that exposure to air pollutants in early life are related to cognitive
delays.”™ A notable finding of our study is a possible involvement of the GABAergic response, a candidate
mechanism possibly supporting the biological plau-sibility of the disease pathogenesis. Four CpG sites located on
genes that are among the 100 strongest longitudinal associations are involved in this pathway: SLC6AI,
CACNAIC, GAD1, GABARAP. The CpG cg20837354 is correlated in blood and brain in the entorhinal cortex.*®
GABAergic neurons are a highly heteroge-neous group of cells*’ that are critical for the development of the
neocortex. Alterations in GABAergic actions have been causally linked to developmental brain disorder* and
GABAergic signal-ing is dysregulated in aging (reviewed in*). Our observations are also reinforced by a study on
BDNF expression that was decreased in placental tissue with increasing in utero exposure to PM,s,”> BDNF in
turn modulates the GABA transporter GAT1.”'

Based on lookup analyses, we could not vigorously observe biologic mechanisms shared between PM and other
similar expo-sures, such as maternal tobacco smoking®' and NO, exposure.'” Although mechanisms that have
been related to smoking and air pollution exposure may allect similar health outcomes, we could not prove that
the same epigenetic signals are targeted in early life. A possible explanation might be that particulate matter expo-
sure occurs at levels that are much lower than smoking and fine particles have a specific toxicity.”

Of particulate note is the higher commonality between di[Jer-ential methylation associated with pregnancy
exposure in child-hood (at 7 years of age) than in adolescence (15—17 years) in the present study. While the
dynamics and stability of methylation markers over time are not well understood, ™ previous studies
demonstrated that intraindividual variability of methylome during the first two years of life is mainly located
within genes with important biological functions including immunity and



Table 3. Pathways Associated with the top 100 CpG-Sites Based on P-Values from the Longitudinal Model

fold
database term count  p-value enrichment
KEGG_PATHWAY hsa04727: GABAergic synapse 4 0.0030 13.01
REACTOME _PATHWAY R-HSA-2122947:R-HSA-2122947: NOTCHLI intracellular domain regulates transcription 3 0.0133 16.55
REACTOME_PATHWAY R-HSA-2894862:R-HSA-2894862: constitutive signaling by NOTCH1 HD+PEST domain 3 0.0191 13.65
mutants
REACTOME PATHWAY R-HSA-2644606:R-HSA-2644606: constitutive signaling by NOTCH1 PEST domain mutants 3 0.0191 13.65
KEGG_PATHWAY hsa04115: p53 signaling pathway 3 0.0223 12.38

inflammation.*®®" Air pollutants may induce systemic oxidative stress, as well as inflammation, changes in blood
coagulation, endothelial function, and hemodynamic responses.®*® In 7-year-olds, a CpG site located on the gene
body of the coagulation factor F12 was inversely associated with pregnancy exposure to PM,, independent of
their exposure at 7 years. In an experimental study, Killinc and colleagues showed that coarse PM promotes a
long lasting thrombogenic ellect predominantly via formation of activated F12.°* Early life methylation
modifications might have an influence on later life thrombotic susceptibility to PM. PM exposures may also lead
to changes in hemoglobin, platelets, and white blood cells,”> which may potentially contribute to the association
between PM and adverse fetal growth.®

The epigenome-wide study in cord blood of Gruzieva and colleagues'? identified 3 CpG sites in mitochondria-
related genes associated with maternal NO, exposure during pregnancy. In their study, one CpG site was also
found significant in older children. In spite of the reasonable size of our epigenome-wide study in cord blood and
variability in exposures, the heterogeneity between five cohorts inevitably attenuates sensitivity. Some of the
associations we identified with PM,, showed large heterogeneity across studies (59% with I* > 40%). This
suggests that, of the significant dilJer-ences in methylation we observed in the meta-analyses, some may not be
detected in all studies, and may therefore be driven by study-specific exposure patterns and/or study-related
factors.

We report very small-magnitude elJect sizes resulting from PM,p-exposure, which is a common finding in
environmental epi-genetic studies and could be due to methylation dilJerences in fraction of cells.”” In the
ALSPAC study, we did not have specific information about fractions of PM smaller than PM,,. Eeftens and
colleagues reported high correlations of the spatial variation within areas between PM, 5 and PM,, in the ESCAPE
study that includes the same regions as INMA (Barcelona, Spain), Rhea (Heraklion, Greece), and
Piccolipit(Italy).”® Exposure models of ALSPAC (dispersion model) and ENVIRONAGE (combina-tion of
dispersion model and land use regression - LUR) dilJer in method from the ESCAPE model (LUR), which might
explain part of the heterogeneity in the present study. We combined five cohorts to study cord blood methylation,
but we could not rep-licate our longitudinal findings in an independent cohort due to the unique nature of the
ARIES data set.

Our study has specific limitations and strengths. Using over-representation analyses, we report several
pathways possibly involved in the epigenetic response to air pollution. However, these functional hypotheses
would require validation in further studies, for example using established biomarkers relating to these candidate
pathways. The study of DNA methylation in (cord) blood or tissue presents a particular challenge as aggregate
DNA methylation measures reflect a mixture of dilJerent cell types. To overcome this problem, we adjusted the
epigenome-wide studies for cell composition using established prediction models to infer blood cell composition
both for cord and peripheral blood. However, these estimated cell count may not fully accurately represent actual
blood cell composition and upon adjustment our study could still sulJer from residual confounding. Refined
modeling of tissue heterogeneity would rely on analyses carried out on purified cell or on single-cell analysis.
Since cord blood and adult peripheral blood reflect dilJerent physiological states and comprise cells with
dilJerent morphology, maturity, and functions, dilJerences between the two matrices could not be taken into
account in our longitudinal study.

The combination of a cord blood methylome study on indi-vidual air pollution exposure in five European birth
cohorts and a longitudinal study of air pollution provided by serial samples in the ARIES study, is a major
strength of this study. We provided a comprehensive study on methylation changes in relation to air pollution
across childhood.



Using longitudinal measurements of DNA methylation, we have provided some evidence that PM;, exposure is
associated with blood DNA methylation. From our agnostic approach, sev-eral novel CpG sites and mechanisms,
that may create a molec-ular basis for the association between air pollution and health outcomes, have been
detected. The identified targets might point toward neurological, cell division control and coagulation mech-
anisms, though they have to be further tested in future studies.
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