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ABSTRACT

Prenatal lead (Pb) exposure is associated with adverse developmental outcomes and to epigenetic
alterations such as DNA methylation and hydroxymethylation in animal models and in newborn Revised 02 September 2022
blood. Given the importance of the placenta in foetal development, we sought to examine how Accepted 12 September
prenatal Pb exposure was associated with differential placental DNA methylation and hydroxy- 2022

methylation and to identify affected biological pathways linked to developmental outcomes.
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KEYWORDS
Maternal (n = 167) and infant (n = 172) toenail and placenta (n = 115) samples for prenatal Pb DNA methylation;
exposure were obtained from participants in a US birth cohort, and methylation and hydroxy- hydroxymethylation;

methylation data were quantified using the lllumina Infinium MethylationEPIC BeadChip. An placenta; lead; epigenetics;
epigenome-wide association study was applied to identify differential methylation and hydro- EWAS
xymethylation associated with Pb exposure. Biological functions of the Pb-associated genes were
determined by overrepresentation analysis through ConsensusPathDB. Prenatal Pb quantified

from maternal toenail, infant toenail, and placenta was associated with 480, 27, and 2 differentially
methylated sites (q < 0.05), respectively, with both increases and decreases associated with
exposure. Alternatively, we identified 2, 1, and 14 differentially hydroxymethylated site(s) asso-

ciated with maternal toenail, infant toenail, and placental Pb, respectively, with most showing
increases in hydroxymethylation with exposure. Significantly overrepresented pathways amongst

genes associated with differential methylation and hydroxymethylation (g < 0.10) included
mechanisms pertaining to nervous system and organ development, calcium transport and regula-

tion, and signalling activities. Our results suggest that both methylation and hydroxymethylation

in the placenta can be variable based on Pb exposure and that the pathways impacted could

affect placental function.

Introduction During gestation, the placenta plays a vital role in
regulating not only nutrients but also toxicant
transport between the mother and infant. It also
undertakes a wide variety of molecular processes

in promoting normal growth and development.

Lead (Pb) is an environmental toxicant known to
adversely affect human health. With regulatory
guidelines in place, the once major sources of Pb,

leaded gasoline and lead-based paint, are now les-
ser concerns as exposure sources. Yet even at low
levels, exposure through consumer products, con-
taminated soil, or drinking water through corrod-
ing pipes and fixtures, can still pose threats to the
population [1-4]. In addition, exposure to Pb in
the sensitive pregnancy window has been shown to
lead to numerous adverse health outcomes, includ-
ing foetal growth restriction, low birth weight,
neurodevelopmental deficits, behaviour issues,
and cognitive and intellectual impairment [5-12].

A potential mechanism for Pb exposure to affect
development and contribute to diseases later in life
may be through impacts on placental function in
addition to known impacts directly to the foetus.
Epigenetic modifications are heritable changes
in the control of gene expression that occur inde-
pendently from changes in the original DNA
sequences. DNA methylation, the addition of
a methyl group at the C5 position of the cytosine
(5mC), is one of the most assessed epigenetic
markers [13,14]. Emerging studies have suggested
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altered methylation patterns upon Pb exposure
[15-17]. In a zebrafish model, Pb exposure results
in altered DNA methylation and impaired activity
of DNA methyltransferases (DNMTs), the
enzymes that catalyse the methylation of DNA
[18]. Bone Pb level was negatively associated with
DNA methylation within LINE-1 elements in
umbilical cord blood in human studies[19]. In
a human embryonic stem cell study, Pb was also
associated with altered DNA methylation status of
genes involved in brain development[20]. With
evidence from previous studies, Pb exposure is
implied to impact DNA methylation during the
sensitive gestational period, and given the critical
role of placenta in foetal growth and development,
Pb-induced methylation changes may partially
facilitate the long-term effects of gestational Pb
exposure.

Hydroxymethylation, a more recently identified
type of epigenetic modification, is considered as an
intermediate of the active demethylation process.
With enzymes from the ten-eleven translocation
(TET) family, a hydrogen atom at the C5 position
of the cytosine is replaced by a hydroxymethyl
group, promoting oxidation of 5mC into 5hmC
[21-23]. It is suggested that hydroxymethylation
(5hmC) can also be linked to gene expression
regulation as 5hmC is observed in enhancer and
gene bodies in embryonic stem cells [24,25].
Researchers also found that 5hmC is most abun-
dant in the brain and is likely a key factor involved
in brain development [26-28]. Some studies have
considered the highly tissue-specific 5hmC as
a stable epigenetic mark [25]. Emerging studies
have shown that early mercury exposure was
linked to cord blood 5hmC changes, while Pb
exposure altered peripheral blood 5hmC profile
in candidate genes [29,30]. With its distinct fea-
tures from 5mC, identifying epigenome-wide
5hmC pattern changes in the placental in response
to Pb toxicity may provide addition mechanistic
understandings on developmental effects resulted
from early Pb exposure.

The placental epigenome may be subject to epi-
genetic modifications elicited by metal exposures,
such as Pb, and result in disruption in placental
functions and adverse birth and developmental
outcomes. Given the research gaps in investigating
human 5mC and 5hmC profiling in tissues aside
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from blood, and the well-described role of the
placenta in foetal development and programing,
our study utilized epigenome profiling in the pla-
centa to help elucidate Pb-induced epigenetic
alterations during the prenatal window. We
hypothesized that prenatal Pb, quantified through
maternal and infant toenails and the placenta thus
reflecting prenatal exposure levels, results in dif-
ferential placenta DNA methylation and hydroxy-
methylation, and that these Pb-associated
epigenetic changes would be associated with bio-
logical mechanisms and functions in the placenta
that are most relevant to foetal development.

Materials and methods
Study population

This study included mother-infant pairs enrolled
in the Rhode Island Child Health Study (RICHS).
Mothers at least 18 years of age, without any life-
threatening medical conditions, and delivered
term (> 37 weeks gestation) singletons that
were free of congenital or chromosomal abnorm-
alities were recruited from the Women & Infants
Hospital in Providence, Rhode Island. RICHS
oversampled for small for gestational age (SGA;
lowest 10th percentile) and large for gestational
age (LGA; highest 10™ percentile) infants, and
adequate for gestational age (AGA) infants were
matched on sex, maternal age (£ 2 years), and
gestational age (+ 3 days). Anthropometric and
clinical data were obtained from structured medi-
cal record review, and exposure histories, demo-
graphic, and lifestyle information were collected
through interviewer-based questionnaires. All par-
ticipants provided written informed consent under
appropriate  protocols  approved by the
Institutional Review Boards at Women and
Infants’ Hospital and Emory University.

Pb exposure assessment

Following hospital discharge, first toenail clippings
from all toes were requested from both mother
and infant, and were mailed back to the laboratory
in provided envelopes. Pb levels at microgram per
gram of toenail were analysed in the Dartmouth
Trace Element Analysis laboratory using
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established inductively couple plasma mass spec-
trometry (ICP-MS) protocols as previously
described [31].

Placenta samples were collected from all RICHS
participants for molecular epigenetic studies, and
for a subset of consecutive participants, samples
were collected to allow for the assessment of trace
metals. For molecular epigenetic studies, placental
parenchyma biopsies were collected with 2 hours
of delivery, excised at 1-2 cm from the umbilical
cord insertion site and free of maternal decidua.
Samples were then placed immediately in
RNAlater (Life Technology) and stored at 4°C.
After 72 hours, samples were removed from
RNAlater and stored at —80°C until DNA was
extracted for further examination. For trace metals
analysis, placenta parenchyma samples were col-
lected, flash-frozen in liquid nitrogen, and stored
at —80°C in trace element-free tubes until analysis.
The measurement of placental Pb using ICP-MS
has been described previously [31]. The limit of
detection (LOD) for placental Pb was 2.12 ng/g.

DNA methylation and hydroxymethylation

DNA was extracted and quantified from placental
samples, and methylation and hydroxymethylation
analysis were conducted using standard bisulphite
(BS) and oxidative bisulphite (0xBS) modification
preparations, respectively, with DNeasy Blood and
Tissue Kit (Qiagen, MD, USA), Qubit Fluorometer
(Thermo Fisher Scientific Life Sciences) and
TrueMethyl 0xBS Module (NuGen, CA, USA) fol-
lowing manufacturer’s protocols.
Epigenome-wide methylation and hydroxy-
methylation of CpG sites was assessed in paired

samples using the Illumina  Infinium®
MethylationEPIC  BeadChip (Illumina, CA,
USA) at Emory University (N = 230).

Normalization and background correction of
the BS and oxBS-converted samples were per-
formed with the FunNorm function in
R package minfi [32-34]. To minimize batch
effects, samples were randomized as pairs, across
multiple batches. Ten samples were repeated as
quality control, randomized across batches.
Samples were filtered out if the estimated sex
based on the methylation data, through the
getSex function in minfi, did not match the

infant sex in the phenotype data (n = 2).
Samples were excluded if 2% of the probes for
the sample had detection p-values > 0.01 (n = 1).
Cross-reactive and poor-performing probes,
based on detection p-value, were excluded
resulting in 6,772 probes excluded in the stan-
dard bisulphite (BS) data, and 20,803 probes
excluded in the oxidative bisulphite (ox-BS)
data. Batch effects from slides were corrected
using the ComBat function [35,36].

To accurately estimate 5mC and 5hmC in the
placental epigenome, we utilized the algorithm as
described in detail in Green et al [37]. In brief,
maximum likelihood was used to fit the data-
generating model that outputs parameters indicat-
ing the unmethylated proportion (m;), 5mC pro-
portion (m,), and 5hmC proportion (m3). The
novel approach of this model is the constraint
that disallows negative proportions for the propor-
tion parameters. This method is publicly available
from the Comprehensive R Archive Network
repository as the OxyBS package (http://cran.r-pro
ject.org).

Covariates

A structured, interviewer administered question-
naire was used to collect self-reported variables,
while a structured medical abstraction was used
to obtain clinical information on infant and
mother from the hospital record. Self-reported
highest obtained education status was dichoto-
mized into more than high school or high school
or less, and self-reported maternal race was
coded as either white or other, given our predo-
minantly white study population. Maternal age
was treated as a continuous variable. From med-
ical records, height and weight were used to
calculate mother’s pre-pregnancy BMI, and
infant sex and birth weight data were also
obtained from medical chart abstraction.
Additionally, infants with standardized birth
weight percentiles (calculated via the Fenton
growth chart) below the 10th percentile were
categorized into SGA; those between the 10th
and 90th percentile were classified as AGA; and
those above the 90th percentile were classified as
LGA [38].
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Statistical analysis

Demographic characteristics of participants with
available Pb exposure biomarkers (maternal toe-
nail, infant toenail, placenta) were compared using
chi-square and ANOVA tests. Characteristics for
the sub-cohort of participants with available EPIC
array data (N = 230) were also assessed. The mean,
standard deviation, and minimum and maximum
values of Pb were examined across biomarkers.

To examine the association between array-wide
mean DNA methylation and hydroxymethylation
and Pb biomarkers, we averaged values across all
probes for each individual [39]. We performed
multivariable linear regression with the three dif-
ferent Pb biomarkers in our study, and models
were adjusted for variables including infant sex,
maternal age, race, BMI, educational status, and
placental cell types (only syncytiotrophoblast and
hofbauer cells) [40].

Epigenome-wide association study (EWAS)
methodology was performed to identify differen-
tial methylation and hydroxymethylation asso-
ciated with Pb exposure biomarkers. With
R package limma, we performed robust linear
regressions for each CpG site, regressing the
methylation beta-values on log,-transformed Pb
exposure measured through the three biomarkers.
Models were adjusted for cell type proportions,
utilizing the planet package in R, and included
are trophoblasts, stromal cells, hofbauer cells,
endothelial cells, nucleated red blood cells, and
syncytiotrophoblast cells, along with previously
established covariates including infant sex, mater-
nal age, and maternal race to account for potential
population stratification, maternal BMI, and edu-
cation status. To account for multiple testing,
a false discovery rate (FDR) of 5% was considered
as the statistically significant cut point for differ-
entially methylated and hydroxymethylated site(s).
Q-Q plots and genomic inflation factor (A) were
generated and assessed for each analysis and pro-
vided in Supplementary Figure S1 and
Supplementary Table S2. Manhattan plots were
utilized to demonstrate positions of the statistically
significant CpG sites across different biomarkers
from EWAS results. To identify potential differen-
tial methylated regions (DMRs), regional analysis
was performed using the comb-p method in the
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ENmix package in R. This method analysed DMRs
using chromosome coordinates and p-values
derived from EWAS. Comb-p adjusted for auto-
correlation among neighbouring probes using the
Stouffer-Liptak-Kechris method, then to adjust for
multiple comparisons, applied Sidak correction to
the generated regional p-values [41]. For the
comb-p argument, we used a maximum distance
of 1000 base pairs to combine adjacent DMRs, and
an FDR significance threshold of 0.001. DMRs
containing only a single probe were excluded,
and regions with a Sidak p-value < 0.05 were
considered significant. Analysis of epigenomic
data were performed through R v3.5.1.

To further ascertain biological functions of the
differentially methylated and hydroxymethylated
CpG sites, ConsensusPathDB (CPDB) was used
for pathway over-representation of the top 250
sites derived from EWAS. CPDB is an online
database system that utilizes 12 different source
databases to understand different types of human
molecular functional interactions. The web inter-
face at http://cpdb.molgen.mpg.de demonstrates
resources including protein interactions, gene reg-
ulations, and signalling and genetic interactions to
provide a less biased integration of functional net-
works and biological pathways. The system calcu-
lates an enrichment p-value from the
hypergeometric distribution of genes in the user-
specified candidate list and the predefined gene set
[42]. FDR was used to correct for multiple testing,
and a q-value <0.10 was considered as
a significantly enriched pathway or gene ontol-
ogy set.

Results

The analysis strategy of this study is demonstrated
in Figure 1. 230 participants had available paired
EPIC array data, and the demographic and gesta-
tional characteristics of these participants that also
had available Pb exposure data from the three
biomarkers, placenta, maternal toenail, and infant
toenail are shown in Table 1. Of the 230 partici-
pants, 54 mother-infant pairs had all three types of
Pb biomarker data (placenta, maternal toenail, and
infant toenail). 165 mother—infant pairs had both
maternal and infant toenail data, 59 had both
placental and maternal toenail data, and 55 had
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Mother-infant pairs
recruited in RICHS (N=840)

l

EPIC array data

(N=230)

T

Maternal toenail Pb

(N=172)

Infant toenail Pb

Placental Pb

(N=167) (N=115)

Figure 1. Analysis strategy. RICHS study population comprised of 840 mother-infant pairs with demographic information, and 230
participants had available EPIC array data. Participants with Pb exposure data quantified from different biomarkers are included in
this study: maternal toenail (N = 172), infant toenail (N = 167), and placenta (N = 115).x

Table 1. Exposure, demographic and gestational characteristics for subsets with different Pb biomarkers in the RICHS

study population.

Characteristic

With available Pb exposure data in

Maternal toenail (N = 172)

Placenta

Infant toenail (N = 167) (N=115)

Lead (Pb)
Mean + SD
Interquartile range (IQR)

Infant Gender
Female
Male
Birth Weight Category®
SGA
AGA
LGA
Maternal Race
White
Other
N/A
Infant Race
White
Other
N/A
Maternal Education Status
No more than high school
Some post-high school

Birth weight (grams)
Gestational age (weeks)
Maternal age (years)
Maternal BMI (kg/m?)

031 £ 058 (ug/q)

0.23

87 (50.6%)
85 (49.4%)

28 (16.3%)
98 (57.0%)
46 (26.7%)

134 (77.9%)
32 (18.6%)
6 (3.5%)

128 (74.4%)
38 (22.1%)
6 (3.5%)

18 (10.5%)
154 (89.5%)

0.97 £ 2.01 (ug/q) 3.20 + 3.75 (ng/q)
0.66 1.80
n (%)

84 (50.3%)
83 (49.7%)

54 (47.0%)
61 (53.0%)

28 (16.8%)
94 (56.3%)
45 (26.9%)

19 (16.5%)
53 (46.1%)
43 (37.4%)

132 (79.0%)
29 (17.4%)
6 (3.6%)

83 (72.2%)
31 (27.0%)
1 (0.9%)

126 (75.4%)
35 (21.0%)
6 (3.6%)

74 (64.3%)
39 (33.9%)
2 (1.8%)

18 (10.8%)
149 (89.2%)

23 (20.0%)
92 (80.0%)

Mean + SD
3553 + 643.47 3552 + 648.09 3610 £ 703.41
39.46 + 0.93 39.46 + 0.94 39.26 + 0.97
31.75 £ 4.16 31.78 £ 4.12 30.10 £ 5.46
26.58 + 6.42 26.61 £ 6.35 26.48 + 6.48

2SGA: small for gestational weight; AGA: adequate for gestational weight; LGA: large for gestational weight

both placental and infant toenail data. Infant gen-
der (female-to-male ratio is around 1:1) and
maternal race (predominantly white) distributions
were similar across three subsets. Participants with
maternal toenail and infant toenail samples

showed similar percentages of AGA infants
(57.0% vs. 56.3%), post-high-school education
(89%), average birth weight (3553 g vs. 3552 g),
and average gestational age (39.46 weeks). Notable
difference between the three biomarker subsets



was observed in maternal age, with mothers with
placental Pb data slightly younger (mean = 30.1 yrs),
compared to those with maternal or infant toenail
data (mean = 31.8 yrs; p = 0.003).

The mean Pb level measured in maternal toe-
nail, infant toenail, and placental samples were
0.31 ug/g (interquartile range, IQR: 0.23), 0.97
ug/g (IQR: 0.66), and 3.20 ng/g (IQR: 1.8), respec-
tively. Spearman correlation results between three
Pb biomarkers showed the strongest correlation
was observed between maternal and infant toenail
Pb (r = 0.41), while correlations between placental
Pb and maternal toenail and infant toenail Pb were
—0.02 and 0.18, respectively. Histograms showed
that Pb levels were right skewed in all three types
of biomarkers, and log,-transformed values were
used for the following epigenetics analysis to
improve interpretation.

EWAS analysis results at q < 0.05 are summarized
in Table 2 (DNA methylation) and Table 3 (DNA
hydroxymethylation), and scatterplots of these results
are depicted in Supplementary Figures S2 and S3.
After adjusting for cell-type proportions and covari-
ates, we observed 480 differentially methylated sites
(range of estimates: —0.02 ~ 0.04) associated with
maternal toenail Pb, with 313 (65.2%) sites revealing

EPIGENETICS (&) 2409

decreased methylation levels with increasing Pb con-
centrations. For infant toenail Pb, 27 sites were differ-
entially methylated (range of estimates: —0.02 ~ 0.02)
and 24 (88.9%) showed decreased methylation levels
with increasing Pb. Only the top 10 most robust find-
ings (smallest FDR) from the toenail Pb EWAS are
included in Table 2 (complete lists of differentially
methylated CpG sites associated with toenail Pb are
shown in Supplementary Table S3 and Table S4). Pb
quantified from placenta was associated with
decreased placental methylation at two sites.
Hydroxymethylation results showed that two (one
increased and one decreased) and one (increased
hydroxymethylation) differentially hydroxymethy-
lated site(s) were associated with maternal and infant
toenail Pb, respectively. Placental Pb results showed 14
differentially hydroxymethylated sites (range of esti-
mates: —0.01 ~ 0.01) at the statistically significant level,
and among them two sites showed decreased hydro-
xymethylation (Table 3). Pairwise correlations
between effect estimates of the methylation and
hydroxymethylation results by biomarker showed
weak correlations for maternal toenail Pb (r = 0.21),
infant toenail Pb (r = 0.18), and placental Pb (r = 0.16).
We did not observe any significant (p < 0.05) associa-
tions for array-wide mean DNA methylation or

Table 2. Epigenome-wide association study results for differential methylation (q < 0.05) at CpG sites associated with Pb quantified
in maternal toenail (ng/g), infant toenail (ng/g), and placenta (ug/g) samples.

Probe Position Gene Estimate SE p-value g-value
Maternal toenail*

916285217 chr2:20,095,489 —-0.0022 0.0004 7.57E-09 0.0053
cg11374425 chr3:62,359,677 FEZF2 0.0033 0.0006 7.20E-08 0.0101
cg10012394 chr5:63,461,371 RNF180 0.0114 0.0020 1.95E-08 0.0063
cg06821993 chr8:114,449,011 CSMD3 0.0322 0.0056 4.70E-08 0.0082
€g19902005 chr11:57,545,678 TMX2-CTNND1; CTNND1 0.0089 0.0016 1.81E-07 0.0114
€g06090833 chr14:32,288,033 NUBPL —0.0047 0.0009 1.89E-07 0.0114
€g00049033 chr16:49,317,080 CBLNT 0.0251 0.0045 1.33E-07 0.0114
€g10018294 chr17:911,609 ABR —0.0080 0.0014 2.69E-08 0.0063
€g04295815 chr17:27,045,188 RAB34 —0.0054 0.0010 1.04E-07 0.0114
€g21667047 chr20:9,495,726 LAMP5-AS1; LAMP5 0.0207 0.0038 1.99E-07 0.0114
Infant toenail*

cg10814131 chr1:203,009,651 PPFIA4 —0.0087 0.0016 1.23E-07 0.0108
cg11365072 chr5:154,392,274 KIF4B —0.0031 0.0005 3.53E-08 0.0058
€g10299585 chr12:54,321,717 0.0147 0.0026 4.95E-08 0.0058
¢cg07136023 chr16:86,537,316 0.0137 0.0024 4.70E-08 0.0058
g09422806 chr19:3,364,015 NFIC -0.0149 0.0027 2.12E-07 0.0148
€g04640975 chr19:3,464,991 —-0.0129 0.0021 9.39E-09 0.0033
€g02859421 chr19:3,465,071 —0.0091 0.0016 7.02E-08 0.0070
€g13822446 chr19:46,235,676 BHMGT —0.0042 0.0008 1.74E-07 0.0135
€g03359161 chr20:39,191,619 —0.0020 0.0003 4.46E-08 0.0058
€g15445952 chr22:43,653,574 SCUBET —0.0203 0.0030 2.29E-10 0.0002
Placenta

€g04773990 chr6:32,820,410 TAP1 —0.0039 0.0005 2.78E-11 <0.0001
€g09465791 chr20:19,633,301 SLC24A3 —0.0106 0.0018 4.55E-08 0.0159

+ Top 10 sites are shown.

Note: Estimates reflect the change in DNA methylation per doubling (log,) of Pb concentration.
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Table 3. Epigenome-wide association study results for differential hydroxymethylation (q < 0.05) at CpG sites associated
with Pb quantified in maternal toenail (ng/g), infant toenail (ng/g), and placenta (ug/g) samples.

Probe Position Gene Estimate SE p-value g-value
Maternal toenail

915320238 chr16:51,091,402 —-0.0027 0.0004 1.14E-08 0.0079
915591645 chr19:46,147,397 EML2 0.0052 0.0009 1.21E-07 0.0417
Infant toenail

€g20800997 chr21:47,018,175 0.0036 0.0006 7.16E-09 0.0049
Placenta

¢g09869950 chr1:59,783,505 FGGY 0.0060 0.0011 8.40E-07 0.0441

€g11036421 chr1:61,510,287 0.0100 0.0019 4.94E-07 0.0401

€g25805115 chr1:81,964,207 -0.0128 0.0023 1.29E-07 0.0295
€g19519828 chr1:206,664,973 IKBKE 0.0027 0.0004 1.38E-08 0.0062
€g25195477 chr3:148,847,134 HPS3 0.0005 0.0001 6.79E-07 0.0401

€g25687585 chr5:42,756,950 CCDC152 0.0075 0.0014 2.48E-07 0.0401

€g13694662 chr9:140,214,551 EXD3 -0.0107 0.0020 3.76E-07 0.0401

926252498 chr10:34,865,917 PARD3 0.0063 0.0012 5.57E-07 0.0401

916119628 chr10:88,282,035 WAPAL 0.0005 0.0001 8.98E-07 0.0441

cg09847717 chr11:126,318,677 KIRREL3 0.0049 0.0009 7.01E-07 0.0401

¢g15574100 chr12:27,168,121 TM7SF3 0.0048 0.0009 4.69E-07 0.0401

919704558 chr17:35,296,732 LHX1 0.0069 0.0011 1.81E-08 0.0062
€g05279901 chr19:42,498,662 ATP1A3 0.0024 0.0005 6.34E-07 0.0401

€g24118151 chr20:42,354,839 GTSFIL 0.0048 0.0009 3.36E-07 0.0401

Note: Estimates reflect the change in DNA methylation per doubling (log,) of Pb concentration.

hydroxymethylation values and Pb measured in pla-
centa, maternal toenail or infant toenail.

Manbhattan plots for all three Pb biomarkers
showed the position of the genes annotated to
the differentially methylated (Figures 2a-2c) and
hydroxymethylated  (Figures  2d-2f)  sites
(q < 0.05). The differentially methylated probe
with the lowest p-value (p = 2.29E-10) was
cg15445952, where a doubling of infant toenail
Pb was associated with 0.0203 percentage lower
DNA methylation. This probe was annotated to
the SCUBE1 gene, which was also identified
among the differentially methylated sites asso-
ciated with maternal toenail Pb.

Based on the Manhattan plots for the Pb-
associated differentially methylated and hydroxy-
methylated probes across the genome, we postulated
that there may be differentially methylated region(s)
(DMRs) associated with maternal toenail Pb, and so
focused on this particular model to perform
a regional analysis. According to our results, there
are 60 DMRs associated with maternal toenail Pb
(Sidak p < 0.05), with the most significant DMR
identified at chromosome 20 and annotated to the
GNAS gene (Supplementary Table S5).

Using genes annotated to the top 250 methy-
lated and hydroxymethylated sites from EWAS in
the candidate gene list for ConsensusPathDB, we

observed significantly enriched pathways (q < 0.1)
across Pb quantified in maternal toenail, infant
toenail and placenta samples. Among the three
Pb biomarkers, more pathways and gene ontology
(GO) terms were overrepresented among genes
annotated from differential methylated and hydro-
xymethylated sites by infant toenail Pb.
Summarized in Table 4 for methylation and
Table 5 for hydroxymethylation, we found over-
represented pathways across the three Pb biomar-
kers that shared similar biological and functional
characteristics. Significant GO terms associated
with both maternal and infant toenail Pb include
were related to nervous system development
(GO:0007399) and calcium ion  binding
(G0O:0005509). Calcium transport and regulation
pathways were also identified among placental Pb-
associated genes. Multiple pathways involved in
development of the brain (cerebellum cortex,
hindbrain) and neuron were also linked to infant
toenail Pb-associated genes. Signalling pathways
and GO terms including Hedgehog and TGEF-f
superfamily-related (activin binding, SMAD bind-
ing) were also overrepresented among genes dif-
ferentially methylated or hydroxymethylated upon
prenatal Pb exposure. The complete list of signifi-
cantly enriched pathways and GO terms is shown
in Supplementary Tables S6-S11.
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Figure 2. Manhattan plots showing the positions of the differentially methylated (a)-(c) and hydroxymethylated (d)-(f) CpG sites
(q < 0.05). X-axis represents the genomic location of the probes and the y-axis represents -log,¢(p-value) for the CpG sites associated
with Pb biomarkers: maternal toenail [(a)* and (d)], infant toenail [(b)* and (e)], and placenta [(c) and (f)]. FDR cut-off is indicated as

the horizontal red line. * Top 10 sites are labelled.

Discussion

Our study explored epigenetic modifications asso-
ciated with prenatal Pb exposure that was mea-
sured through maternal and infant toenails and
placental tissue in the RICHS study population.
We found that Pb measured in all three biomar-
kers was linked to differential methylation and
hydroxymethylation in several CpG sites. Pb

exposure quantified through toenail samples
resulted in more differentially methylated sites,
while placental Pb was linked to higher numbers
of differentially hydroxymethylated sites. We also
demonstrated various common themes of biologi-
cal functions and pathways, including 1) nervous
system and organ development, 2) calcium regula-
tion and neuronal activity, and 3) signalling
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Table 4. Summary of significantly enriched pathways and GO
terms (g < 0.10) involved in neuronal, developmental, and cellular
signalling processes. Candidate gene set comprised of genes
annotated to the top 250 differentially methylated CpGs by Pb
quantified in maternal toenail, infant toenail and placenta.

Pathway ID/

GO Term Pathway description/Term name g-value

Maternal toenail

G0:0005509  Calcium ion binding <0.0000

GO:0043169  Cation binding <0.0001

GO:0046872  Metal ion binding 0.0001

GO:0007399  Nervous system development 0.0092

Infant toenail

R-HSA- Developmental Biology 0.0600
1266738°

R-HSA- Hedgehog, off, state 0.0600
5610787°

R-HSA- Signalling by Hedgehog 0.0600
5358351°

R-HSA- GLI proteins bind promoters of Hh 0.0916
5635851°  responsive genes to promote transcription

path: Hedgehog signalling pathway — Homo 0.0916
hsa04340° sapiens (human)

G0:0005509  Calcium ion binding 0.0000

G0:0048856  Anatomical structure development 0.0005

G0:0007399  Nervous system development 0.0014

G0:0048731  System development 0.0027

G0:0021695  Cerebellar cortex development 0.0029

G0:0021549  Cerebellum development 0.0042

G0:0030902  Hindbrain development 0.0046

G0:0007507  Heart development 0.0130

G0:0030182  Neuron differentiation 0.0130

GO:0048666  Neuron development 0.0214

G0:0048568  Embryonic organ development 0.0294

G0:0022008  Neurogenesis 0.0294

Placenta

G0:0051279  Regulation of release of sequestered 0.0225

calcium ion into cytosol
G0:0010522  Regulation of calcium ion transport into 0.0402
cytosol

G0:0008528 G protein-coupled peptide receptor activity ~ 0.0417

G0:0051282  Regulation of sequestering of calcium ion  0.0574

G0:0070410  Co-SMAD binding 0.0629

G0:0051208  Sequestering of calcium ion 0.0800

a Pathway source: Reactome; b Pathway source: KEGG

pathways such as Hedgehog and TGEF-f receptor
signalling, that were overrepresented by genes
annotated to the differentially methylated and
hydroxymethylated
exposure.

Pb is a well-documented environmental toxi-
cant for its’ adverse health effects, including
impacts on foetal growth and development, neu-
rodevelopment, and neurologic functions [7-9,11],
Particularly toxic to the vulnerable children’s
population due to environmental Pb exposure
sources (i.e., surface dust, soil, deteriorating paint
chips) and hand-to-mouth activity, this heavy
metal has been regulated by government agencies,
and CDC has established a reference range upper

sites associated with Pb

value of 5 ug/dL for children’s blood Pb level
(BLLs) [1]. However, the general population is
still exposed to Pb, albeit at lower concentrations,
through sources such as consumer products,
drinking water and diet, as well as remaining con-
tamination of painted surfaces and soil. Compared
with other U.S. study populations, the average Pb
level measured in infant toenail in this study (0.97
ug/g) was slightly higher than that measured in
children’s toenails in the Cincinnati Childhood
Allergy and Air Pollution Study (CCAAPS) (0.66
ug/g), and the New Hampshire Birth Cohort Study
(NHBCS) (0.31 ug/g) [43,44]. The mean placental
Pb level observed in RICHS was similar to several
epidemiologic studies in non-occupationally
exposed settings in the USA and around the
world, and generally on the lower end among the
studies included in a review of placental toxic
metals by Esteban-Vasallo et al [45].

A growing body of research has investigated the
association between prenatal Pb exposure and dif-
ferential methylation. Findings from animal stu-
dies established a negative association between Pb
exposure and nervous tissue DNA methylation
levels, and demonstrated Pb interfered with DNA
methyltransferase activities, albeit at exposure
levels beyond what would be observed in our
study [15,46,47]. EWAS results from a Project
Viva study reported Pb exposure measured in
maternal first trimester red blood cells was asso-
ciated with lower cord blood methylation level at
one CpG site, and in the ELEMENT study group,
maternal bone Pb was negatively associated with
Alu and LINE-1 methylation in cord blood [19,48].
To the best of our knowledge, this is the first
human population study investigating the associa-
tion between toenail and placental Pb concentra-
tion and placental differential DNA methylation
and hydroxymethylation. In our methylation
EWAS models, we observed greater numbers of
hypomethylated sites associated with all three
types of Pb biomarkers. As we compare across
different Pb biomarkers, we note a potential lim-
itation in the smaller sample size of placental Pb
data from RICHS participants as this may contri-
bute to the smaller number of differentially methy-
lated sites. Nevertheless, placental samples provide
the concentration of Pb within the placenta at the
time of collection and may provide evidence of
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Table 5. Summary of significantly enriched pathways and GO terms (q < 0.10) involved in neuronal,
developmental, and cellular signalling processes. Candidate gene set comprised of genes annotated to
the top 250 differentially hydroxymethylated CpGs by Pb quantified in maternal toenail, infant toenail,

and placenta.

Pathway ID/GO Term Pathway description/Term name g-value
Maternal toenail

G0:0098794 Postsynapse 0.0799
G0:0050807 Regulation of synapse organization 0.0835
G0:0050803 Regulation of synapse structure or activity 0.0885
Infant toenail

WP4816° TGF-beta receptor signalling in skeletal dysplasias 0.0680
path:hsa05220° Chronic myeloid leukaemia — Homo sapiens (human) 0.0680
WP560° TGF-beta Receptor Signalling 0.0680
G0:0034673 Inhibin-betaglycan-ActRIl complex 0.0193
G0:0048185 Activin binding 0.0218
G0:0046332 SMAD binding 0.0254
G0:0004674 Protein serine/threonine kinase activity 0.0264
G0:0004675 Transmembrane receptor protein serine/threonine kinase activity 0.0279
Placenta

G0:0035904 Aorta development 0.0218

Pathway source: Wikipathways; b Pathway source: KEGG

prenatal Pb exposure levels, given the ability of Pb
to transport across the placenta. Maternal toenails,
on the other hand, likely reflect a longer-term
measure of Pb exposure, while infant toenails
may similarly provide a longer term integrated
measure of Pb exposure that reached the foetus
during the later course of gestation.

From our hydroxymethylation (5hmC) results,
we found in total, a lower number of differentially
hydroxymethylated sites associated with Pb expo-
sure, but in contrast to methylation results, pla-
centa Pb was associated with the most
differentially hydroxymethylated sites across the
three biomarkers. 5hmC levels are highly tissue-
specific, with the highest percentage found in
brain tissue [26,49,50]. In RICHS, patterns of
5hmC were measured in the less well-explored
placenta, compared to the comprehensive 5hmC
profiling first conducted in brain tissue or
embryonic stem cells [50-52]. Our finding of
a greater number of differentially hydroxymethy-
lated sites associated with placental Pb, compared
to differentially methylated sites, may suggest that
while Pb readily passes through the placenta and is
not as well sequestered in the tissue compared to
other toxic metals (i.e., cadmium) [53], Pb toxicity
could still result through effects on placental
5hmC dysregulation before the metal is trans-
ported from the placenta.

Epigenome-wide association studies on prenatal
Pb exposure and placental 5hmC are scarce. In the

ELEMENT cohort, Rygiel et al. found that trime-
ster-specific blood Pb level was associated with
gene-specific 5mC and 5hmC measured in periph-
eral blood in 11- to 18-year-old Mexican adoles-
cents [30]. Among the four candidate genes, pre-
selected based on their developmental- and neuro-
logical-related features, gestational Pb was signifi-
cantly associated with 5mC in HCN2 and 5hmC in
NINJ2 across all three trimesters. Similar to the
direction of their finding, our study also found
a positive association between maternal toenail
Pb and placental 5mC in HCN2 (estimate = 0.0035;
FDR = 0.182). From our placental 5hmC profiling,
cg19692784, annotated to gene NINJ2, was not
significantly associated with any of the Pb biomar-
kers. Rygiel et al. also assayed 5mC and 5hmC at
RAB5A from the RAS oncogene family, but no
significant associations with blood Pb were
observed in the ELEMENT cohort. We observed
a CpG site within the body of a different gene
from this oncogene family, RAB34, having
a negative association between maternal toenail
Pb and 5mC (estimate = —0.005; FDR = 0.012).
Several studies have explored the associations
between Pb exposure and DNA methylation
(DNAm) in different tissues. Rygiel et al. showed
that cord blood DNAm at ¢g02901723 and
cgl8515027 was associated with second trimester
maternal blood Pb levels in an ELEMENT cohort
study; however, we did not observe associations
(FDR > 0.05) in our study results for these two
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probes and any of the Pb biomarkers [54]. In
a Korean exposome study, Park et al. found that
among male infants, cord blood DNAm at
cgl1110036 was associated with late pregnancy
maternal Pb, and 11 other CpG sites were asso-
ciated with early pregnancy maternal Pb [55]. 4 of
the 11 sites were not in our dataset, and we did not
observe an FDR-significant association for
cgl1110036 or the remaining 7 differentially
methylated  sites  (cg01167615, ¢g22410544,
cg04862633, cg01995958, €g23900741,
cgl17984508, cg05374263) with maternal toenail,
infant toenail or placental Pb in our results.
Engstrom et al. found that maternal urinary Pb
was inversely associated with cord blood DNAm at
several sites, for instance, cg23796967 (annotated
to gene GP6) [56]. While we also observed
decreased methylation levels at this probe in asso-
ciation to maternal and infant toenail Pb, our
results did not reach our pre-defined FDR cut-
off. Montrose et al. identified 33 differentially
methylated sites (q < 0.2) associated with Pb mea-
sured from neonatal dried bloodspots and stated
82% showed decreased methylation levels [57].
Our present study findings on differentially
methylated sites did not overlap, though we also
observed higher numbers of hypomethylated CpG
sites associated with maternal and infant toenail
Pb. On the other hand, Heiss et al. did not report
significant associations between cord blood Pb,
maternal blood Pb or maternal bone Pb and cord
blood DNAm in the PROGRESS cohort [58]. In an
EARLI study, Aung et al. observed 11 hypermethy-
lated CpG sites that were associated with first
or second trimester maternal blood Pb [59]. Our
results did not overlap with theirs, with the excep-
tion of two sites near two of the identified genes,
ASCL2 and FATI. We observed maternal toenail
Pb was associated with differential DNA methyla-
tion at cg24057514 (annotated to gene ASCL2;
FDR = 0.02) and cg05723219 (annotated to gene
FATI; FDR = 0.04). In summary, due to the wide
variety of tissues utilized in measuring prenatal or
early postnatal Pb exposure and quantifying DNA
methylation, along with varying sample collection
techniques and time periods, there is limited over-
lap across study results in regards to the identified
probes or genes associated with Pb exposure.

Development of the nervous system and major
organs (i.e., brain, cerebellar cortex, and hind-
brain) was one of the common themes of over-
represented pathways associated with toenail Pb.
As a well-established neurotoxicant that mainly
targets the CNS, Pb is known to adversely impact
neurodevelopment, behaviour, motor activities
and cognitive functions in newborns and children,
with longitudinal studies establishing persistent
effects into early adolescent [4,7,60-63]. Given
the critical role of the placenta in foetal develop-
ment and programming, and the activity of
a number of pathways also present in the brain,
studies have suggested that differentially methy-
lated genes in the placenta act as biomarkers for
adverse foetal developmental outcomes [64,65]. In
this study, the identified developmental pathways
significantly enriched for Pb-associated genes pro-
vided additional understanding on biological func-
tions affected by placental DNA methylation and
may suggest an additional way in which Pb can
lead to developmental and behavioural outcomes
and phenotypes later in life. This expands and
adds to the evidence that Pb-elicited differential
epigenetic changes during the sensitive gestational
period may perturb placental pathways and func-
tions, in some cases paralleling effects seen in
other tissues, and that those impacts on placental
function could consequently alter foetal
development.

Multiple pathways in relation to calcium homo-
eostasis and transport (calcium ion binding, reg-
ulation and release of sequestered calcium ion)
and neuronal activities (neuron differentiation
and neurogenesis) were also significantly enriched
for Pb-associated genes. Pb is known to mimic and
compete with calcium, a critical and essential
metal required for maintaining regular neuron
signalling and activity [66-68]. A study by
Lafond et al. showed that maternal blood Pb con-
centration was significantly linked to a decrease in
calcium uptake by placental syncytiotrophoblast
cells. Their results suggest that, in the placenta,
Pb exposure has the potential to decrease foetal
calcium supply [69]. During gestation, high
demand of calcium during foetal development
can lead to maternal skeletal calcium mobilization,
which could also permit the release of Pb seques-
tered in maternal bone into the circulating system



and thus elevate exposures to the placenta and
foetus [70-72]. Pb-elicited disruptions to foetal
calcium homoeostasis can lead to alterations in
synapse structure and regulation and disruption
in neurotransmitter release, which then may result
in lasting adverse outcomes later in life such as
memory and learning impairments [68,73-75].
Interfering with calcium status in placental cells
can also lead to generation of reactive oxygen
species (ROS), subsequently reflected by the over-
representation of programmed cell death and
apoptosis pathways related to prenatal Pb expo-
sure in our findings [76,77].

Our study also identified overrepresented
Hedgehog signalling pathways associated with pre-
natal Pb exposure. Hedgehog signalling is involved
in cell signalling, proliferation and differentiation,
and the pathway is also in charge of regulating
organ development and patterning during embry-
ogenesis [78-80]. There is limited research on how
Pb exposure impacts Hedgehog signalling, how-
ever, previous research has linked hedgehog reg-
ulators from the GLI family zinc-finger genes,
GLI2 and GLI3, to arsenic exposure [81-83].
GLI3 gene expression in human placenta was also
found to be negatively associated with arsenic
exposure in NHBCS [84]. From our EWAS results,
we found prenatal Pb exposure was associated
with differential methylation of several Hedgehog
pathway associated genes, such as GLI2, GLI3, and
HHAT (hedgehog acyltransferase), which given
the consistency with findings from arsenic expo-
sures could indicate that this pathway is impacted
by a number of toxic metals.

We observed the TGF-f signalling pathway was
also enriched for Pb-associated gene methylation
variation. Transforming growth factor-p (TGE-P)
is a major player in central regulator of growth,
proliferation, differentiation, and apoptosis [85-
87]. TGF-P superfamily members are also critical
regulators in placental development and functions
for supporting healthy pregnancies and foetal
development [88]. Dysregulated TGF-p members
have been implicated in aberrant placental angio-
genesis related to foetal growth restriction and
preeclamptic pregnancies [89-91]. A potential
mechanism of aberrant TGF-f signalling may be
attributed to oxidative stress induced by Pb expo-
sure [92-95]. From our EWAS results, genes
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identified in these pathways (ie, SMADS3,
SMADY, TGFBR2, TGFBR3) were not significantly
associated with Pb exposure after FDR adjustment.
This may be due to our generally low-to-moderate
levels of Pb-biomarkers measured in the study
population. Further investigation is needed to bet-
ter understand the plausible mechanism of dysre-
gulated TGF-p signalling as a consequence of Pb-
induced epigenetic modifications on target genes
of the pathway.

A potential limitation with our EWAS ana-
lysis is the higher genomic inflation observed
in the 5mC and maternal toenail Pb model
compared to the other models, which could
lead in inflation in test statistics. Although we
observed some differential hydroxymethylated
sites associated with prenatal Pb exposure, the
associations were not as robust as those find-
ings of 5mC. This may be partially explained
by the generally low toenail Pb levels, along
with low abundance of placental 5ShmC and
individual variability in 5hmC across our
study participants. Alternatively, we took note
of the challenges of understanding the stability
and role of 5hmC within different tissues and
cell types. As pointed out by a preliminary
study looking at 5hmC landscape in RICHS
placenta, we are also aware that while 5hmC
acts as an intermediate in the demethylation
process, it is possible that the measurable levels
are stable 5hmC modifications, whereas some
degree of 5hmC during the rapid differentia-
tion or reprogramming periods may not be
properly detected[37]. Regulation of TET
enzymes that catalyse the demethylation pro-
cess may be indirectly affected by metal expo-
sures such as Pb. It is suggested that Pb-
associated oxidative stress increased TET activ-
ity through the accumulation of TET enzyme
cofactor alpha ketoglutarate (a-KG), at least
partially contributes to increased 5hmC upon
Pb exposure [21,96,97]. This aligned with our
finding that among the differentially hydroxy-
methylated sites associated with placental Pb,
12 out of 14 sites showed increased 5hmC
levels. Future studies are required to investigate
more about epigenome-wide 5hmC pattern
changes in response to Pb and other toxicant
exposures, and to elucidate how such changes
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may affect biological mechanisms, mediate reg-
ulatory responses in genes, and contribute to
disease progression.

A strength of this study is utilizing data pre-
pared with the algorithm that calculated and pre-
vented any of the 5mC, 5hmC or unmethylated
proportions to be below 0, refining our 5hmC
profiling in the RICHS placental epigenome, as
previous approaches to 5hmC estimation may
result in negative numbers due to the subtraction
method [37]. Another advantage of this study is
leveraging 5mC and 5hmC data quantified
through placental tissue in a human population,
which provided a more analogous interpretation
on prenatal Pb toxicity and epigenetic dysregula-
tion in the sensitive developmental window.
Existing literature on how toxicant exposure
alters 5ShmC levels mainly focused on animal
models, with few studies exploring 5hmC levels
in human tissue such as stem cells or blood
[29,98]. Although brain tissue is of particular
interest when researchers assess Pb toxicity, uti-
lizing non-invasive and surrogate tissues like the
placenta captures information unique to the preg-
nancy period. Given the placenta serves as an
interface for toxicant regulation between the
mother and infant during the gestation period,
we suggest that perturbation to the placental epi-
genome by prenatal Pb exposure likely led to
impaired cellular functions and resulted in
adverse developmental outcomes.

Conclusion

In summary, our study shows that prenatal expo-
sure to Pb, a known developmental toxicant, is
associated with differential placental DNA
methylation and hydroxymethylation, and
demonstrates Pb-induced epigenetic changes are
related to multiple biological pathways and func-
tions, including developmental, calcium transport
and regulation, and signalling activities. With our
placental epigenetic profiling, we provide evi-
dence that not only DNA methylation but also
hydroxymethylation, may serve as potential
response markers to environmental toxicant
exposures during the gestation period.
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