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ABSTRACT

Women entering pregnancy with elevated body mass index (BMI) face greater risk of adverse
outcomes during pregnancy, delivery, and for their offspring later in life, potentially via epige-
netics. If epigenetic programming occurs early during in utero development, the differential marks
should be detectable in multiple tissues despite the known unique epigenetic profile in each.
We used early-pregnancy BMI as reflection of maternal metabolic milieu exposure in peri-
conception and early-pregnancy period. We analysed DNA methylation in paired cord blood
and placenta samples among 437 newborns from Gen3G, a pre-birth prospective cohort of
primarily European descent. We measured DNA methylation in both tissues across the genome
in >720,000 CpG sites using the lllumina MethylationEPIC array. At each site, we used linear mixed
models (LMMs) with an unstructured variance-covariance matrix to test for an association
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between maternal early-pregnancy BMI and DNA methylation in both tissues (modelled as
M-values). We adjusted for tissue-specific covariates, offspring sex, gestational age at delivery,
and maternal smoking and age.

Women had a mean (SD) BMI of 254 (5.7) kg/m® measured at first trimester visit
(mean=9.9 weeks). Early-pregnancy BMI was associated with differential DNA methylation levels
in paired-tissue analyses at two sites: cg10593758 (3=0.0126, SE=0.0025; P=4.07e-7), annotated to
CRHBP, and cg0762168 (3=—0.0094, SE=0.0018; P=2.78e-7), annotated to CCDC97.

Application of LMMs in DNA methylation data from distinct fetal-origin tissues allowed us to
identify CpG sites at which early-pregnancy BMI may have an epigenetic ‘programming’ effect on
overall fetus development. One site (CRHBP) may play a role in hypothalamic-pituitary-adrenal axis
regulation.

INTRODUCTION and through the offspring’s life course [2,3]. Such
adverse outcomes include both low and high birth
weight (or macrosomia)[2], as well as increased
obesity risk and lower cardiovascular health across
the offspring’s lifespan [3-5].

With rising obesity rates in women who are of repro-
ductive age [6], there is growing scientific interest in
investigating the mechanisms that lead to and may
mediate these adverse outcomes, especially in long-

term offspring adverse cardiometabolic health. DNA

The number of women entering pregnancy with
an elevated body mass index (BMI) has been
increasing in the United States in recent years. In
2019, 29% of women were entering pregnancy
with a BMI >30 kg/m” (obesity category) [1].
Prior research has found associations between
high pre-pregnancy maternal BMI and numerous
adverse outcomes during pregnancy, at delivery,
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methylation is a particular epigenetic mark that is highly
dynamic during in utero development, and may be part
of foetal programming that leads to these long-term risks
in offspring. 7 Pre-pregnancy elevated BMI may impact
subsequent foetal programming; and is also associated
with early-pregnancy BMI, as prior studies have shown
that very little, if any, weight gain occurs in the first
trimester [8]. Therefore, we sought to investigate if
DNA methylation in offspring may be associated with
early-pregnancy maternal BMI and the related adverse
metabolic milieu present during that critical period that
likely program offspring to later adverse outcomes.
Early-pregnancy is a very sensitive period for nutritional
exposures and long-term programming of cardio-
metabolic diseases. For example, in the landmark
Dutch famine study, exposure to severe caloric restric-
tion in the early pregnancy was specifically associated
with heart disease and obesity, but also to specific
changes in blood DNA methylation collected in middle-
aged participants (about six decades after exposure)
[9-13].

A common challenge in investigating epigenetic
variations lies in the selection of tissue for investi-
gation given that DNA methylation profiles are
unique to each tissue and cell type [14,15]. Yet, if
an environmental factor (e.g., maternal metabolic
milieu  related to  elevated BMI) has
a programming effect in early developmental pro-
cesses (e.g., via DNA methylation), we hypothe-
sized that the associations could be detectable in
more than one tissue type. To test this hypothesis,
we proposed a paired tissue approach using both
cord blood and placenta collected at delivery. Cord
blood and placenta are both vital links of the in
utero environment and foetal development [14].
Despite the fact that tissue-specific epigenetic
modifications may have important physiological
implications at the tissue level and in the overall
organism, if an early exposure impacts the overall
foetus epigenetic programming, it should be
detectable in more than one tissue [16]. Thus,
analysing both tissues may reveal biological insight
beyond what we could find from solely analysing
DNA methylation in each alone. Using paired
placenta and cord blood samples carefully col-
lected in Gen3G, a pre-birth prospective cohort,
we tested associations between maternal BMI mea-
sured in early-pregnancy and paired-tissue DNA
methylation levels at over 720,000 individual CpG
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sites across the genome to test specific loci that
may be part of the metabolic programming of
future adverse cardiometabolic outcomes in the
offspring.

RESEARCH DESIGN AND METHODS
Population

The Genetics of Glucose regulation in Gestation
and Growth (Gen3G) Study is a prospective pre-
birth cohort from Quebec, Canada. Study staff
recruited women eighteen years of age or older
in the first trimester of a singleton pregnancy to
participate in the Gen3G study, provided there was
no prior history of diabetes in medical records or
at a first trimester screening. Detailed description
of the Gen3G cohort has been published elsewhere
[17]. All participants provided written consent
prior to study enrolment according to the
Declaration of Helsinki. All protocols were
approved by the IRB at the Center Hospitalier
Universitaire de Sherbrooke. For this study, we
included individuals of European descent whose
delivery occurred at >37 weeks of gestation and
from whom we had collected both foetal placenta
tissues and cord blood. We provided a study par-
ticipants flow in Supplementary Figure 1.

Measurements

Study staff conducted three research visits over the
course of pregnancy, one between 5-16 weeks of
pregnancy (recruitment at first trimester), one
between 24-30 weeks (to align with second trime-
ster screening for gestational diabetes), and one at
delivery. In the first visit, study staff measured
anthropometric data and participants completed
questionnaires on lifestyle, demographics, and
medical history. Staff measured weight using
a calibrated electronic scale and height using
a wall stadiometer, and BMI was calculated as
weight divided by squared height (kg/m®) during
the first visit, which occurred at a mean (range)
gestational age of 9.9 (4.1-16.4) weeks. Lifestyle
questionnaires included questions on current and
previous maternal smoking. We excluded women
who had pre-existing diabetes based on medical
history and blood testing at first trimester visit. At
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birth, study staff collected gestational age at deliv-
ery and sex of child from medical records.

Biological Specimens

Trained research staff collected foetal placenta tis-
sue and cord blood samples at delivery. Staff col-
lected biological samples according to established
protocol, collecting a 1 cm” foetal placental sample
approximately 5 cm from umbilical cord insertion,
as well as cord blood less than 30 min postpartum.
Placental samples were stored in RNAlater
(Qiagen) first at —4°C for 24 h and then at —80°C
until DNA extraction occurred. Cord blood was
treated with aprotinin to prevent protein degrada-
tion, EDTA as an anticoagulant, centrifuged, and
subsequently stored at -80°C untili DNA
extraction.

Laboratory Procedures

Lab personnel performed DNA extraction on pla-
centa and cord blood samples using the AllPrep
DNA/RNA/Protein Mini Kit (Qiagen). DNA pur-
ity was assessed wusing Spectrophotometer
(Ultrospec 2000 UV/Visible; Pharmacia Biotech)
with an absorbance ratio set at 260-280 nm. We
completed bisulphite conversion of 460 pairs of
purified placenta and cord blood DNA samples.
We measured epigenome-wide DNA methylation
using the Infinium MethylationEPIC BeadChip
(Illumina), an array which provides information
on >850,000 CpG sites throughout the genome.
We randomly allocated samples to position and
plate, however, each of the ten total plates con-
tained an equal number of cord blood vs. placenta
samples.

Data QC

We imported data into R using the minfi package
to perform sample and probe level quality control.
We first excluded samples that failed based on lab
QC (placenta n = 5, cord blood n = 3). Then we
examined sex mismatch between predicted and
recorded sex and excluded where there was
a mismatch (placenta n = 1), as well as SNP mis-
match between tissues that were labelled as com-
ing from the same individual (placenta n = 6, cord
blood 7 = 6). We also removed cord blood samples

that further QC determined had been contami-
nated with maternal blood (n = 2), and samples
that did not have a paired sample in the other
tissue after the previously described sample exclu-
sions (placenta n = 11, cord blood n = 12). We
included 437 pairs of placenta and cord blood
tissues in our final analyses for this current study
(see Supplementary Figure 1).

Following division into separate datasets by tis-
sue, we performed normalization using
preprocessFunNorm() in the minfi package, which
includes noob background correction, and used
the RCP function from the ENmix package to
correct for probe-type bias. We assessed the effec-
tiveness of these methods after each step by check-
ing the alignment of 10 duplicates from each
tissue.

On the processed data set of beta-values, we
computed a detection P-value for each probe in
each sample and excluded probes that had
a nonsignificant detection (P > 0.05) for 5% or
more of the samples (placenta n = 1869 probes,
cord blood n = 1754 probes). We then matched
CpG sites by ID to ensure that we ran the analysis
only on CpG sites that were present in the data
from both tissues, which resulted in excluding
additional probes (placenta n = 501, cord blood
n = 616 probes). From the paired CpG sites,
probes previously identified as cross reactive [18]
were removed (n = 43,108). We also removed
probes that are known to have a SNP at the single
base extension (n = 5154), a SNP at the CpG
(n = 5070) and probes that are found on the sex
chromosomes (n = 17,737). We also removed
probes with a SNP found underneath the probe
(n = 71,218) leaving a total of 722,279 probes in
our final analysis. Finally, we adjusted for sample
plate using ComBat from the sva package, and
logit transformed the P-values to M-values for
statistical analysis [19].

Statistical Methods

For the 437 participants included in this analysis, we
reported sample characteristics as a mean (with SD),
or proportion (Table 1, Supplementary Table 1).
Since the outcome, DNA methylation, is measured
for both paired cord blood and placenta samples, we
ran a linear mixed model with an unstructured



variance—covariance matrix at each CpG site. We
chose a model of the form:

Yij = x;ip; + Xijyij T &

where Y;; represents the methylation values at
a single CpG site, 3, represents participant level

covariates for participant i, and y; represents the

tissue specific covariates for participant i in tissue
j (either cord blood or placenta), and ¢;; represents
the random error term. At the participant level, we
adjusted for sex of child, gestational age at deliv-
ery, maternal smoking (yes/no) and maternal age.
At the tissue level, we performed cell-type adjust-
ments using the Bakulski reference panel in cord
blood [20] and the first 10 PCs estimated by the
ReFACTor method as a proxy for placental cell
types [21]. Bakulski cord blood cell type estimates
are based on an algorithm previously shown to
correctly estimate cell proportions in whole blood
and were validated with actual counts of cord
blood cell types [20]. The ReFACTor method
uses sparse PCA on a subset of CpG sites to
estimate cell types without requiring the need for
actual cell counts while still accounting for cell
type heterogeneity [21]. We chose ReFACTor as
this method has been shown to properly account
for false discoveries [22]. As the number of cell
types in cord blood and the number of proxy cell
types in placenta differed, we first obtained the
residuals at each CpG site separately in the two
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tissues by regressing out the cell types in a linear
regression of the form:

M=XB+e¢

with M representing the vector of methylation
M-values at a single CpG site, X the matrix of
estimated or proxy cell types across all partici-
pants, 8 the estimated coefficients, and ¢ the resi-
duals. We then took the residuals for each CpG
site in the separate tissues and used them as our
outcomes for the paired analysis. We considered
a p < le-6 as suggestive signals in our paired-tissue
analysis. At the identified CpG sites, we conducted
analyses in each separate tissue to assess if the
association was driven by only one tissue type,
using the same covariates as in the paired analysis
and the appropriate cell type adjustment for each
tissue. In the single tissue analyses we performed
a multiple linear regression of the methylation
M-values and the covariates using robust linear
regression. We conducted all analyses using
R version 3.6.1 and Bioconductor version 3.10.

Comparison to Previously Published
Meta-analysis of Pre-pregnancy BMI and
Offspring Blood DNA Methylation at Birth and in
Adolescence

We performed a lookup analyses for 22 CpG sites
identified in a prior meta-analysis EWAS reported
by Sharp et al. that showed association between
maternal BMI and DNA methylation in cord

Table 1. Characteristics of Gen3G mother-child pairs included in analyses of DNA methylation

in paired tissues (cord blood and placenta).

Maternal characteristics

Mean (SD) or n (%)

Gestational age at visit 1 (weeks)
BMI (kg/m?) at visit 1

Maternal age (years)

Gravidity (primigravid)

Maternal ethnicity (white)*

Smoke during pregnancy (yes)
Child characteristics

Gestational age at delivery (weeks)
Offspring sex (male)

Birth weight (grams)

N =437
9.9 (2.4)
254 (5.7)
283 (4.2)
145 (33.2%)
434 (100%)
39 (8.9%)

39.6 (1.0)
229 (52.4%)
3,440.4 (422.6)

SD = standard deviation, n = number of participants in category, N = number of cohort participants with
available data for measure, BMI = body mass index. *N = 434 participants with available ethnicity data
in this analysis.
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blood (up to n = 7,523; significant associations
across the genome P < 1.06 x 1077 accounting
for multiple testing using Bonferroni) and that
showed persistent association with DNA methyla-
tion in blood cells collected in adolescence (up to
n = 1,817). For the 20 CpG sites that were available
in our Gen3G paired tissue dataset, we aligned the
Sharp et al. meta-analysis results with our paired
tissue results for each available CpG to compare
direction of effect and observed p-values.

RESULTS

Characteristics of the Gen3G mother-child pairs
included in the current analysis are presented in
Table 1. The mean (SD) early-pregnancy BMI of
women included in our study was 25.4 (5.7) kg/m
[2] collected at a mean (range) gestational age of
9.9 (4.1-16.4) weeks. Mean (SD) maternal age was
28.3 (4.2) years, and 8.9% of women reported
smoking during pregnancy. Mean BMI and age
in our included sample were comparable to the
rest of the Gen3G cohort that was not included,
which had mean BMI and age values of 25.7 kg/m?

(5.9) and 28.3 years (4.5) as seen in Supplementary
Table 1.

The linear mixed model regression approach
yielded two CpG sites with a suggestive raw
p-value (P < le-6). Epigenome wide results are
presented in Figure 1. The two sites, cg07621682
(P = 4.1 x1077) and cgl10593758 (P = 5.5 x 107)
are annotated to, respectively, the gene body of
CCDCY97 (Coiled-Coil Domain Containing 97)
and the first exon of CRHBP (Corticotropin-
Releasing Hormone-Binding Protein) genes. For
cgl0593758 at CRHBP, greater early-pregnancy
BMI was associated with higher DNA methylation
levels, while for cg07621682 at CCDCY97, greater
early-pregnancy BMI was associated with lower
DNA methylation in our paired-tissue analyses.

We presented in Table 2 characteristics of the
two loci identified and paired-tissue results, along
with the mean and standard deviation of normal-
ized beta-values (estimated DNA methylation %)
in individual tissues in Supplementary Table 2.
These values confirmed that there is variability in
the level of measured DNA methylation in both
tissues at these specific CpG sites. We also pre-
sented the results of our regression analyses for

cg10593758
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Figure 1. Manhattan plot representing associations between maternal body mass index and paired-tissue DNA methylation at
722,229 probes across the genome, CPG sites reaching p < 1e-6 are listed.

Table 2. Associations between maternal BMI and DNA methylation (DNAm) in paired tissues (cord blood and placenta) and

characteristics of identified CpGs.

Maternal BMI association with newborn
paired tissue DNAmM*

Probe ID Chr Position

UCSC Gene Name UCSC Ref Gene Group Relation to CpG Island

B estimate (95% Cl) p-value

cg07621682 chr19 41,827,759 (CCDC97 Body
cg10593758 chr5 76,248,743 CRHBP 5 UTR; 1°' exon

-0.0093 (—0.0129, —0.0057) 4.09 x 1077

Open Sea
0.0125  (0.0077, 0.0174) 5.50 x1077

N. Shore
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Figure 2. (a) Regional association plots aligned by position on chromosome 5 for locus at CRHBP around cg10593758 identified in
the paired tissue analysis; levels of significance of associations are illustrated using negative log p-values (on Y-axis) for paired tissue
(top) as well as in single tissue analyses (middle: placenta; bottom: cord blood). (b) Regional association plots aligned by position on
chromosome 19 for locus at CCDC97 around ¢g07621682 identified in the paired tissue analysis; levels of significance of associations
are illustrated using negative log p-values (on Y-axis) for paired tissue (top) as well as in single tissue analyses (middle: placenta;

bottom: cord blood).
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associations between maternal BMI and DNA
methylation in individual tissues at these two
CpG sites (Supplementary Table 2), including the
same covariates (maternal characteristics and cell
composition adjustments) that were used in the
paired-tissue EWAS. The associations observed
from regression in individual tissues indicated
that the directions of effect in each tissue were
consistent with the paired-tissue analysis, and
that the paired-tissue associations detected were
not driven by a single tissue.

We further examined our top hits from the
paired and single individual tissue analyses in
a 10kb region surrounding the CpG sites that
reached our suggestive cut-off of p < le-6. As
illustrated in Figure 2a, cg10593758 is located in
exon 1 of CRHBP[23]. Within this region, we
observed a clustering of probes around our top
signal cg10593758 in all three analyses (paired-
tissue, placenta, and cord blood). We also con-
firmed that cgl0593758 is the most significant
probe in that region in each respective tissue. We
illustrated the regional associations for CCDC97
(Figure 2b), yet this locus had few probes available
on the array within a 10 kb region of the top hit
cg07621682.

We performed look-up of previously reported CpG
sites based on EWAS meta-analyses between maternal
BMI and cord blood DNA methylation, focusing our
attention on CpG sites where some persistence of
association was observed in later life using blood
DNA methylation from samples collected in adoles-
cence (Sharp et al.) suggesting a ‘programming effect.’
Among the 22 CpG sites that Sharp et al. had identi-
fied, we had 20 CpG sites with data available for
analyses in our paired-tissue DNA methylation dataset:
we found similar direction of effect for association
between maternal BMI and offspring DNA methyla-
tion at 15 CpG sites in our paired-tissue analyses
among the 20 CpG available sites initially reported
(see Supplementary Table 3). For example at
cgl6877087 (near RBMSI), Sharp et al. had reported
that greater maternal BMI was associated with lower
DNA methylation in cord blood (B = -0.0006;
SE = 0.0001; Bonferroni adjusted P = 0.002) and in
adolescent blood cells (f = —0.0003; SE = 0.0001; unad-
justed P = 0.02), and in our analyses, we showed
similarly that greater early pregnancy BMI was nomin-
ally associated with lower DNA methylation in our

paired-tissue analyses (p = —0.0051; SE = 0.0023;
P =0.03).

DISCUSSION

Using a paired-tissue analytical approach lever-
aging placenta and cord blood samples collected
in the same mother—child dyads, we found that
higher maternal early-pregnancy BMI was asso-
ciated with higher DNA methylation levels at
cgl0593758 (CRHBP) and with lower DNA
methylation levels at cg07621682 (CCDC97) com-
monly in both tissues. Both loci are located within
a DNAse hypersensitivity cluster based on
ENCODE [23,24]. We investigated differentially
methylated CpG sites associated with early-
pregnancy maternal BMI with the hypothesis that
if we find consistent signals in two different tissues
at birth, this may indicate that multiple other
tissues and cells experienced similar foetal epige-
netic programming due to the same in utero meta-
bolic environmental exposures and may be part of
the mechanisms leading to long-term offspring
adverse outcomes.

Very few pre-birth cohort studies have collected
and compared DNA methylation levels in multiple
tissues from the same newborn, thus most prior
epigenetic association studies have investigated
DNA methylation in a single tissue. Both cord
blood and the placenta are commonly used in
epigenetic studies of developmental origins of
health and disease [14]. Cord blood is derived
from the mesoderm germ cell layer during foetal
development, and cord blood DNA methylation
has been suspected to mediate environmental
exposures, such as gestational weight gain, with
offspring adverse outcomes [25]. The placenta
forms from the trophectoderm in the first preg-
nancy stage [26], and is the initial foetal organ to
form in offspring development [14]. It is located at
the maternal-foetal interface, and develops during
early embryogenesis in a unique epigenetic pro-
cess. The organ’s main functions are to transfer
nutrients towards the foetus, produce hormones to
sustain pregnancy, as well as safeguard the foetus
against infections while enhancing foetal growth
[27]. Existing literature reports that pre-pregnancy
obesity is associated with worsened placental func-
tion and increased global DNA methylation within



the placenta[3]. For these reasons, both cord blood
and placenta are strong tissues to investigate
potential in utero programming. We know that
DNA methylation is tissue-specific, yet it can be
illuminating to understand methylation patterns
across different tissue in relation to a common
exposure (here high maternal BMI) to understand
if variations in methylation in more than one
tissue can potentially imply variations in all tissues
[16]. Consistent associations in two tissues provide
greater support that foetal epigenetic program-
ming due to early-pregnancy maternal BMI may
be present across multiple other tissues, as com-
pared to when DNA methylation levels in single
tissue has been studied in prior literature. By using
the presented robust paired-tissue analytical
approach, we have extended upon previous
strategies.

Our findings at cg10593758 showed highly con-
sistent associations across the two tissues and we
found very similar associations at multiple probes
in the 5" untranslated region (UTR) of exon 1% of
CRHBP, bringing confidence that we identified
a signal of biological relevance. The corticotropin-
releasing hormone binding protein (CRHBP) plays
a part in the regulation of the canonical stress-
responsive hypothalamic-pituitary-adrenal (HPA)
axis, as well as the regulation of the neuronally-
released corticotropin-releasing hormone (CRH)
[28]. The HPA axis is a key component of stress
adaptation and response [29]. When an individual
experiences stress, the CRH hormone is released
from the hypothalamus, which signals the pituitary
gland to secrete the adrenocorticotropic hormone
(ACTH) into the bloodstream, and then down to
the adrenal glands to release cortisol, our main
stress-response hormone [30]. CRHBP is expressed
in the pituitary and brain in most mammals, as
well as additionally in the placenta and liver in
humans. CRHBP in the plasma binds plasma
CRH, which then limits CRH receptor activation
and the pituitary from releasing ACTH. Therefore,
along with binding CRH that is released during
pregnancy by the placenta, CRHBP is also thought
to bind CRH that is released as part of the HPA
axis in the stress response process [31]. Our study
results indicate that higher early-pregnancy mater-
nal BMI is associated with higher DNA methyla-
tion levels at CRHBP. Given that cgl10593758 is

EPIGENETICS 815

located near the transcriptional start of CRHBP
[23], the expected genomic regulatory process
from higher DNA methylation near the promoter
region would lead to lower expression levels of
CRHBP and subsequent dysregulation of the buf-
fering of CRH in the context of the stress response.

Previous studies have reported CRHBP genetic
variation may be associated with humans having
an increased risk of suicidal behaviour if they
experience childhood trauma [32]. Reports have
also shown that genetic variants in CRHBP are
associated with the degree of effectiveness of
SSRI antidepressants on individuals [28,33].
Additionally, prior epidemiological literature has
revealed associations between maternal BMI and
depression, anxiety, and emotional difficulties in
offspring [34-36]. Future studies could investigate
if the identified DNA methylation markers in
CRHBP may be mediating the association between
entering pregnancy with an elevated BMI and the
risk of adverse mental health outcomes and adapt-
ability to stressful events in offspring.

The coiled-coil domain-containing protein 97
(CCDCY7) is the subject of limited literature that
suggests the gene may be a susceptible locus for
coronary heart disease risk [37], but additional
investigations are needed. This region was poorly
covered by the EPIC array, and the identified
probe was not located into a known genomic reg-
ulatory region. Therefore, our finding must be
cautiously interpreted.

We also performed look-up analyses leveraging
findings of a prior large meta-analysis that had
performed EWAS for associations between pre-
pregnancy maternal BMI and DNA methylation
levels in newborn blood from 19 independent
cohorts (up to n = 7,523 mother-offspring parti-
cipant pairs) [38]. Of the 20 sites that were gen-
ome-wide significant in the original cord blood
EWAS and believed to be persistent in adolescence
(up to n = 1,817 with blood DNA methylation), we
found that early pregnancy BMI had similar direc-
tion of effect for association with DNA methyla-
tion in our Gen3G paired-tissue analyses at 15
CpG sites suggesting overall offspring epigenetic
‘programming.” Of note, our finding at RBMSI is
of particular interest given the consistency of sig-
nal across time (in Sharp et al.) and across tissues
(in our analyses). Genetic variants at RBMSI have
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previously been associated with risk of type 2
diabetes [39-41], body mass index [42], and
other adiposity phenotypes [42] in various popula-
tions, yet none of these variants are in close proxi-
mity to the CpG site identified. This suggests that
both genetic and epigenetic variations at this locus
may influence risk of metabolic diseases over the
life course.

Strengths and Limitations

Our strengths include the use of a large number
of cord blood and placenta samples. We also
utilized the Illumina MethylationEPIC array,
which is the most recent genome-wide array to
investigate DNA methylation levels with cover-
age of over 850,000 CpG sites[43]. Our analyses
utilized standardized phenotype information
from our prospective cohort, as well as compre-
hensive data that allowed us to adjust for multi-
ple confounders. Our analytic approach applied
to examine the paired tissues jointly detected
signals that would not have been detected in
single tissue analyses with the same number of
included individuals.

Our study also has limitations. Despite having
access to two tissues, we still could not directly
investigate tissues of interest (brain, liver, etc.) to
support our hypothesis of overall foetal program-
ming, as it is ethically not possible in human
cohorts to have these tissues in healthy newborns.
An additional limitation is that our cohort is com-
prised primarily of European women, so we may
be unable to generalize our findings across ethni-
cities[27]. We also do not know if our DNA
methylation findings have true biological func-
tional consequences or are associated with longer
term health outcomes in offspring. Further,
Gen3G was part of the Sharp et al. meta-analysis,
which may have resulted in some potential over-
fitting of lookups. However, the cohort contribu-
ted a smaller sample set of 170 infants (out of
9,340 mother-child pairs) using a previous dataset
with cord blood DNA methylation using the
Mlumina 450k array, so the overlap is limited.
Finally, we must be cautious in extending associa-
tions to maternal adiposity or other related meta-
bolic factors, as BMI is a crude indicator of the

maternal metabolic profile that may influence in
utero environment [38].

Conclusion

DNA methylation alterations in cord blood or
placenta tissue can broaden our understanding of
mechanisms of foetal programming of offspring
phenotypes leading to potential adverse outcomes
over the life course. Our study found two CpG
sites that were associated with early-pregnancy
maternal BMI; and most notably, one located in
a key regulatory region of CRHBP which plays
a critical role in hypothalamic-pituitary-adrenal
axis regulation and stress. Future studies are
necessary to investigate potential functional down-
stream pathways of alteration of DNA methylation
at this locus in key organs/tissues (e.g., brain) and
whether identified DNA methylation markers are
associated with later health outcomes in offspring
life course.
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