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ABSTRACT

Studies have linked maternal pre-pregnancy obesity and hyperglycaemia with metabolic and
neurodevelopmental complications in childhood. DNA methylation (DNAm) might enable foetal
adaptations to environmental adversities through important gene loci. NEGR1 is involved in both
energy balance and behaviour regulation. The aim of this study was to investigate associations
between placental DNAm at the NEGRT gene locus and childhood anthropometric and neurode-
velopmental profiles in preschoolers. We analysed 276 mother-child dyads from Gen3G, foetal programming;

a prospective birth cohort from Sherbrooke. At 3yo (40.4 + 3.0 months), we measured body childhood development;
mass index (BMI) and the mothers reported on offspring neurobehavior using the Strengths and SbQ

Difficulties Questionnaire (SDQ). We quantified DNAm levels at 30 CpGs at the NEGRT locus using

the MethylationEPIC Array in placental biopsies. DNAm at four CpGs located before NEGR1 second

exon predicted child’s BMI z-score (cg26153364: 3=—0.16 + 0.04; p=0.008, cg23166710: 3=0.14 +

0.08; p=0.03) and SDQ total score (cg04932878: p=0.22 i 1.0;

p= 3.0x107%, €g16525738: 3=-0.14 £ 0.18; p=0.01, cg23166710: 3=-0.13 £ 0.36; p= 0.04), explain-

ing 4.2% (p=0.003) and 7.3% (p= 1.3 x 107* of BMI-z and SDQ variances. cg23166710 was

associated with both childhood phenotypes and correlated with NEGRT placental expression (r=

—0.22, p=0.04), suggesting its possible functional role. Together, maternal metabolic character-

istics during pregnancy with NEGRT DNAm levels explained 7.4% (p=4.2 x 10~ of BMI-z and

14.2% (p=2.8 x 10~7) of SDQ variance at 3yo. This longitudinal study suggests that placental NEGR1

DNAm is associated with adiposity and neurodevelopment in preschool children and highlights its

potential role in their comorbidity.
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Introduction

In 2014, the WHO estimated that 41 million children
under 5 years of age were overweight or obese. These
children are at higher risk of developing musculoske-
letal problems, asthma, hypertension, dyslipidemia,
and type 2 diabetes (T2D) [1,2]. Over the past decade,
stronger evidence has supported the existence of asso-
ciations between childhood obesity and neurodeve-
lopmental problems, such as internalizing (emotional)
and externalizing (behavioural) problems, attention
deficit and hyperactivity disorder (ADHD), develop-
mental delay, and autism spectrum disorder (ASD)
[1,3,4]. Moreover, energy balance is at least partly
controlled by the central nervous system (CNS) and
is dysregulated in obesity [5]. Consistent with this,

a large number of genes associated with obesity have
also been implicated in the development and function-
ing of the CNS, suggesting that both obesity and
neurodevelopmental problems might share common
etiologic and genetic origins [6,7].

The placenta is a foetal organ specific to pregnancy,
which aims to protect the foetus from stresses, but
also to provide the nutrients it needs to grow and to
eliminate the metabolic wastes. Therefore, the pla-
centa is central to foetal growth, which predicts both
metabolic and mental health later in life [8-10].
Epigenetic has been suggested as a biological mechan-
ism that may contribute to this association [11-14],
which supports the investigation of DNA methylation
(DNAm) profile in relationship to neurodevelopment
and overgrowth in childhood. DNAm is a dynamic
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process that is transmissible, reversible, and sensitive
to environmental exposures especially during in-utero
development and in early life [15]. In fact, placental
epigenetic changes are suspected of playing a role in
the metabolic adaptations needed to protect the foe-
tus, resulting in foetal epigenetic programming. Also,
maternal health during pregnancy had been shown to
influence offspring DNAm levels. For example, stu-
dies conducted by our group showed that gestational
diabetes mellitus (GDM) affected both placental and
cord blood DNAm in various genes implicated in
metabolic diseases [11,13], while one of these studies
also identified genes associated with psychological
disorders [11]. Others have also reported interesting
links between maternal obesity and global placental
DNAm levels [12].

Although the literature suggests a link between
early DNAm changes and the risk for obesity or
neurodevelopmental impairments, to our knowledge,
no prior study investigated DNAm as a plausible
biological mechanism explaining the association
between childhood obesity and neurodevelopment.
In this study, we intended to explore the role of
DNAm in both obesity and neurodevelopment
using a candidate-gene approach focusing on the
gene Neuronal Growth Regulator 1 (NEGRI).
NEGRI encodes a cell adhesion molecule member of
the IgLON subgroup from the immunoglobulin
superfamily [16] and is critical for normal CNS devel-
opment [16]. Indeed, NEGRI expression increases in
the brain during postnatal development and it is
thought to regulate axonal growth and connectivity,
as well as synapses number [17-19]. Studies from
animal models and in humans also suggest a role for
NEGRI in the regulation of energy balance in both
hypothalamic and adipose tissues, possibly through
an influence on eating behaviours [20-22]. Moreover,
genome-wide association studies (GWAS) have high-
lighted associations between NEGRI polymorphisms
and overweight and obesity in both children and
adults [6,23,24]. NEGRI genetic variants and expres-
sion profiles have also been associated with neurop-
sychiatric conditions such as depression, ASD, and
schizophrenia, as well as intelligence, psychological
traits like interoceptive awareness (the perception of
sensations from inside the body), and white matter
integrity [18,25-29]. Therefore, NEGRI is believed to
influence the neurodevelopment, as well as eating
behaviour and/or growth, potentially resulting in

higher BMI-z in childhood. This is supported by
abundant literature reporting that genes associated
with obesity (including NEGRI) are likely to have
a role in the neuronal and synaptic processes as well
as brain development [6,24]. Epigenetic profile at the
NEGRI gene locus has not been studied so far. Based
on this, we considered NEGRI as a strong candidate
gene for exploring associations between childhood
obesity and neurodevelopment.

The aim of this study was to assess the association
between placental DNAm at NEGRI locus and child-
hood obesity and neurodevelopmental problems
using a longitudinal cohort study design that followed
mothers-offspring dyads from the first trimester of
pregnancy to 3 years of age. Secondary objectives were
to assess the potential role of maternal factors in these
associations and to investigate the impact of NEGRI
DNAm on gene expression.

Results
Maternal and child characteristics

Figure 1 presents the analytical plan applied in this
study. The characteristics of mother and child
dyads (n = 276) are shown in Table 1. Briefly, at
first visit (V1), mothers were on average 28.5
(range 19-47) years of age and their mean body
mass index (BMI) was slightly overweight (25.5 +
5.7 kg/m®). Children had a mean body mass index
z-score (BMI-z) of 0.52 + 0.97 at 3 years of age.
Mean Strengths and Difficulties Questionnaire
(SDQ) total score (8.46 + 4.78) was within the
normal range (<14), which is expected among
general population cohorts. Among the SDQ sub-
scales, conduct problems were the most common,
with 123 (44.7%) children classified in the ‘border-
line/abnormal’ range. Table 2 shows the propor-
tion of borderline/abnormal children in each SDQ
subscales. BMI-z at 3 years of age was not corre-
lated with SDQ total score (r; = 0.01 p = 0.89).

Placental DNAm at NEGR1 locus and child
outcomes

We first assessed associations between placental
DNAm and BMI-z or SDQ total score using stepwise
linear regression models (Table 3). DNAm levels of all
30 CpGs at NEGRI locus were included in the
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Figure 1. The first and main objective of this study was to assess the association between placental NEGR7 DNAm and anthropometric and
neurodevelopmental profiles in preschool-aged children from the Gen3G longitudinal cohort. Our second objective was to identify maternal
factors during pregnancy that could be important in predisposing children to conditions such as obesity and/or neurodevelopmental
disorders. Our third objective was to assess the association between DNAm levels and NEGRT mRNA levels to assess the functional impact of

our identified CpGs.

regression models with only the CpGs associated with
the outcomes being retained in the models. We found
two CpGs independently associated with BMI-z
(cg23166710, B = 0.14 £ 0.08, p = 0.03; cg26153364,
B = -0.16 + 0.04, p = 0.008) (Figure 2(a,b)), which
accounted for 4.2% (p = 0.003) of BMI-z variance at 3
years of age. These remained statistically significant
after adjustment for cellular heterogeneity and gesta-
tional age at birth. We also identified three CpG sites
that were independently associated with SDQ total
score (cg04932878, B = 022 + 1.0, p = 1.3 x 10°%
cgl16525738, B = -0.14 + 0.18, p = 0.01; cg23166710,
B=-0.13£0.36, p = 0.04). Collectively, they explained
73% (p = 1.3 x 10 of SDQ total score variance
(Figure 3(a,b,c). These associations remained statisti-
cally significant after adjustment for cellular hetero-
geneity, gestational age at birth, child age at the
follow-up, and child sex.

Figure 4 presents the NEGRI gene locus with all
CpGs associated with childhood phenotypes. As
cg23166710 was associated with both BMI-z and

SDQ total score, we investigated this CpG site further.
Interestingly, Encyclopaedia of DNA Elements
(ENCODE) data showed that this CpG is located in
a regulatory region (and potentially functional
region), more specifically downstream (+23 pb) of
a DNase A hypersensitivity region and within two
possible transcription factor binding sites (TFBS),
MAFF and MAFK.

NEGR1 gene expression

To further explore potential functional effects of
the identified CpG sites, placental NEGRI mRNA
levels were quantified in a subset (n = 92) of the
available placenta samples. Interestingly, only the
correlation with cg23166710 was statistically sig-
nificant (r = -0.22, p = 0.04). In this subset of
children, we tested associations between mRNA
levels and childhood BMI-z and SDQ at 3 years
of age, but we did not find a significant correlation
between these variables.
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Table 1. Maternal and childhood characteristics from the first
trimester of pregnancy to preschool age.

Table 3. Stepwise linear regression models between DNAm at
NEGR1 gene locus and childhood developmental outcomes.

Participant clinical data Mean + SD (n = 276)

BMI-z (B + SE; p-value)

Maternal characteristics
First trimester of pregnancy (V1)

Maternal age (years) 285+ 4.2
Weight (kg) 69.3 = 15.9
Body Mass Index (BMI) (kg/m?) 255 %57

Smoking during pregnancy (Yes/No, %)
Second trimester of pregnancy (V2)

21/255 (8.2)

Weight (kg) 76.0 £ 15.1
Glucose levels 2h post-OGTT (mmol/L) 50+ 14
Third trimester of pregnancy (V3)
Weight before delivery (kg) 81.1 £ 15.1
Gestational weight gain V3-V1 (kg) 12.0 £ 43
Newborns’ characteristics
Sex (Girls/Boys) 127/149
Gestational age (weeks) 395+ 1.0
Birth weight (g) 3440 + 424
Birth weight z-score® 0.10 + 0.90
Children’s characteristics
Age at follow-up (months) 40.4 + 3.0
Anthropometric data (n = 271)
Weight (kg) 15.19 £ 1.70
Height (cm) 96.85 + 4.40
BMI (kg/m?) 16.2 + 1.4
BMI z-score® 0.53 + 0.97
Strength and Difficulties Questionnaire

(n = 275)
SDQ total score® (0-40) 838 + 4.59
Emotional problems (0-10) 1.55 £ 1.60
Conduct problems (0-10) 2.52 £ 1.91
Hyperactivity/inattention problems (0-10) 322 +£2.25
Peer relationship problems (0-10) 1.10 + 117
Prosocial skills (10-0) 8.10 + 1.69

SD, standard deviation; BMI, body mass index; OGTT, oral glucose
tolerance test; GDM, gestational diabetes mellitus; SDQ, Strengths
and Difficulties Questionnaire.

?z-scores are corrected for newborns and child age and sex according to
the WHO growth curves.

PSDQ total score is the sum of the first four SDQ subscales (i.e.,
emotional, conduct, hyperactivity/inattention, peer relationship
problems)

Table 2. Child classification between SDQ categories (n = 275).

Borderline/ % Borderline/
Normal  Abnormal Abnormal
SDQ total score 232 43 15.6%
Emotional problems 239 36 13.1%
Conduct problems 152 123 44.7%
Hyperactivity and 230 45 16.4%
inattention problems
Peer relationships 246 29 10.5%
problems
Prosocial skills 259 16 5.8%

Cut-offs were defined according to the SPSS version of the SDQ scoring
syntax (available at www.sdginfo.com). Scales were completed by
parents.

Maternal metabolic factors and child outcomes

Next, we assessed associations between maternal
metabolic factors (related to adiposity or glycaemic

€g26153364 —0.16 £ 0.04; p = 0.008
€923166710 0.14 + 0.08; p = 0.03
Model R square 0.042

Model p value 0.003

SDQ total score (B + SE, p-value)

€g04932878 022 +1.0; p = 1.3x107*
916525738 ~0.14 £ 0.18; p = 0.01

923166710 ~0.13 £ 0.36; p = 0.04

Model R square 0.073

Model p value 1.3x107*

SE, standard error; DNAm, DNA methylation; NEGR1, neuronal growth
regulator 1; SDQ, Strengths and Difficulties Questionnaire; BMI-z,
z-score body mass index

regulation) in pregnancy and child outcomes of
interest (BMI-z and SDQ total score) to identify
maternal factors susceptible to have an influence
on child health, possibly through DNAm modifica-
tions. We used multivariate linear regressions to
test associations between each of the selected
maternal metabolic factors (i.e. age, BMI at 1%
trimester, glucose concentration 2 h post-oral glu-
cose tolerance test (OGTT), and gestational weight
gain V3-V1 (GWG)) and BMI-z or SDQ total score
at age 3 (Table 4). Maternal BMI at 1° trimester
was associated with child BMI-z (f = 0.15 £ 0.01,
p = 0.01), and this remained significant when
adjusted for gestational age at birth. On the other
hand, maternal age (p = -0.14 + 0.07, p = 0.02),
BMI at 1*" trimester (p = 0.12 + 0.05, p = 0.05) and
glucose levels 2 h post-OGTT (B = 0.21 + 0.19,
p=46x 10~ were all associated with SDQ total
score, again still significant after adjustments for
gestational age at birth, child sex and age at 3-year
follow-up.

Maternal metabolic factors, placental DNAm at
NEGR1 locus and child outcomes

Maternal factors previously identified for their asso-
ciation with child outcomes were then included in
multivariate regression models with DNAm to inves-
tigate their respective contributions to child BMI-z
and SDQ total score using a linear regression model.
Both ¢g23166710 (B = 0.12 + 0.08, p = 0.04) and
cg26153364 (p = —0.16 £ 0.04, p = 0.009) predicted
BMI-z along with maternal BMI at 1* trimester
(B=0.15+0.01, p = 0.01). These remained significant
after including adjustments for child gestational age at
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Figure 2. Association between placental DNAm levels at NEGRT gene locus and BMI z-score at 3 years of age (a) positive association
between DNAm levels at cg23166710 and BMI-z (b) negative association between DNAm levels at cg26153364 and BMI-z.
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Figure 4. NEGR1 gene locus. We found two CpGs at NEGRT gene locus where placental DNAm levels were associated with childhood
BMI-z. Three CpGs were associated with SDQ total score at 3 years of age. One of the CpG, cgg23166710, was associated with both
BMI-z and SDQ total score, but also with NEGR1T mRNA levels, which suggests its functional role. All CpGs were located in the

promoter region or in the first intron, in close vicinity to a region susceptible to be important in gene expression regulation as
suggested by the H3K27Ac Mark and the CpG Island.

birth (f = -0.11 + 0.06, p = 0.07) in the model, which The same approach was used to identify predictors
also contributed to explaining BMI-z variability = of SDQ total score. All CpGs remained significantly
(R* = 0.074, p=42x 10™*) (Table 5). associated with SDQ total score (cg04932878,
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Table 4. Multivariate linear regression between maternal factors and child outcomes.

BMI-z (n = 271)
(B £ SE; p-value)

SDQt (n = 275)
(B £ SE; p-value)

Maternal age

BMI (measured at V1)

GWG (V3-V1)

Glucose levels 2h post-OGTT

0.01 £ 0.01; p = 0.89
0.15 £ 0.01; p = 0.01
—0.01 £ 0.01; p = 0.89
—0.01 £ 0.04; p = 0.89

—0.14 + 0.07; p = 0.02
0.12 + 0.05; p = 0.05
—0.01 + 0.06; p = 0.11
0.21 + 0.19; p = 4.6x107*

SE, standard error; SDQ, Strengths and Difficulties Questionnaire; BMI-z, body mass index z-score; BMI, body mass index; OGTT, oral glycaemic

tolerance test; GWG, gestational weight gain.

Table 5. Stepwise linear regression models between DNAm at
NEGR1 gene locus, childhood developmental outcomes and
maternal factors.

BMI-z (B + SE; p-value)
0.12 + 0.08; p = 0.04
B =-0.16 £ 0.04; p = 0.009
B =0.15+0.01; p = 0.01
B =-0.11 £ 0.06; p = 0.07
0.074
42x10™*
SDQ total score (B + SE; p-value)

€g23166710
€g26153364
Maternal BMI (V1)
Gestational age
Model R square
Model p value

€g04932878 0.20 £ 0.97; p = 0.001
€g16525738 -0.14 £ 0.17; p = 0.01
€g23166710 —0.12 £ 0.35; p = 0.04

Maternal age

Maternal BMI (V1)

Glucose levels 2h post-OGTT
Model R square 0.142
Model p value 28 x 1077

SE, standard error; DNAm, DNA methylation; NEGR1, neuronal growth
regulator 1; BMI-z, z-score body mass index; SDQ, Strengths and
Difficulties Questionnaire; OGTT, oral glycaemic tolerance test; GWG,
gestational weight gain

-0.13 £ 0.06; p = 0.02
0.11 + 0.05; p = 0.06
020 + 0.19; p = 48 x 107*

B = 0.20 + 0.97, p = 0.001; cgl6525738, p = —0.14 +
0.17, p = 0.01; cg23166710, p = —0.12 £ 0.35, p = 0.04),
along with maternal age (f = -0.13 + 0.06, p = 0.02),
BMI at 1% trimester (§ = —0.11 + 0.05, p = 0.06) and
glucose levels 2 h post-OGTT (f = 0.20 + 0.19,
p = 49 x 107%. Together, maternal factors and
DNAm explained 14.2% of SDQ total score variance
(p=28x 1077) and these associations remained sig-
nificant after adjustments for child gestational age at
birth, sex and age at the follow-up (Table 5). Hence,
placental DNAm and maternal metabolic factors dur-
ing pregnancy were independently associated with
BMI-z and SDQ total score at preschool age. Finally,
using multivariate linear regression models, we inves-
tigated associations between each maternal factor and
placental DNAm levels at the 4 CpGs identified (i.e.:
cg04932878, cgl6525738, cg23166710, cg26153364);
however, none of these associations were statistically
significant.

Discussion

According to the Developmental Origin of Health
and Disease (DOHaD) hypothesis, early life is
a crucial period of human development where
the risk for chronic diseases such as obesity or
neuropsychiatric disorders can be programmed.
In the current study, both maternal metabolic fac-
tors and placental DNAm at NEGRI were found to
be predictive of the anthropometric and neurode-
velopmental profiles at 3 years of age.

One specific CpG site (cg23166710) located
within NEGRI first intron was associated with
BMI-z, SDQ total score, as well as placental
NEGRI mRNA levels. Increased DNAm at this
locus actually correlated with lower NEGRI gene
expression in placenta, suggesting that NEGRI
epigenetic alterations are likely functional. We
hypothesize that methylation at c¢g23166710 may
also have a functional role in other foetal tissues.
As the NEGRI gene’s DNAm profile had never
been studied, we relied on previous genetic and
functional studies to interpret our results. In fact,
previous studies in animal models showed that
a decrease of NEGRI gene expression in the
hypothalamus was associated with weight gain,
possibly through an increase in food intake [20],
a finding that has also been supported by studies
in human adipose tissue and post-mortem
hypothalamus [21,22]. Moreover, NEGR1 down-
regulation in mice brains was reported to alter
the cortical organization and caused an ASD-
associated phenotype, emotional problems or
hyperactivity [18,30,31]. This suggests that this
gene’s role might extend to more than energy
balance and that it might as well have an influence
on neurobehavior. However, the results of these
animal studies are discordant with our findings



with DNAm at ¢g3166710, where higher placental
DNAm was associated with lower SDQ total score
(i.e., less neurobehavioral difficulties). Still, the
biological role of NEGRI remains poorly under-
stood and to our knowledge, no prior study has
examined NEGRI DNAm profile, nor its role in
the placenta, which could partly explain the dis-
crepancy with previous work.

The young age of the children in our sample
might also have affected our results since pre-
school children have a relatively poor concept of
their body sizes/shape, and so peer influences and
judgement of them may have a relatively little
emotional or behavioural impact [32,33]. This
fact could be responsible for partly protecting pre-
school children from reduced self-esteem and
increased behavioural difficulties observed in
older overweight and obese youth during child-
hood and adolescence [34-36]. Supporting this,
we failed to find the expected correlation between
BMI-z and neurodevelopmental difficulties as
measured by the SDQ in the Gen3G cohort at
preschool age. In fact, previous studies reporting
on associations between BMI and neurobehavioral
problems have mainly focused on prepubertal chil-
dren [34-36]. Although a few did include pre-
school children (3-5 years old), the associations
observed in these studies were small and often sex-
dependent [37,38].

We also report an association between maternal
metabolic status during pregnancy and child’s
anthropometry and neurodevelopment at 3 years
of age. Maternal BMI at 1*' trimester was associated
with both BMI-z at 3 years of age and SDQ total
score, while maternal hyperglycaemia was asso-
ciated with SDQ total score. In previous studies,
foetal exposure to hyperglycaemia has been linked
to neuropsychiatric morbidities such as ADHD and
ASD [39-41]. Our results suggest that maternal
hyperglycaemia might not only predict ADHD
and ASD, but also more common ‘milder’ emo-
tional and behavioural problems as well. Foetal
exposure to maternal metabolic stresses such as
obesity and maternal hyperglycaemia may affect
both fat accretion and neurodevelopment during
childhood; therefore, the identification of the mole-
cular mechanisms underlying these associations is
an emerging health priority. DNAm modifications
in offspring could be triggered by maternal

EPIGENETICS (&) 329

conditions during pregnancy causing an adverse
foetal environment. For example, our group
recently showed that maternal hyperglycaemia dur-
ing pregnancy is associated with placental DNAm
levels in genes related to adiposity and/or inflam-
mation including PRDMI16, BMP7, PPARGCI,
PDE4B, TNFRSF1B, and LDLR [13,42]. However,
no evidence of associations between maternal con-
ditions and placental DNAm profile at NEGRI
locus were observed in the current study.
Nevertheless, we found that maternal metabolic
factors were associated with child SDQ total score
and BMI-z still suggesting potential prenatal pro-
gramming: yet, if DNAm is involved in the
mechanisms linking maternal metabolic profile
during pregnancy and child neurodevelopment or
anthropometry, we should investigate CpG sites in
other epigenomic regions.

DNAm levels at the cg23166710 probe locus
were the most interesting of the NEGRI gene
locus as they predicted both BMI-z and SDQ
total score at 3 years old as well as being associated
with NEGRI mRNA levels. The genomic annota-
tion around these CpG sites shows two TFBS for
MAFF and MAFK, which are also in close vicinity
to a region of hypersensitivity to DNase I (open
chromatin actively transcribed). These small tran-
scription factors are produced in response to cel-
lular stress and depending on their dimerization
partners, can either activate or repress transcrip-
tional activity [43]. Interestingly, small MAF pro-
teins have been associated with growth retardation
and neuronal degeneration, and MAFK is
expressed in neurons during their development,
contributing to their growth [43,44]. Altogether,
our work highlights the potential regulatory role of
this CpG site (cg23166710) on NEGRI transcrip-
tional activity, which might have implications for
child neurodevelopment and growth.

Strengths and limitations

The longitudinal prospective follow-up of the
mother-child dyads from the first trimester of preg-
nancy to 3 years postpartum is a strength of the
current study, as was access to a large number of
placental biopsies. We applied a candidate-gene
approach to consider factors of child development
from the beginning of pregnancy to 3 years of age.
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However, this study has limitations. First, in this
representative cohort, we do not have clinically diag-
nosed medical condition, but only the SDQ score.
This may have interfered with our ability to detect
associations between adiposity and neurodevelop-
ment. Still, the SDQ is a brief, validated measure of
child emotional and behavioural problems widely
used in other cohorts. While a more in-depth method
of assessment might have been ideal, there are few, if
any methods capable of detecting clinically significant
psychopathology at 3 years of age. Moreover, a larger
sample size would have allowed to stratify our ana-
lyses by sex to assess for differences in childhood
anthropometry and neurodevelopment between
boys and girls, as epigenetic mechanisms are known
to be important in the sex differentiation of the
human brain, and placental adaptations to an adverse
environment are thought to be sexually dimorphic
[45,46]. Finally, the Gen3G cohort is mainly com-
posed of white Canadian families; hence, our results
may not be generalizable to other populations.

Conclusion

In this study, we identified placental DNAm epi-
variants at the NEGRI gene locus that are asso-
ciated with developmental markers in childhood,
particularly with anthropometric profile and neu-
rodevelopment assessed at 3 years of age. Greater
DNAm at cg23166710 located in the first intro of
NEGRI was associated with a higher BMI-z at 3
years old and, with fewer potential neurodevelop-
mental difficulties on a validated measure of emo-
tional and behavioural functioning. Furthermore,
higher DNAm at ¢g23166710 was associated with
transcriptional repression, supporting a regulatory
role in NEGRI gene expression. Maternal meta-
bolic health during pregnancy was also found to be
independently associated with child development,
although we did not identify the molecular
mechanisms behind these associations in the cur-
rent study. Overall, our results and those of exist-
ing studies emphasize the importance of further
studies aimed at understanding the role of NEGRI
in obesity and neurodevelopment, and how this
evolves over time. Further work is needed to estab-
lish the molecular links between these conditions,
as these would represent a major step towards

better health interventions and promotion for
mothers and their offspring.

Participants and methods
Gen3G: study population

Study participants were recruited from the Genetics
of Glucose regulation in Gestation and Growth
(Gen3G) cohort, prospective pregnancy, and birth
cohort based in the Eastern Townships area
(Québec, Canada). Details of the cohort have been
detailed elsewhere [47]. Healthy women were fol-
lowed from the first trimester of pregnancy (n =
1034) until delivery (n = 862). They were enrolled
by their physician between January 2010 and
June 2013 if they received prenatal care at the
Centre Hospitalier Universitaire de Sherbrooke
(CHUS) or in an affiliated health centre and planned
delivery at the CHUS. Women were eligible for this
study if they were older than 18 vyears, had
a singleton pregnancy and did not have pre-
gestational diabetes. For the current study, mother
and child pairs (n = 276) were selected if they had
maternal glycaemia and BMI measures during preg-
nancy, placental biopsies with DNAm data, and
were followed up when children were 3 years old
with complete SDQ data (Supplementary Figure 1).
Exclusionary criteria included severe pregnancy or
birth complications such as pre-eclampsia, insulin-
treated  gestational diabetes, or congenital
malformation(s). Our subsample of Gen3G off-
spring was overall very similar and representative
of the whole cohort. Written informed consent was
provided by study participants prior to enrolment in
accordance with the Declaration of Helsinki. All
study protocols were approved by the institutional
review board from the CHUS.

Follow-up during pregnancy

Data and biological samples were collected at the first
and second trimesters (V1 and V2, respectively) of
pregnancy, as well as at delivery. Medical history and
anthropometric data were collected at pregnancy visit
(V1 and V2) and extracted from hospital records at
delivery. Core maternal metabolic markers taken dur-
ing pregnancy were BMI at 1* trimester of pregnancy,
glucose levels 2 h post-OGTT, and GWG. Maternal



BMI at 1* trimester was computed in kilograms per
square metre (kg/mz) at the clinical visit. All women
performed a 75g OGTT between 24 and 30 gestational
weeks, according to the Canadian Diabetes
Association (CDA) recommendations at that time
[48]. GWG was calculated using weight before deliv-
ery (V3 - extracted from medical records) and weight
at 1% trimester of pregnancy (V3-V1). Child birth
weight was collected from medical records and
a z-score was calculated on WHOQO’s reference (WHO
Anthro software, version 3.2.2, January 2011).

Childhood follow-up

A total of 695 mother and child pairs were eligible for
the follow-up when children were 3 vyears old.
Families were all contacted by research staff, and
a total of 448 (64.5%) mother and child pairs con-
sented to the 3-year postpartum visit, where anthro-
pometric measures (e.g., weight, height) and medical
history were recorded (Supplementary Figure 1).
More precisely, weight was assessed with a numeric
balance while height was measured with a calibrated
stadiometer. Both measures were taken barefoot.
Child BMI-z was calculated using the WHO’s refer-
ence (WHO Anthro software). Neurodevelopment
was assessed using the Strength and Difficulties
Questionnaire (SDQ), which was completed by
mothers. Four participants had missing values for
the anthropometric measurements. Children with
a BMI-z (n = 1) and SDQ total score (n = 1) outside
of the third interquartile range (>3IQR) were
excluded from the analyses, as they were clear outliers
and we could not confirm that they were real values.
The SDQ is a brief emotional and behavioural screen-
ing questionnaire that assesses neurodevelopmental-
related difficulties in childhood. It is validated for
children between 2 and 17 years old in many lan-
guages, including French, is brief, reliable, and is
commonly used in research given its prediction of
clinically significant psychopathology [49-51]. The
SDQ version developed for preschool children from
2 to 4 years old was used. Its 25 questions assess
difficulties in 5 different developmental areas: emo-
tion, conduct, inattention/hyperactivity, peer relation-
ship difficulties and pro-social skills. The SDQ total
score is comprised of the sum of the scores on the first
four subscales and ranges from 0 to 40, with a score of
40 representing more difficulties. Children were
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classified as being ‘normal’, ‘borderline’ or ‘abnormal’
using the SDQ’s validated cut points (available at
www.sdqginfo.com). In school-aged children, studies
demonstrated a strong correlation between SDQ sub-
group and clinical diagnoses of neuropsychiatric con-
ditions [52,53].

Placental DNA and RNA extraction

Within minutes after delivery (all <30 min), a 1 cm’
placental sample was collected by well-trained
research staff following a highly standardized proce-
dure [47]. The biopsies were taken from the foetal side
of the placenta, approximately 5 cm from the umbili-
cal cord insertion. Samples were kept in RNA Later
(Qiagen) at —80°C as recommended by the manufac-
turer’s protocol. The AllPrep DNA/RNA/ProteinMini
Kit (Qiagen) was used to extract DNA and RNA from
placental samples. Double strands DNA concentra-
tions were assessed using Quant-iT™ PicoGreen™
dsDNA Assay Kit (Qiagen). RNA integrity number
(RIN) was assessed with Agilent 2100 Bioanalyser
RNA Nano Chips (Agilent Technologies) to deter-
mine RNA quality. Samples selected for RNA analysis
had a mean RIN of 8.3 £ 0.9.

DNA methylation quantification at NEGR7 gene
locus

The MethylationEPIC BeadChip (Illumina) was
used to quantify placental pangenomic DNAm
from Dbisulphite converted DNA (EpiTect
Bisulphite Kit, Qiagen). This beadchip covers
more than 850,000 single CpG on 99% of all
genes indexed in RefSeq. Briefly, in order to mini-
mize technical bias, samples were randomly ascer-
tained in different plates and chips. DNAm results
were normalized, adjusted for probes-type bias
and for sample plates. DNAm was measured for
479 samples; however, after rigorous quality con-
trol and removal of the 10 duplicates, 448 samples
remained available for analysis. During the probes
QC procedures, a total of 19,536 probes were
excluded because they were located on sex chro-
mosomes and 126,369 probes did not pass indivi-
dual site quality control for one of the following
reasons: nonsignificant detection for 5% or more
of the samples (p > 0.05), non-CpG probes, SNP-
associated probes with a minor allele frequency
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>5% or potential cross-hybridization probes pre-
viously identified [54]. Principal component ana-
lysis (PCA) was computed using ReFACTor to
correct for cell-type heterogeneity  [55].
The M-values (logit transformed p-values) were
used in the further analysis as they better fulfil
regression modelling assumptions, but all effects
reported in this paper were shown with the (-
values to help interpretation, as they range from
0 to 1 to approximate DNAm proportion from 0%
to 100% [56]. As this study is based on
a candidate-gene approach, we used the Illumina
MethylationEPIC manifest (downloaded at https://
support.illumina.com/array/array_Kkits/infinium-
methylationepic-beadchip-kit/downloads.html) to
identify CpG in the vicinity and within the
NEGRI gene locus. A total of 46 CpG sites were
identified; yet, only kept the CpG sites with mean
DNAm levels between 5% and 95% were selected
as they are more likely to have interindividual
functional variability. Hence, 30 CpGs, located in
chr1:72,087,712-72,964,136  (GRCh37 - hgl9
Genome Assembly), were included in our analysis.
DNAm outliers were evaluated based on inter-
quartile ranges (>3IQR).

DNAm data were extracted from analyzes per-
formed by our group in the context of a previous
study [13]. We applied the exact same normaliza-
tion (including correction for cellular heterogene-
ity) and quality-control (QC) procedures as in
[13]. We also applied principal component analy-
sis (PCA) to control for cellular heterogeneity,
which is a clear advantage of using array data
compared to targeted analysis strategies such as
pyrosequencing.

Placental NEGR1T mRNA levels

Placental NEGRI mRNA levels were quantified by
quantitative real-time PCR (qRT-PCR) (7500 Real-
Time PCR system; Thermo Fisher Scientific) from
a subset of 97 randomly selected biopsies with
DNAm data and SDQt. Total RNA was converted
in complementary DNA (cDNA) using the High
Capacity cDNA RT kit (Applied Biosystems). For
the real-time PCR, each sample was run in dupli-
cate with the Tagman® Fast Universal PCR Master
Mix (Applied Biosystems). Primers and Tagman
probes were obtained from Applied Biosystems

(NEGRI: Hs02387573_m1). The well-documented
stable reference gene for placental expression
experiment, the Tyrosine 3-Monooxygenase/
Tryptophan 5-Monooxygenase Activation Protein,
Zeta (YWHAZ: Hs01122445_g1) was amplified in
parallel for each sample [57]. The mRNA ratios of
YWHAZ/NEGRI were used for the analysis accord-
ing to the manufacturer’s recommendations. Three
samples were removed from the analysis as their
signal was undetectable and two samples with
>3IQR were removed.

Statistical analyses

First, Spearman correlations were used to assess
the link between SDQ total score and BMI-z at 3
years old, as they were the main outcomes in this
study. Next, stepwise linear regression models
including all 30 CpG sites were used to evaluate
if placental DNAm levels (m-values) at NEGRI
gene locus predicted children’s SDQ total score
or BMI-z. Both stepwise models were set at an
entry of p = 0.10 and exit of p = 0.15. For SDQ
total score, statistical analyses were adjusted for
gestational age at birth, child age at follow-up
and offspring sex. Only gestational age at birth
was included in the statistical models testing asso-
ciations with BMI-z, as z-score already takes into
account child sex and age at the follow-up. The
potential influence of cell-type heterogeneity was
adjusted using the first five principal components
obtained with ReFACTor as in a recent paper from
our group [13]. Associations between child BMI-z
or SDQ and maternal smoking during pregnancy
were not significant; therefore, it was not included
as a cofounding variable in the models.

Then, we assessed the association between
NEGRI placental DNAm and gene expression
using Spearman correlations. The association
between NEGRI gene expression and child out-
comes (i.e., BMI-z and SDQ total score) was also
tested, using linear regressions.

Next, multivariate linear regressions were used to
assess the association between maternal characteris-
tics and child outcomes. Again, analyses for SDQ
total score were adjusted for gestational age at birth,
child age at follow-up and offspring sex, while those
for BMI-z were adjusted only for gestational age at
birth. Then, maternal metabolic factors identified to
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be associated with BMI-z (i.e., maternal BMI at 1°*'
trimester) and SDQ total score (i.e., maternal age,
maternal BMI at 1*' trimester, glucose concentration
2 h post-OGTT, GWG) were combined to DNAm
levels at the CpGs associated with child outcomes
(BMI-z, ¢cg23166710 and cg26153364; SDQ total
score, cg04932878, cgl6525738, and cg23166710)
in two multivariate linear regression models to
assess their independent contribution to preschool
children’s phenotypes. Subsequently, two other lin-
ear regression models were used to adjust the pre-
vious ones for gestational age at birth (BMI-z) or
gestational age at birth, child sex, and age at
a follow-up (SDQ total score). Finally, multivariate
regression models were used to verify if maternal
health (i.e., maternal age, maternal BMI at 1** tri-
mester, glucose concentration 2 h post-OGTT,
GWG) could influence placental DNAm levels at
the identified CpG sites. Statistical significance was
set at p < 0.05. Analyses were realized using SPSS
Statistics software 25.0 (IBM Corp, USA).
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