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Gestational diabetes mellitus epigenetically
affects genes predominantly involved
in metabolic diseases
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Offspring exposed to gestational diabetes mellitus (GDM) have an increased risk for chronic diseases, and one promising
mechanism for fetal metabolic programming is epigenetics. Therefore, we postulated that GDM exposure impacts the
offspring’s methylome and used an epigenomic approach to explore this hypothesis. Placenta and cord blood samples
were obtained from 44 newborns, including 30 exposed to GDM. Women were recruited at first trimester of pregnancy
and followed until delivery. GDM was assessed after a 75-g oral glucose tolerance test at 24-28 weeks of pregnancy.
DNA methylation was measured at >485000 CpG sites (Infinium HumanMethylation450 BeadChips). Ingenuity Pathway
Analysis was conducted to identify metabolic pathways epigenetically affected by GDM. Our results showed that 3,271
and 3758 genes in placenta and cord blood, respectively, were potentially differentially methylated between samples
exposed or not to GDM (p-values down to 1 x 107%; none reached the genome-wide significance levels), with more than
25% (n = 1,029) being common to both tissues. Mean DNA methylation differences between groups were 5.7 + 3.2% and
3.4 + 1.9% for placenta and cord blood, respectively. These genes were likely involved in the metabolic diseases pathway
(up to 115 genes [11%)], p-values for pathways = 1.9 X 107" < P < 4.0 x 10-%; including diabetes mellitus P = 4.3 x 10™").
Among the differentially methylated genes, 326 in placenta and 117 in cord blood were also associated with newborn
weight. Our results therefore suggest that GDM has epigenetic effects on genes preferentially involved in the metabolic
diseases pathway, with consequences on fetal growth and development, and provide supportive evidence that DNA
methylation is involved in fetal metabolic programming.
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Introduction

11,12

type 2 diabetes

developing overweight/obesity later in life,*! insulin resistance/
and other cardiovascular disease risk fac-

In response to the increasing prevalence of obesity' and excess
gestational weight gain,” women are more likely to develop
pregnancy complications such as gestational diabetes melli-
tus (GDM).** As a consequence, GDM prevalence is increas-
ing along with increasing rates of obesity.’ The prevalence of
GDM ranges from 1% to 20%, depending on the population
studied and the diagnostic criteria used.® Epidemiological stud-
ies have shown that GDM is associated with several detrimen-
tal health consequences among offspring, such as an increased
risk of macrosomia or large-for-gestational-age at birth” and/or
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tors.”? These studies reporting a relationship between the exposi-
tion to an altered in utero condition (here GDM) and the risk
of developing metabolic disorders support the fetal program-
ming (Barker’s) and the Developmental Origins of Health and
Diseases (DOHaD) hypotheses.'“™ A better understanding of
the mechanisms through which GDM exposure translates into
the development of these diseases among offspring is urgently
needed in order to develop effective prenatal preventive strategies
and break the vicious circle that perpetuates obesity and type 2
diabetes across generations.
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Table 1. Maternal and newborn characteristics

Variables GDM (n =30) NGT (n=14)
n Mean = SD Range N Mean = SD Range
First trimester
Maternal age (years) 30 29.0+3.8 20.0-38.0 14 286+25 25.0-34.0
BMI (kg/m?) 30 256 +4.1 19.6-35.4 14 246 +3.1 20.2-28.6
Fasting glycemia (mmol/L) 30 4.42 £ 0.48 3.40-5.40 14 4.41+0.33 4.0-5.10
Fasting insulin (mU/L) 30 6.75 £3.95 1.70-16.70 14 6.48 + 3.09 3.30-13.50
Fasting cholesterol (mmol/L) 30 4.73+0.84 3.10-8.00 14 496 + 0.91 3.90-7.20
Fasting HDL-c (mmol/L) 30 1.62 +£0.32 1.25-2.31 14 1.65 £ 0.21 1.30-2.03
Fasting LDL-c (mmol/L) 30 248 +0.70 1.20-5.0 14 2.79 £0.89 1.60-5.10
Fasting triglycerides (mmol/L) 30 1.36 + 0.51 0.60-2.70 14 1.19 £ 0.45 0.70-2.10
Second trimester
2 h post OGTT (mmol/L) 30 8.42 + 0.59 ** 7.80-10.80 14 6.01 = 1.01 3.80-770
Third trimester
Total gestational weight gain (kg) # 25 8.6 +3.4 % 1.0-14.9 14 139+2.7 9.0-18.0
Newborn
Gestational age at birth (weeks) 30 39.2+ 1.5 36.1-41.6 14 391 +1.2 37.3-41.3
Birth weight (kg) 30 3.33+0.50 2.13-4.58 14 3.38+0.45 2.53-4.01

BMI, body mass index; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein; OGTT, oral glucose tolerance test. First trimester
refers to between weeks 11 and 14 of pregnancy; second trimester refers to between weeks 24 and 28 of pregnancy and third trimester refers to be-
tween weeks 36 and 37 of pregnancy. #Gestational weight gain between st and 3rd trimester. **P < 0.0001 (unpaired t-test).

Accumulating evidence suggests that maternal hyperglycemia
and/or resulting fetal hyperinsulinism epigenetically program a
predisposition for offspring to develop obesity and type 2 diabe-

tes later in life.'

Epigenetic marks can be subjected to reprogram-
ming in response to both stochastic and environmental stimuli
such as the in utero environment.” In addition, a large number of
epigenetic marks are relatively stable over time,'® suggesting that
those acquired early in life may have a long-lasting impact on
future health. In this respect, we previously showed that mater-
nal hyperglycemia is associated with placental DNA methylation
adaprations at the LEP" and ADIPOQ® genes. Similarly, a recent
study reported that DNA methylation levels at the maternally
imprinted MEST gene were significantly lower in placenta and
cord blood tissues exposed to GDM than in those not exposed
to GDM.? Furthermore, morbidly obese adults had a decreased
blood MEST methylation compared with normal-weight adults.?!
Taken together, these findings suggest that maternal glucose
metabolism dysregulation affects DNA methylation at genes
involved in energy and glucose metabolism (LEP and ADIPOQ),
and fetal and placental growth, somatic differentiation and neu-
robiological and behavioral functions (MEST), which may con-
tribute to the development of obesity.

Accordingly, we hypothesized that DNA methylation levels at
a number of additional genes were also affected by an exposure
to GDM. As proposed by the fetal programming and DOHaD
hypotheses, these genes will likely be involved in metabolic path-
ways related to obesity and type 2 diabetes development. Previous
studies have relied on a candidate gene approach to identify genes
epigenetically affected by GDM exposure. In the current study,
a genome-wide approach was used for the first time to examine
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DNA methylation profile differences in placenta and cord blood
samples exposed or not to GDM. The primary objective was to
identify additional genes and their biological pathways showing
epigenetic dysregulation in response to GDM. The secondary
objective was to examine whether the differentially methylated
genes identified were correlated with birth weight, which is an
index of fetal growth and development.

Results

Maternal and newborn characteristics of the 44 mother-newborn
pairs are shown in Table 1. On average, women were slightly
overweight at first trimester of pregnancy but were all metaboli-
cally healthy. No difference between groups in glucose and lipid
profile at first trimester of pregnancy was observed. As expected,
the GDM group had higher 2 h post-oral glucose tolerance test
(OGTT) glucose levels and, on average, gained less weight dur-
ing pregnancy than the non-GDM group.

DNA methylation analyses. The statistical analyses were
restricted to autosomal epialleles, which represent 231818 and
117321 loci in placenta and cord blood respectively (Fig. 1).
Placenta samples showed significantly more DNA methylation
variability than cord blood samples (x* = 58663, P < 0.0001).
The best P values obtained were 1.61 x 10-° and 2.0 x 10
for placenta and cord blood analyses, respectively (Table SI).
Using an intended relaxed criterion in accordance with the study
design and the applied converging analytical strategy (P < 0.05),
8657 loci in the placenta and 7855 in cord blood were potentially
differentially methylated between the GDM and non-GDM
groups. These loci were distributed over 3271 and 3757 genes,
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Selection criteria:
Autosomal chromosomes
Mean DNA methylation 10%-90%
Standard deviation >3%
Placenta Cord blood
Nloci=231,818 Nloci=117,321
N genes=18,176 N genes=16,553
I Differentially methylated genesin response to GDM exposure |
P-value <0.05 P-value <0.05
Correlation with N loci=8,657 Common genes N loci= 7,855 Correlation with
newborn weight N genes=3,271 E N=1,029 € N genes=3,757 | Y newbornweight
/ 4 2 \
N loci=639 | P-value <0.01 | | P-value<0.01 | N loci=170
N genes=326 ‘L l, N genes=117
| v l
| Ingenuity Pathway Analyses |
| Promising genes and common disease and disorder pathways |

exposure.

Figure 1. Overview of the analytical strategy used to identify genes and metabolic pathways showing epigenetic dysregulation in response to GDM

respectively (Fig. 1). The mean DNA methylation difference
between the groups was 5.7 + 3.2% for placenta genes, with 95%
of them showing a mean difference = 2% and 75% a mean dif-
ference = 3%. Cord blood genes had a mean DNA methylation
difference of 3.4 + 1.9%, with 93% of them showing a mean
difference > 2% and 53% a mean difference > 3%. The best
hits (best p-values) in the placenta and cord blood were respec-
tively DPP6 (dipeptidyl-peptidase 6) (AB-value = 13.0%, P = 1.0
x 107%) and S7TC2 (stanniocalcin 2) (AB-value = 7.4%, P = 1.0 x
10-%). However, VIPRI (vasoactive intestinal peptide receptor 1)
in placenta (AB-value = 5.6%, P = 7.4 x 10~) and TRIBI (trib-
bles homolog 1) in cord blood (AB-value = 5.3%, P=2.0 x 10-%)
were identified as the most promising obesity and type 2 diabetes
candidate genes among the top 5 differentially methylated genes
(Table S1). When comparing placenta and cord blood results,
we found that more than 25% (n = 1,029) of the differentially
methylated genes (at 2 < 0.05) affected by GDM were common
to both tissues (Fig. 1).

Common disease and disorder pathways affected by GDM.
The top genes (P < 0.01) with potential DNA methylation differ-
ences between placenta and cord blood samples exposed or not to
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GDM were selected to conduct pathway analyses. A mean DNA
methylation difference of 7.3 + 3.8% was observed for placenta
genes, with 99.5% of them showing a mean difference > 2% and
90% a mean difference = 3%. Cord blood genes had a mean
DNA methylation difference of 4.1 + 2.1%, with 99.5% of them
showing a mean difference = 2% and 79% a mean difference =
3%. The three top pathways emerging from Ingenuity pathway
analyses (IPA) of the placenta were: (1) cardiovascular diseases
(91 genes, p-values for pathway = 3.3 x 10" < P < 4.4 x 10-%),
(2) metabolic diseases (88 genes, 9.8 x 107 < P < 4.37 x 10°%)
and (3) psychological disorders (72 genes, 2.5 x 107 < P < 4.2
x 107%) (Figs. 2 and 3; Table S2). The top pathways identified
in the cord blood were: (1) gastro-intestinal diseases (94 genes,
1.1 x 1077 < P < 4.1 x 10%), (2) metabolic diseases (70 genes,
1.1 x 1077 < P < 4.1 x 10") and (3) endocrine system disorders
(64 genes, 1.1 x 1077 < P < 4.6 x 10-%) (Figs. 2 and 3; Table
S2). Finally, when we restricted the analysis to the differentially
methylated genes common to both tissues, IPA identified immu-
nological diseases (134 genes, 1.4 x 10 < P < 4.4 x 107%) in
addition to the previously identified pathways of metabolic dis-
eases (115 genes, 1.9 x 107 < P < 4.00 x 10-%) and endocrine
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Cord Blood

Both tissues
N n=758

n=1,029

Placenta
n=781

1-Cardiovascular diseases
#91, p-values=3.258-07.4 37803

1-Gastrointestinal diseases
#94, p-values=1.14507.4 14803

1-Immunological diseases
#134, p-values=1.445"3.4 36503 '

"“ 2- Metabolic diseases
#70, p-values=1.148-97.4 14803

2-Metabolic diseases
#88, p-values=9.755-06.4 37503

2- Metabolic diseases
#115, p-values=1.89-13.3 99E-03

3- Endocrine system disorders
#64, p-values=1.145-7.4 5003

3- Endocrine system disorders  /

3-Pschycological disorders )
#104, p-values=1.895-13.3 99E-03/

#72, p-values=2 475054 18803

Figure 2. Ingenuity pathway analysis: top-ranked common disease and disorder pathways that were
epigenetically affected by gestational diabetes mellitus. Top-ranked common disease and disorder
pathways to which belonged differentially methylated genes in placenta (P < 0.01, n = 781), cord

care programs aiming at preventing
maternal hyperglycemia and eventually
the associated epigenetic modifications
that may determine the future health of
the child.

Interestingly, we found that more
than 25% of the differentially methyl-
ated genes were common to both pla-
centa and cord blood. Whether these
epigenetic marks reflect biological
phenomena occurring in other tissues
remains to be determined. At this time,
it is still unclear in what proportion the
DNA methylation profile correlates

pathway.

blood (P < 0.01, n = 758) and both tissues (P < 0.05, n = 1029). #, number of genes involved in each

between different cell types. However,
experimental work with rats suggests

system disorders (104 genes, 1.9 x 107" < P < 4.00 x 10-%) (Figs.
2 and 3; Table S2).

Correlations between DNA methylation levels and newborn
weight. Among the first set of potentially differentially methyl-
ated genes identified (at P < 0.05), 10% in the placenta (326 out
of 3271) and 3% in cord blood (117 out of 3757) were also cor-
related with newborn weight (P < 0.05; r > 0.297 for placenta;
r > 0.312 for cord blood) (Fig. 1). The mean DNA methylation
difference was of 6.5 + 3.3% for these placenta genes and 3.6 +
2.7% for cord blood genes.

Discussion

To the best of our knowledge, this is the first study reporting
the impact of GDM exposure on offspring DNA methylation
levels across the genome using the 450K platform. Our pri-
mary goal was to better understand the impact of GDM at the
epigenome-wide level by identifying genes and their pathways
epigenetically affected by GDM. Our secondary goal was to
examine whether the differentially methylated genes identified
were correlated with birth weight. The most important finding
of this study is that GDM epigenetically affects genes that are
predominantly involved in metabolic diseases pathway (includ-
ing glucose-related disorders), in line with the hypothesis that
GDM exposure increases the risk of metabolic disorders through
epigenetic modifications. Furthermore, several of the potentially
differentially methylated genes identified were also correlated
with newborn weight. Importantly, these results were obtained
in the context of mild maternal hyperglycemia. Indeed, although
women included in this study were diagnosed with GDM based
on the World Health Organization (WHO) criteria,** only two
fulfilled the Canadian Diabetes Association more severe criteria
for GDM diagnosis. Our results therefore suggest that even a
slight deterjoration in the in utero environment, reflected here
by a modest hyperglycemia, may induce epigenetic adaptations
that have the potential to influence the long-term risk for obesity
and type 2 diabetes in the offspring. Our findings emphasize the
need to develop better preconception and eatly pregnancy health

938 Epigenetics

that methylation changes induced by
the maternal diet can be similar in
cord blood and liver.”” Recently, data on humans showed that
DNA methylation appears to be independent of tissue of origin
for some genomic regions, especially those containing imprinted

24,25

genes or metastable epialleles,”®* whereas other regions have a

clear tissue-specific dependence.”?® These results therefore sug-
gest that DNA methylation marks affected by in utero challenges
may correlate, at least partially, between different cell types.
Importantly, these epigenetic marks acquired early in life may
have a long-lasting impact on future health, as reported by a
recent study showing that some epigenetic marks in buccal cells
were stable from birth to 1y of age.” Furthermore, studies have
shown that cord blood methylation levels were associated with
obesity-related phenotypes in childhood;?”?* these results suggest
that epigenetic marks might reflect biological phenomena occur-
ring in other tissues involved in growth and energy metabolism,
such as the adipose tissue or the hypothalamus.

Common diseases and disorders pathway analyses were per-
formed to determine the overall biological relevance of the iden-
tified differentially methylated genes in placenta or cord blood.
More than 75% of the genes selected to conduct these analy-
ses had a mean DNA methylation difference = 3%, which is
expected to be of biological significance. Indeed, a difference in
methylation levels of 3.4% at the 79 DMR gene at birth pre-
dicted overweight/obesity in children at one y of age.”” Pathway
analyses revealed that those genes were related to cardiovascular,
gastrointestinal and metabolic diseases, to mention only a few.
The metabolic diseases pathway (including glucose metabolism-
related disorders) was the most promising as it was among the
two top-ranked pathways in both placenta and cord blood, as
well as among the differentially methylated genes common to
both tissues.

As suggested by the pathway analysis results, a number of
the identified epivariations affect glucose metabolism candidate
genes. Among them, VIPRI in placenta and 7RIBI in cord blood
are very promising candidate genes. VIPRI encodes a receptor
for vasoactive intestinal peptides (VIP). VIP stimulate insulin
secretion in a glucose-dependent manner as well as glucagon
secretion.®® Viprl knockout mice have been generated; they show
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Figure 3. Ingenuity pathway analysis: top-ranked diseases and disorders associated to each of the common disease and disorder pathways epige-
netically affected by gestational diabetes mellitus. Light gray bars, Ingenuity Pathway Analysis (IPA) results obtained with differentially methylated
genes in placenta (P < 0.01, n = 781); black bars, IPA results obtained with differentially methylated genes in cord blood (P < 0.01, n = 758); gray bars,
IPA results obtained with differentially methylated genes that were common to both tissues (P < 0.05, n = 1029). n, number of genes involved in each

growth retardation, increased metabolic rate, increased insulin
sensitivity and a reduced body fat mass, suggesting that VIPRI
plays a role in energy metabolism, lipid metabolism and regu-
lation of body weight.® VIPRI is also expressed in cells of the
immune system, and it has been shown to play a role in con-
trolling inflammation,” a central feature of obesity and type 2
diabetes. Animal studies reported that the administration of a
VIPR1 agonist ameliorated streptozotocin-induced type 1 diabe-
tes (by increasing the insulin-secreting activity of islets) and pro-
tected mice against oxidative stress and inflammation associated
with diabetes.?? Tribbles-1 (7RIBI) is a novel gene that appears
to be particularly important for the regulation of the lipid/
energy homeostasis. Several genome-wide association studies
have reported an association between 7R/BI SNPs and plasma
lipid concentrations (triglycerides, HDL-c and cholesterol).**-
In mice, TRIBI gene deficiency has been associated with an
impaired cytokine expression in white adipocytes and resistance
to high-fat diet-induced obesity.”

We also examined whether the differentially methylated genes
identified in our study were correlated with newborn weight.
We found a correlation between DNA methylation levels and
newborn weight for only 10% and 3% of the genes significantly
affected by GDM exposure in placenta and cord blood respec-
tively. These genes showed a mean DNA methylation differ-
ence of 6.5 £ 3.3% (placenta genes) and 3.6 = 2.7% (cord blood
genes), which is again expected to be of biological significance.”
Among the differentially methylated genes that were the most
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significantly correlated with newborn weight (P < 0.01), Msh
homeobox 1(MSXI) was the only one which was previously
found to be associated with birth weight or fetal growth? (Table
S83). It is worth noting that GDM-induced DNA methylation
changes will very likely affect the infants’ risk of developing obe-
sity and type 2 diabetes later in life without affecting their birth
weight. Supporting this hypothesis, two recent studies found
strong associations between cord blood DNA methylation levels
and obesity-related phenotypes measured at age 9 y, whereas cord
blood DNA methylation levels at the same genes were not associ-
ated with newborn weight.?”*® These findings suggest that some
of the epipolymorphisms observed may have a modest effect on
fetal growth, but may have a more pronounced effect on the phe-
notype during postnatal and childhood development and lifelong
development of metabolic disorders.

We found that a number of genes were potentially epigeneti-
cally affected by GDM exposure in the placenta and cord blood.
However, we cannot exclude the possibility that other factors
may have influenced the observed changes in the DNA methyla-
tion pattern. Women in the GDM group gained less weight than
those in the non-GDM group throughout pregnancy, reflecting
the clinical management by a dietary approach. It is therefore
likely that some of the associations observed between DNA meth-
ylation levels and GDM were influenced by gestational weight
gain (GWG). This possibility was verified but, given the small
sample size and the exclusion of five women in the GDM group
for whom GWG was missing, these analyses were performed only
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on the most significant loci (2 < 0.001, Table S1). The results
suggest that GWG contributed only modestly to these associa-
tions as only 16% and 10% of the associations in the placenta
and cord blood respectively were lost after adjusting for GWG.
Our results may also have been influenced by the treatment the
GDM mothers received (diet vs. diet + insulin). However, due
to the small sample size, we were unable to test this hypothesis.
Nevertheless, no DNA methylation difference between the diet
(n = 88) and diet+insulin (n = 98) treatment groups was found in
the El Hajj et al. study.” This also suggests that GDM treatments
have only a marginal effect on the DNA methylation profile,
although it does not exclude that other loci might be affected. In
the current study, we also report that some differentially methyl-
ated genes between placenta and cord blood exposed or not to
GDM were correlated with newborn weight (after adjustment for
newborn gestational age and sex). Other factors are known to
be associated with newborn weight, such as maternal BMI* and
GWG.* However, the correlations remained largely unchanged
after further adjustments for these factors.

Our study has a number of strengths. Among them, the lon-
gitudinal follow-up of the women is critical. It allows first to
correctly identify women who developed GDM, avoiding mis-
classification of those who may have undiagnosed diabetes before
pregnancy; second, to more precisely match groups; and third,
to take into account the metabolic changes throughout preg-
nancy (potential confounding factors). Furthermore, this study
was conducted in a homogeneous population from European
descent, which is a strength in genetic and epigenetic studies,
although the results might not be applicable to other populations
and should therefore be validated. Also, because of the needed
extensive clinical follow-up of women throughout pregnancy and
the cost of such an epigenome-wide study, it has not been possible
to increase the number of samples analyzed. The resulting lim-
ited statistical power precluded making any strong conclusions at
the individual gene level. It should also be noted that there are
limitations associated with the use of pathway analysis software,
such as IPA. These tools have been designed for general extrac-
tion of information from biological texts. However, this “text-
mining” approach is limited by the robustness of its algorithm,
with the possibility of generating inaccurate information. Lastly,
it is difficult to exclude the possibility that minor differences in
cell counts may exist between placenta and cord blood samples
exposed or not to GDM. Unfortunately, cell counts were not
available in the current study. However, Talens et al.”! previously
reported that the majority of inter-individual variation in DNA
methylation is not affected (or only marginally) by cellular com-
position. Consequently, and because many loci were identified in
both placenta and cord blood, it is unlikely that differences in cell
composition had large effects on the current results. Despite these
limitations, the study design and proposed analytical strategy as
well as the converging results between placenta and cord blood
tissues all contribute to increase our confidence in the results.
Furthermore, this study remains the larger ever performed on
this topic, and recruitment is still ongoing. This will allow us
eventually to confirm and validate these results, as well as inves-
tigate their functional impact on gene expression. Indeed, neither
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gene expression nor evidence of chromatin structure changes was
investigated in the current study. These research angles will be
pursued in follow-up studies.

In summary, this is the first epigenome-wide study investigat-
ing the effects of GDM on the newborn epigenome and whether
fetal growth and development might be affected by these epigen-
etic adaptations. Our results suggest that GDM has epigenetic
effects at genes that are preferentially involved in metabolic dis-
eases, including diabetes, probably through both B-cell function
and energy/adiposity regulation. In addition, we showed that
some of the GDM-exposed dysregulated genes are also involved
in fetal growth and development, which may explain, at least par-
tially, the well-known association between GDM and macroso-
mia. Our data therefore provide supportive evidence that DNA
methylation is involved in fetal metabolic programming.

Materials and Methods

Women with a singleton pregnancy were recruited in the
Saguenay area from a founder population of French-Canadian
origin (self-reported). They were all followed from Ist trimester
of pregnancy to delivery, with three visits (12-14 weeks, 24-28
weeks and 36-37 weeks of gestation) at the research center.
Women were excluded from the study if they were 240 y old,
had pre-gestational diabetes or other disorders known to affect
glucose metabolism (polycystic ovarian syndrome, uncontrolled
thyroid disorders and renal insufficiency), or a positive history
of alcohol and/or drug abuse during the current pregnancy. The
Chicoutimi Hospital Ethics Committee approved the project. All
women provided written informed consent before their inclusion
in the study, in accordance with the Declaration of Helsinki.

At each visit, anthropometric variables were measured using

standardized procedures,*

and blood samples were collected
after a 12 h fast. Blood glucose, insulin and lipid measurements
were made on fresh serum samples at the Chicoutimi Hospital
Clinical Laboratory. Plasma glucose, cholesterol and triglyceride
levels were evaluated using a Beckman analyzer (model CX7;
Beckman), and insulin measurements were performed using a
radioimmunoassay method (Advia Centaur; Simens). Glucose
tolerance was assessed using a 75-g OGTT performed at 24-28
weeks of gestation. Women with a 2 h post: OGTT glucose level
> 7.8 mmol/L were classified as having GDM based on the 1999
WHO criteria*? and were treated with diet only or with diet and
insulin to achieve glycemic control based on clinical guidelines.
Clinical information about the newborn was collected at birth
from medical files and included gestational age, weight, length
and sex of the newborn.

This study included 44 women. Thirty women classified as
having GDM?* (16 treated with diet only and 14 with diet and
insulin) were available in our cohort and were therefore selected.
Among the remaining cohort, 14 NGT women were randomly
selected to avoid differences between groups in glucose and lipid
profile at first trimester of pregnancy.

Placenta and cord blood sampling. Placenta and cord blood
samples were taken within minutes of delivery (on average <15
min) and kept in RNALater (Qiagen) at -80 °C until nucleic
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acid extraction. Placenta biopsies were collected from the fetal
side, consisting of the intervillous tissues and chorionic villi.
Placenta samples were available for 44 subjects and cord blood
samples for 40 of the same newborns. There was no significant
difference between maternal and newborn characteristics for
cord blood and placenta BeadChips analyses, although 4 samples
were missing in the former data set.

DNA methylation analyses. DNA was purified from pla-
centa biopsies using the All Prep DNA/RNA/Protein Mini
Kit (Qiagen) and from cord-blood samples using the Gentra
Puregen Cell Kit (Qiagen). The methylation levels of > 485000
individual cytosines across the genome were measured using the
Infinium HumanMethylation450 BeadChips (Illumina, Inc.).
This microarray uses multiplex genotyping assays on bisulfite
treated genomic DNA. Briefly, for each CpG site to be interro-
gated, a probe specific to each “allele” (methylated vs. unmethyl-
ated cytosines) is designed. Then, a single-base extension of the
probes incorporates a labeled ddNTP. The level of methylation
for each locus is determined by calculating the ratio of the fluo-
rescent signals from the methylated (cytosine) vs. unmethylated
(uracil) sites. Each probe signal is then used to compute a B
value (), which is a quantitative measure of DNA methylation
ranging from 0 (no cytosine methylation) to 1 (complete cyto-
sine methylation). Quality controls were conducted according
to the manufacturer’s recommendations. The quality control
steps included: DNP and Biotin staining, bisulfite conversion
(Fig. S1), extension, hybridization, target removal, negative and
non-polymorphic controls. The whole-genome DNA meth-
ylation analyses were performed at the McGill University and
Genome Quebec Innovation Center.

Differential DNA methylation analyses were performed
using the R software (version 2.12) and bioconductor pack-
ages (version 2.10). To identify differentially methylated
CpG sites between samples exposed or not to GDM, the dif-
ference in mean methylation levels between the two groups
was analyzed using an unpaired Wilcoxon test. Although the
HumanMethylation450 BeadChip array accuracy has already
been confirmed,” 16 CpG dinucleotides in placenta and 3 in
cord blood samples were validated using bisulfite DNA pyrose-
quencing. These CpGs were selected for validation in the con-
text of this and ongoing follow-up studies. DNA methylation
levels obtained with both methods were highly correlated (r 2
0.88; P < 0.001, Table S4), supporting an appropriate overall
efficiency, sensitivity, and specificity without remarkable devia-
tions from the optimal performance.

BeadChips and statistical analysis: the applied strategy. It
was anticipated that the sample size might be at limit to achieve
the requested statistical power for such a genome-wide analysis
(false discovery rate [FDR] or Bonferroni) if aiming to identify
individual loci. Accordingly, post-hoc power analysis revealed a
31% power (with an a = 0.05, two-sided). We therefore decided
to focus our attention on pathway analyses to reduce the chance
of false positives. The following analytical strategy based on con-
verging results obtained from placenta and cord blood analyses
(same newborns) was planned to circumvent this potential limi-
tation. The supportive idea is that converging results will be more
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likely to be true positives and will thus increase the confidence
in the results.

First, placenta and cord blood tissues from the same new-
born were analyzed, thus increasing the effective sample size that
was at first limited. Second, the converging analytical strategy
was also applied to a step-by-step statistical approach. We first
excluded the following loci from the statistical analyses: (1) loci
on sex chromosomes (X and Y; highly complex due to differences
between males and females and X-inactivation by DNA methyla-
tion in women); (2) loci with a B-value (% DNA methylation) <
0.10 and > 0.90, considered unmethylated and fully methylated
respectively in either the GDM or non-GDM group; and (3) loci
with low variability (standard deviation [SD] < 3%) in either the
GDM or non-GDM group. Therefore, the number of statistical
tests was reduced by limiting the analysis to autosomal epialleles
(alleles on non-sex chromosomes that are variably methylated,
despite similar DNA sequences, because of epigenetic modifi-
cations established during early development that are thought
to be particularly vulnerable to environmental influences). An
unpaired Wilcoxon test was then used to identify loci showing
DNA methylation differences between placenta and cord blood
samples exposed or not to GDM. The significance level was set
to P < 0.05 (intended relaxed criteria in accordance with the
study design and the applied converging analytical strategy) to
identify a first set of differentially methylated genes. This first
set was used to evaluate the potential overall effects GDM may
have had on the newborn epigenetic profile and the extent to
which common genes were differentially methylated between
placenta and cord blood. Further analyses were performed to test
whether DNA methylation levels of these genes were correlated
with the newborn birth weight. Indeed, birth weight is a phe-
notype considered to integrate the impact of the fetal environ-
ment, is strongly influenced by maternal glycemia, and has been
associated with a risk of adult chronic diseases at both end of
the spectrum. Pearson’s correlation coefficients were calculated.
Correlation analyses were adjusted for newborn gestational age
and sex.

Pathway analysis helps to add structure to the very large
amount of data generated by microarrays. This type of analy-
sis allows determining whether differentially methylated genes
belong to predefined networks more than by chance alone. Gene
ontology enrichment was performed using the Ingenuity Pathway
Analysis (IPA) software (Ingenuity System). IPA compares a pro-
vided list of genes (differentially methylated genes in this case) to
a reference list of genes included in various biological pathways.
It provides a P value based on a hypergeometric test identifying
over-represented gene ontology categories.

Three consecutive IPA were performed. The first two analyses
included placenta or cord blood genes showing DNA methyla-
tion differences between the GDM and non-GDM groups at P <
0.01. A more stringent gene selection criterion was used (2 < 0.01
instead of P < 0.05) to prevent over-representing genes that were
modestly differentially methylated. The third analysis included
differentially methylated genes that were common to both tis-
sues. A less stringent P value (P < 0.05) was used to select com-
mon genes because a selective criterion (i.e., shared epigenetic
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signature across the two tissues) had already been applied before
this analysis. To identify the most promising GDM-affected com-
mon disease and disorder pathways, we concentrated on the three
top-ranked pathways as well as the three top-ranked diseases and
disorders associated to each pathway.

Unpaired Student t-tests were used to assess the statistical dif-
ferences in maternal and newborn characteristics between the
GDM and non-GDM groups. Variables not normally distributed
(first trimester fasting cholesterol and LDL-c levels, and second
trimester 2 h post OGTT glucose levels) were log-transformed.
Significance level was set at P < 0.05 (two-sided). Statistical analy-
ses were performed using the SAS software (version 9.1.3).
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