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Epigenome-Wide Association
Study Reveals Methylation Loci
Associated With Offspring
Gestational Diabetes Mellitus
Exposure and Maternal
Methylome

Diabetes Care 2021,44:1992-1999 | https://doi.org/10.2337/dc20-2960

OBJECTIVE

Gestational diabetes mellitus (GDM) is associated with an increased risk of
obesity and insulin resistance in offspring later in life, which might be explained
by epigenetic changes in response to maternal hyperglycemic exposure.

RESEARCH DESIGN AND METHODS

We explored the association between GDM exposure and maternal blood and
newborn cord blood methylation in 536 mother-offspring pairs from the prospec-
tive FinnGeDi cohort using Illlumina MethylationEPIC 850K BeadChip arrays. We
assessed two hypotheses. First, we tested for shared maternal and offspring epi-
genetic effects resulting from GDM exposure. Second, we tested whether GDM
exposure and maternal methylation had an epigenetic effect on the offspring.

RESULTS

We did not find any epigenetic marks (differentially methylated CpG probes) with
shared and consistent effects between mothers and offspring. After including ma-
ternal methylation in the model, we identified a single significant (false discovery
rate 1.38 x 1072) CpG at the cg22790973 probe (TFCP2) associated with GDM.
We identified seven additional FDR-significant interactions of maternal methyla-
tion and GDM status, with the strongest association at the same cg22790973
probe (7TFCP2), as well as cg03456133, cg24440941 (H3C6), cg20002843
(LOC127841), cg19107264, and cg11493553 located within the UBE3C gene and
¢g17065901 in FAM13A, both susceptibility genes for type 2 diabetes and BMI,
and ¢cg23355087 within the DLGAP2 gene, known to be involved in insulin resis-
tance during pregnancy.

CONCLUSIONS

Our study reveals the potential complexity of the epigenetic transmission be-
tween mothers with GDM and their offspring, likely determined by not only GDM
exposure but also other factors indicated by maternal epigenetic status, such as
maternal metabolic history.

Gestational diabetes mellitus (GDM) is a condition in which hyperglycemia develops
during pregnancy. GDM is one of the most common metabolic complications,
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affecting 8-25% of pregnancies, and
prevalence rates show considerable var-
iation among countries depending on
the test strategies used (1). Observa-
tional studies support evidence that
GDM is associated with an increased fu-
ture offspring risk of obesity and insulin
resistance, key risk factors in type 2 dia-
betes and other cardiometabolic dis-
eases in adulthood (2-4), suggesting
that hyperglycemia exposure in utero
has a direct adverse impact on off-
spring. There is also evidence for a ge-
netic basis of GDM, with a history of
diabetes in either parent increasing the
risk of GDM at least twofold (5) and
identified shared genetic risk variants
that confer risk of both GDM and type
2 diabetes (6). Epigenetic mechanisms
likely contribute to GDM, because evi-
dence suggests that risks factors arise
from prenatal exposure to a diabetic in-
trauterine environment (5,7). Targeted
and candidate gene approaches have
found several differentially methylated
positions (DMPs) in leukocytes associat-
ed with offspring GDM exposure (8).
However, recent technological advances
have allowed for a more systematic and
genome-wide approach to the identifi-
cation of novel methylation loci. Indeed,
studies have identified several DMPs as-
sociated with GDM (9-11). The most re-
cent epigenome-wide association study
(EWAS) was a meta-analysis of cord
blood DNA methylation from six birth
cohorts, from nine countries, including
a total of 3,677 newborn offspring, of
whom 317 were exposed to GDM. De-
spite the relatively large meta-analysis
sample size, the authors did not ob-
serve any individual cord blood CpG
probes associated with GDM exposure
using the false discovery rate (FDR) for
testing significance (12). Here, we used
the FinnGeDi (Finnish Gestational Diabe-
tes) study cohort of 298 mother-off-
spring pairs with GDM and 238 without,
all with maternal blood and cord blood
samples (13), to investigate whether
epigenetic changes occur in response to
GDM exposure during pregnancy, both
in mothers and their offspring. Specifically,

we tested two hypotheses: whether expo-
sure to GDM is associated with 1) epige-
netic changes shared by mother-offspring
pairs and 2) specific epigenetic changes in
the offspring.

RESEARCH DESIGN AND METHODS

Cohort

We designed a case-control study as
part of the FinnGeDi prospective multi-
center case-control cohort, including a
total of 1,072 participants (536 mother-
offspring pairs), of whom 298 (55.6%)
had GDM during pregnancy. As de-
scribed in detail (13), women with GDM
were recruited from delivery units
when arriving to give birth, and the
next woman without GDM was re-
cruited as a control. Maternal venous
blood and offspring cord blood samples
were collected during delivery. Exclusion
criteria were multifetal births, prepreg-
nancy diabetes, and smoking during
pregnancy. GDM was diagnosed follow-
ing the Finnish Current Care Guideline
(14), which is modified from the criteria
of the International Association of the
Diabetes and Pregnancy Study Groups.
The Finnish guideline recommends the
oral glucose tolerance test, with an oral
dose of 75 g glucose and the following
cutoff values: fasting glucose, =5.3
mmol/L (95 mg/dL); 1-h glucose, =10
mmol/L (180 mg/dL); and 2-h glucose,
=8.6 mmol/L (155 mg/dL). Mothers
without GDM and with normal oral glu-
cose tolerance test results after the
24th week of gestation were eligible
controls. Mothers in each group were
carefully group matched by age and
prepregnancy BMI to select an equal
number of women in each stratum.
However, there were insufficient eligible
control mothers in the older age and
BMI categories (Supplementary Table
1). Therefore, a total of 238 women
were selected as controls. A summary
of the cohort characteristics is shown in
Table 1. The samples were collected
and approved following the ethics com-
mittee of Oulu University Hospital (ref-
erence 33/2008; Oulu, Finland).
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Infinium MethylationEPIC BeadChip
DNA was extracted from whole blood
for the mothers and from cord blood
for the offspring using the DNeasy
Blood & Tissue Kit (Qiagen, Hilden, Ger-
many). Bilsulfite conversion of genomic
DNA was performed using the EZ-96
DNA Methylation Kit (Zymo Research)
following manufacturer protocols, and
bisulfite-converted DNA was subjected
to a genome-wide DNA methylation
analysis performed using the Illlumina
Infinium MethylationEPIC 850K Bead-
Chip array (San Diego, CA), which covers
a total of 853,307 CpG sites. All samples
were randomized across the chips and
analyzed on the same machine by the
same technician to reduce batch ef-
fects. After single-base extension and
staining, the BeadChips were imaged
with the lllumina iScan. Raw fluores-
cence intensities of the scanned images
were extracted with the GenomeStudio
Methylation module (lllumina). The fluo-
rescence intensity ratio was used to cal-
culate the B-value which corresponds
to the methylation score for each ana-
lyzed site according to the following
equation: B-value = Iy/(ly + Iy +
100), where |y, is the intensity of the
methylated allele and Iy the intensity of
the unmethylated allele. DNA methyla-
tion 3-values range from 0 (completely
unmethylated) to 1 (completely methyl-
ated). All samples had high bisulfite
conversion efficiency (signal intensity
>4,000) and were included for further
analysis based on GenomeStudio quality
control. Quality control was performed
using R software (version 4.0.0) (15).
The DNA methylation IDAT files were
imported using the R package minfi for
preprocessing and quality control (16).
The following probes were excluded
from further analysis: probes with a de-
tection P value =0.01 for at least one
sample, cross-hybridizing probes (17),
probes with a bead count less than three
in at least 5% of the samples, non-CpG
probes, and probes that lie near single-
nucleotide polymorphisms (18). Probes
on chromosomes X and Y were used for
sex estimation and then excluded from
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Table 1—Cohort characteristics of mother-offspring pairs used in this study

Control GDM
Characteristic (n = 238) (n = 298) P*
Age of the mother, years 31.5 (5.2) 32.5 (5.3) 0.042
BMI of the mother, kg/m? 25.6 (4.8) 27.9 (6.1) <0.001
Gestation, weeks 40.32 (1.19) 39.60 (1.33) <0.001
Sex of the offspring 0.3
Male 109 (46) 152 (51)
Female 129 (54) 146 (49)
Birth weight, g 3,703 (473) 3,705 (474) >0.9
Birth weight SD score 0.15 (1.00) 0.38 (1.08) 0.011
Primipara (yes) 119 (50) 127 (43) 0.10
Previous deliveries 1.28 (2.29) 1.46 (2.27) 0.4
Mode of delivery (vaginal) 198 (83) 245 (82) 0.8
Large for gestational age ( >90th percentile)t 24 (10) 50 (17) 0.032
Small for gestational age ( >90th percentile)f 15 (6.3) 20 (6.7) >0.9
Maternal weight gain, kg 15.1 (5.6) 11.9 (5.6) <0.001
Unknown 4 20
Participant’s mother had GDM in same 5 (2.5) 9 (3.5) 0.6
pregnancy (yes)
Unknown 37 44
Participant’s mother had GDM in any 9 (100) 23 (100) >0.9
pregnancy (yes)
Unknown 229 275
Mother’s father had diabetes (yes) 30 (100) 48 (100) >0.9
Unknown 208 250
Mother’s mother had diabetes (yes) 13 (100) 50 (100) >0.9
Unknown 225 248
Maternal socioeconomic status 0.4
1 (highest) 53 (28) 65 (26)
2 73 (39) 112 (45)
3 13 (7.0) 22 (8.8)
4 47 (25) 50 (20)
Unknown 52 49
Maternal education 0.027
1 (basic) 2 (0.9) 11 (3.9)
2 (secondary) 81 (37) 127 (45)
3 (lower-level tertiary) 71 (33) 77 (28)
4 (upper-level tertiary) 64 (29) 65 (23)
Unknown 20 18

Data presented as mean (SD) or n (%). *Welch two-sample Student t test or Fisher exact

test. > +2 SD (40).

downstream analyses. Quality control
identified one offspring sex-discordant
sample, which was excluded from further
analysis. Samples with <99% probes
with a detection P value <0.01 were ex-
cluded, and one offspring sample was ex-
cluded with a call rate <99%. Probe
design biases and batch effects were nor-
malized using R packages ENmix (19) and
sva (20), respectively. After quality con-
trol, 1,070 samples (534 offspring and
536 mothers) and 724,671 CpG probes
were available for further downstream
analysis.

Additionally, because blood and cord
blood samples are expected to include

a variety of cell types, which might have
a potential confounding effect on DNA
methylation, cell composition was esti-
mated based on whole blood (for moth-
ers) and cord blood (for neonates)
reference panels: the Bioconductor R
EPIC (21) and FlowSorted.CordBlood-
Combined.450k (22).

Statistical Analyses

P values were corrected for multiple
testing using the FDR method from Ben-
jamini-Hochberg (23). For all analyses,
the B-value has been transformed into
an M value (24), where M value =
log,(B/1 — B). The relationship between
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B and M values follows a logistic curve
with, for example, -values of 0.2, 0.5,
and 0.8 corresponding to M values of
—2, 0, and 2, respectively.

Three sets of analyses were performed
to test the two study hypotheses de-
scribed in Fig. 1. The first hypothesis was
that both offspring and mothers might
share the same epigenetic effects as a re-
sult of shared GDM exposure. The second
hypothesis tested for potential epigenetic
effects that are specific or unique to the
offspring as a result of GDM exposure.
Equations for the implemented models
are described in Supplementary Table 2.
The three analyses implemented were as
follows:

1. EWAS for Mothers and Offspring

Two separate EWAS were conducted to
identify epigenetic changes associated
with GDM exposure in both mothers and
offspring, separately, using the R package
limma (25). Linear regression was per-
formed using CpG methylation levels to
identify differentially methylated positions
in offspring and mothers with GDM expo-
sure compared with nonexposed controls.
Offspring methylation probes were adjust-
ed using the following covariates: sex,
birth weight, and gestational age at deliv-
ery (Supplementary Fig. 1). For the moth-
ers, we adjusted methylation probes for
age, gestational weight gain, and prepreg-
nancy BMI. Cell composition was adjusted
for cord blood cell composition for the
offspring (Supplementary Fig. 1) and
blood cell composition for the mothers
(Supplementary Fig. 2).

2. Shared Epigenetic Associations

A linear mixed model (pooled data mod-
el) was created to identify potentially
shared epigenetic changes between the
maternal and offspring methylomes. This
was performed using the combined
methylome probe data for the mothers
and the offspring, accounting for the cor-
relation between each mother and her
offspring, via the R package Ime4 (26).
This test was performed to identify po-
tential shared causal paths for the moth-
er and offspring in response to in utero
exposure to GDM that could explain a
shared effect (Fig. 1A). In the first step,
linear regression was performed on the
methylomes of the offspring and moth-
ers using the same covariates described
above. Cell composition was performed
for offspring (cord blood) and mothers
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(blood), separately. Residuals from the
first step were then used in a mixed line-
ar model as the traits of interest and re-
gressed upon the explanatory variables
of GDM, offspring or maternal status,
and interaction between GDM and off-
spring or maternal status.

3. Epigenetic Changes Specific to Offspring
Linear regression was performed to
identify offspring-specific effects in re-
sponse to GDM exposure and mater-
nal environment (i.e.,, methylation
levels). This test was performed to
identify whether methylation changes
of the offspring are determined not
only by GDM status but also by mater-
nal methylation levels (Fig. 1B). To do
this, the offspring methylome was lin-
early regressed on GDM exposure
status, with the methylome of the
mother (preadjusted for age, BMI, and
blood cell composition) included as a
covariate. In addition, an interaction
term between GDM exposure and ma-
ternal methylation status at the same
probe was included, in addition to
sex, birth weight, gestational week,
and cord blood cell composition. To
control for outlying genomic data
points, offspring-mother pairs were
excluded from this model, following
Tukey method, if the M value for ei-
ther the offspring or the mother was
lower than three times the interquar-
tile range below the first quartile or
higher than three times the interquar-
tile range above the third quartile.

Bioinformatic Analyses

The Genotype-Tissue Expression Portal
(https://gtexportal.org/home/) was used

A

H, : Shared effects

-

Meth yorrer

Meth oeespring

to identify the expression patterns of
genes in 44 tissues. The expression level
was plotted using the median transcripts
per kilobase million.

Data and Resource Availability

The MethylationEPIC 850K array data
will be made available upon request
to E.Ka., P.F., or T.A. The code to per-
form the analyses in this manuscript
is available at https://github.com/
umr1283/EpxGDM  (https://doi.org/
10.5281/zen0d0.4709136).

RESULTS

To investigate epigenetic changes
that occur in response to maternal
GDM exposure, we performed a
whole-methylome analysis in a total
of 534 mother-offspring pairs from
the FinnGeDi study. We addressed two
questions: 1) whether there were epi-
genetic changes in response to GDM
exposure that were shared between
mother and offspring, using a paired
mother-offspring study design, and 2)
whether any individual DMPs associat-
ed with GDM exposure were specific
to the offspring. We used two ap-
proaches to address the first question
(models 1 and 2, described above),
both of which yielded the same re-
sults. We did not observe any FDR-sig-
nificant DMPs associated with GDM
exposure in the EWAS for the moth-
ers (n = 536) or offspring (n = 534),
separately (Supplementary Tables 3
and 4), consistent with recent findings
in newborn GDM (12). Using the
paired mother-offspring study design,
following two separate EWAS for mother
and offspring, we implemented a

H, : Offspring specific effects

GDM X Meth yormer

N 7

N1/

Meth oerspring

Figure 1—The investigated study hypotheses. A: Hypothesis 1: assess whether there are epige-
netic effects that are shared by both offspring and their mothers as a result of shared exposure
to GDM (offspring and maternal methylation regressed upon GDM status; see Research Design
and Methods). B: Hypothesis 2: test if there are epigenetic effects as a result of exposure to
GDM that are specific to the offspring (offspring DNA methylation regressed upon GDM status,
maternal methylation for the same probe, and interaction between GDM and maternal methyl-
ation status; see Research Design and Methods).
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generalized linear mixed model for the
combined methylation data to formally
test for DMPs resulting from GDM expo-
sure shared by mothers and their off-
spring. We found no strong evidence
(FDR <0.05) to support shared epigenetic
changes associated with GDM exposure
(Supplementary Fig. 3).

Second, we used the same paired
design in linear regression to assess
whether both maternal methylation
status and GDM exposure had an ef-
fect on offspring methylation. Using
this model, we observed a hypome-
thylation at the ¢g22790973 probe
(average methylation 1.03%; M value
estimate —1.56 * 0.27; FDR 1.38 X
1072) associated with GDM exposure
(Fig. 2A and 2B). This probe is located
at the TSS1500 (1,500 base pairs up-
stream of the transcription start site)
of the ubiquitously expressed tran-
scription factor CP2 (TFCP2) gene
(Supplementary Fig. 4). This CpG
probe is also located in a CpG island
(chr12:51566680-51567072), a region
in the genome with high CpG density
that has been previously shown to
regulate gene expression (27).

To test for potential offspring-spe-
cific effects, we also fitted an interac-
tion term in our model between GDM
exposure and maternal methylation
(i.e., the impact of GDM exposure in
the context of maternal methylation
status) (Supplementary Table 5 and
Fig. 2C—E). We observed that the same
locus (TFCP2 cg22790973) showed the
highest FDR-significant association be-
tween offspring and maternal methyl-
ation (average methylation 1.03%; M
value estimate 0.52 * 0.08; FDR
3.59 x 10™*). We observed that as
maternal GDM methylation increased
at this locus, so did the GDM-exposed
offspring methylation, compared with
a decrease in nonexposed GDM off-
spring (Fig. 3A and 3B).

We observed seven additional
DMPs that reached FDR significance
for the interaction between maternal
GDM status and methylation of the
mother (Supplementary Fig. 5 and
Supplementary Table 5). At the
cg03456133 probe, located in an in-
tergenic region, we found an increase
in methylation of the GDM-exposed
offspring as maternal methylation increased,
compared with a decrease in nonexposed
controls (average methylation 96.48%; M
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value estimate 0.56 + 0.09; FDR 146 Xx
10™3). We also found a similar trend at the
cg19107264 probe (average methylation
96.64%; M value estimate 0.57 + 0.10; FDR
7.37 x 1073), located within the gene body
of DLGAP2, encoding disks large—associated
protein 2, which is a gene most strongly ex-
pressed in the brain (Supplementary Fig. 6).
We also found a decrease in methylation at
the ¢g23355087 probe, located in an inter-
genic region, in GDM offspring as methyla-
tion of the mother with GDM increased,
compared with nonexposed controls (aver-
age methylation 95.66%; M value estimate
—047 + 0.08; FDR 8.24 x 10_3). A similar
trend was found at the ¢g20002843 probe,
located within the LOC127841 gene body
(average methylation 47.37%; M value esti-
mate —0.29 + 0.05; FDR 9.68 x 10 3) and
at the cg24440941 probe (average methyla-
tion 1.48%; M value estimate —0.49 + 0.09;
FDR 1.24 x 10 2), located in the TSS1500
of H3C6 (H3 clustered histone 6)
(Supplementary Fig. 7). At the cg17065901
probe, located within the FAMI13A gene
body, we found an increase in methylation
as methylation of the mother with GDM in-
creased, compared with non—-GDM-exposed

offspring (average methylation 98.25%; M
value estimate 0.60 + 0.11; FDR 1.76 x
10™?); the FAM13A gene is highly expressed
in adipose tissue (Supplementary Fig. 8).
Lastly, for the cg11493553 probe located
within the ubiquitously expressed UBE3C
gene, we found a decrease in methlylation
in the GDM-exposed offspring as maternal
methylation increased, compared with the
nonexposed controls (average methylation
97.07%; M value estimate —0.50 + 0.09;
FDR 2.41 x 10~ % Supplementary Fig. 9).

CONCLUSIONS

We present a comprehensive and in-
depth study investigating epigenetic as-
sociations in response to GDM exposure
in mother-offspring pairs using the pro-
spective FinnGeDi cohort. Our data did
not support robust epigenetic associa-
tions for women and offspring exposed
to GDM during pregnancy. However, in
terms of epigenetic associations that
are specific to offspring, our study has
identified a potentially novel perspec-
tive in maternal transmission, which in-
cludes not only GDM but also maternal
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methylation as the exposure that could
have an effect on offspring methylation.

Our study suggests that although
there is no strong direct association
between GDM exposure and the
methylome of offspring, the context
of maternal environment (i.e., mater-
nal methylome) may contribute to a
multiplicative causal effect. Because
we included maternal methylation in
our model, we were able to account
for the possible modifying effect of
maternal methylation. This is illustrat-
ed with the observed significant asso-
ciation of methylation at the TFCP2
gene with offspring exposure to GDM.
TFCP2 is ubiquitously expressed, and
elucidating the function of this gene
in various tissues has been a chal-
lenge. However, some studies have
identified roles of TFCP2 in reproduction
and embryonic development (28),
which suggests pleiotropic effects of
this transcription factor later in
adulthood. We found that this CpG
also had an interaction association
between maternal methylation and
GDM status. Although methylation
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Figure 2—Summary results for offspring EWAS associations. Linear model between offspring methylation and exposure to maternal GDM, including
the methylation of mothers in the model, and interaction between GDM exposure and maternal methylation, adjusted for offspring sex, gestation-
al week, birth weight, and cell composition. A: Volcano plot for offspring probe differential methylation by GDM exposure; cg22790973 has an esti-
mate of —1.56 (FDR 1.38 x 107 2), equivalent to a B-value of 1.03%. B: Manhattan plot for the GDM exposure main effect, showing the genome-
wide results for all the CpGs. C: Volcano plot of the GDM exposure interaction effect. D: Manhattan plot of the GDM exposure interaction effect,
showing the genome-wide results for all the CpGs. E: Probability-probability plot of the GDM exposure main effect (green) and interaction term
(red) on methylation of offspring, with the black line indicating the expected distribution.
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Figure 3—Differential methylation observed for offspring at probe cg22790973 (TFCP2). A: Box
plot showing the methylation differences between offspring exposed to maternal GDM com-
pared with nonexposed controls. B: Scatterplot showing increased methylation at this probe for
offspring exposed to maternal GDM along with increased maternal methylation at the same
probe. For nonexposed offspring, methylation decreased with increased maternal methylation

at this probe.

was lower in offspring exposed to
maternal GDM, we found that meth-
ylation at TFCP2 in offspring in-
creased as maternal methylation
increased. Interestingly, the reverse
was observed for nonexposed con-
trols. This suggests that the higher
the maternal GDM methylation at
this locus, the smaller the effect on
the GDM-exposed offspring. It is im-
portant to note that for each locus,
extreme methylation values within
the offspring and mothers could lead
to bias, mainly in the interaction
term, and were thus excluded. To
avoid this bias, >20% of the sample
pairs were excluded for the TFCP2
€g22790973 probe, based on the Tu-
key method.

Altogether, our data suggest that the
maternal gestational environment (i.e.,
GDM and methylation status) has an
impact on the offspring. This is demon-
strated in seven additional DMPs, where
the interaction between the mother’s
methylation and GDM status was FDR
significant: within DLGAP2, H3C(C6,
FAM13A, LOC127841, UBE3C, and
two loci within intergenic regions.
These CpGs were only FDR signifi-
cant for the interaction association
and not GDM alone.

Interestingly, a few of these genes
have previously been identified to have

a role in diabetes, namely DLGAP2 and
FAM13A. For both CpGs, we found a
similar methylation trend as in TFCP2
(i.e., the methylation of the offspring
was increased as a function of the
methylation status of the GDM mother,
compared with the nonexposed off-
spring). A recent study found that meth-
ylation changes in the DLGAP2 gene
were associated with maternal insulin
sensitivity in pregnancy (29). The au-
thors found that hypermethylation in
the CpG was associated with a decrease
in the Matsuda index, which is a mea-
sure of insulin sensitivity, suggesting
that maternal methylation may mediate
an effect on insulin sensitivity in future
offspring risk.

Another study found that DLGAP2 is
involved in determining [(-cell fate
through AMP-activated protein kinase
signaling (30), which has a role in main-
taining insulin sensitivity and glucose ho-
meostasis (31). Moreover, a recent study
showed that FAM13A represses hepatic
AMP-activated protein kinase activity,
thereby inducing insulin resistance in
mice (32). Single-nucleotide polymor-
phisms in FAMI3A, in addition to
UBE3C, another gene identified in our
analysis, have previously been found to
be associated with type 2 diabetes
(33,34), BMI, and lipid traits (35,36),
highlighting a possible role of their

methylation in the future risk of obesity
and type 2 diabetes in offspring. Interest-
ingly, two separate meta-analyses in neo-
nates identified methylation changes in
both FAM13A and DLGAP2 as being as-
sociated with environmental changes
during pregnancy (i.e., prenatal air pollu-
tion and smoking, respectively) (37,38).

We did not identify any individual
CpGs as being directly associated with
GDM exposure in our EWAS stratified
for both offspring and mothers. This
was consistent with our shared (i.e.,
pooled) approach of mother-offspring
pairs, which increased the sample size
(because both mothers and offspring
were included in our model) and thus
increased the statistical power. There-
fore, our study strongly suggests that
for this relatively homogenous popula-
tion, there is no strong association with
GDM exposure alone, irrespective of
maternal environmental factors.

This study exhibits several strengths.
To our knowledge, this is the largest, sin-
gle-cohort study investigating GDM epi-
genetic associations. Moreover, with the
carefully selected mother-offspring pairs,
we were able to investigate the effect of
maternal methylation on offspring in re-
sponse to maternal GDM exposure. In
addition, the individuals in our cohort
were from a relatively homogeneous
population, and all were nonsmokers,
thereby bypassing any confounding as-
sociations resulting from ethnicity or
any obvious confounding health risk fac-
tors. Because most published studies
and cohorts have solely investigated off-
spring methylation, this study indeed
warrants further investigation and pro-
vides a basis for follow-up studies.

In addition to strengths, this study
has some limitations, which are impor-
tant to consider. Given the absence of a
comparable study design (i.e., sample
size and paired mother-offspring co-
hort), our study does not include a rep-
lication cohort, and therefore, the
results should be interpreted with cau-
tion. Although our study is the largest,
single-population GDM epigenetic study,
it is possible that we still did not have
the power to detect an association with
GDM exposure alone, which might be
too small to detect at birth. It is impor-
tant to note that our two-step ap-
proach, in addition to the different
adjustments for the tissues in our study
(i.e., mother’s blood and offspring cord
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blood), may have resulted in a loss of
power in favor of reduced bias. It is also
important to note that Finland has very
high standards for GDM care, and ma-
ternal glucose levels are likely to be
well controlled. As a result, any shared
effects of GDM exposure on mother
and offspring methylomes might be
modest, despite the relatively large
sample size of our study. Although our
study design matched individuals by age
and prepregnancy BMI, our cohort had
insufficient numbers of controls with
higher BMI. However, these individuals
were included, because they were rep-
resentative of patients in Finnish clinics.

The clinical and biological effects of
these loci need to be further investigat-
ed in target tissues to explore the bio-
logical and clinical relevance of these
findings. Previous evidence demon-
strates that changes in DNA methylation
in the blood, although well associated
with tissue-specific changes, can be less
intense. Indeed, in 2016, a study re-
ported that methylation changes in the
pancreatic islet were associated with
age, implicating genes that have impor-
tant roles in the pancreatic islet and in-
sulin secretion (39). A majority of these
associations were also observed, to a
lesser extent, in blood. So although we
observed small methylation differences
in cord blood, it could be speculated
that this change could also occur with
more substantial effects in target tis-
sues. Therefore, in our study, it is indeed
possible that the effects in target genes
are more pronounced and their role
needs to be further elucidated, particu-
larly for the very small effect size ob-
served for TFCP2, which is a ubiquitous
gene and may have multiple roles in dif-
ferent tissues.

The biological significance of the loci
we identified as interacting, suggesting
moderation by maternal methylation, is
open to interpretation. There are prece-
dents to our study that support plausi-
ble biological significance. For instance,
one study included a similar two-hit hy-
pothesis where the level of an individu-
al’'s MTHFR enzyme activity was
determined by an interaction be-
tween DNA methylation status at the
MTHFR gene and folate levels. The
authors observed that individuals
with compromised enzyme activity
had the same methylation levels if
they were folate sufficient (and vice

versa). Therefore, only individuals
with both alterations resulted in de-
pletion of genome-wide methylation
levels.

To our knowledge, to date this is the
largest GDM methylation study involving a
single cohort with access to phenotypic
and methylation data from both mothers
and offspring. The current study comple-
ments previous EWAS by incorporating the
exposure and/or possible modulating ef-
fects of maternal DNA methylation status
and found that there is no strong direct as-
sociation between GDM exposure and the
methylome of offspring; however, the con-
text of the maternal environment may con-
tribute to a moderating effect. Our study
reveals the potential complexity of the epi-
genetic transmission between mothers
with GDM and their offspring, likely deter-
mined by not only GDM exposure but also
other factors indicated by maternal epige-
netic status, which are involved in estab-
lishing epigenetic signatures in offspring.
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