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Abstract
Exposure of a developing foetus to maternal gestational diabetes (GDM) has been shown to programme future risk of diabetes
and obesity. Epigenetic variation in foetal tissue may have a mechanistic role in metabolic disease programming through
interaction of the pregnancy environment with gene function. We aimed to identify genome-wide DNAmethylation variation
in cord blood and placenta from offspring born tomothers with andwithout GDM. Pregnant women of South Asian origin were
studied and foetal tissues sampled at term delivery. The Illumina HumanMethylation450 BeadChipwas used to assay genome-
wide DNA methylation in placenta and cord blood from 27 GDM exposed and 21 unexposed offspring. We identified 1485 cord
blood and 1708 placenta methylation variable positions (MVPs) achieving genome-wide significance (adjusted P-value <0.05)
withmethylation differences of >5%. MVPs were disproportionately located within first exons. A bioinformatic co-methylation
algorithmwas used to detect consistent directionality ofmethylation in 1000 bpwindowaround eachMVPwas observed at 74%
of placenta and 59% of cord blood MVPs. KEGG pathway analysis showed enrichment of pathways involved in endocytosis,
MAPK signalling and extracellular triggers to intracellular metabolic processes. Replication studies should integrate genomics
and transcriptomics with longitudinal sampling to elucidate stability, determine causality for translation into biomarker and
prevention studies.

Introduction

Gestational diabetes mellitus (GDM) is a common, asymptomatic
metabolic disorder of pregnancy manifest by maternal impaired
glucose tolerance from the late second trimester of pregnancy
onwards. The prevalence of gestational diabetes has been esti-
mated at 2–10% of pregnancies in the USA (1), and 3.5% in the

UK (2). Risk factors for gestational diabetes include ethnicity
(South Asian, black Caribbean, Middle-Eastern), obesity, previous
gestational diabetes, first degree family history of diabetes (3) and
highlight common genetic risk between type 2 diabetes and
gestational diabetes (4).

Glucose intolerance in gestational diabetes is a result of per-
ipheral insulin resistance and failure of β-cell expansion and
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maternal insulin production to cope with ensuing hypergly-
caemia. Maternal glucose crosses the placental interface but
insulin does not, leading to foetal hyperglycaemia and hyperin-
sulinaemia. Foetal hyperinsulinism results in accelerated foetal
growth, leading to macrosomia and organomegaly and neonatal
hypoglycaemia. Additional disruptions to materno-placento-
foetal nutrient transfer in GDM include altered transit of amino
acids (5), lipids (6) and fatty acids (7) and altered vascular and
endothelial function in placenta (8).

The altered pregnancy environment in gestational diabetes is
thought to confer future risk of diabetes and obesity to the devel-
oping foetus through ‘developmental programming’. Multiple
cross-sectional studies have identified an association between
maternal gestational diabetes (GDM) and a phenotype of diabetes
and obesity in offspring. For example, studies in the Pima Indian
population of the USA showed that offspring born towomenwith
gestational diabetes developed fasting hyperglycaemia, higher
rates of abnormal glucose tolerance and obesity, compared
with controls (9). In a rat model, an induced phenotype of mater-
nal hyperglycaemia in the third trimester of pregnancy induces a
programmed phenotype of glucose intolerance and impaired
insulin secretion in F1 offspring and similar consequences trans-
mitted to the F2 generation, independent of genetic risk (10).
Additional human studies have employed careful study design
to try and minimize genetic confounding in studies of foetal
programming via GDM and their evidence also supports that
non-genetic factors are involved (11,12).

The study of epigenetics is providing insight into mechan-
isms by which genetic and environmental factors can interact
to predispose to disease, including in animal and humanmodels
of foetal programming (13–17). Recently, studies of target gene re-
gions have identified epigenetic modifications in foetal tissues
from women with obesity and gestational diabetes (18) and
according to quantitativemetabolic traits in pregnancy (19). Add-
itional evidence that epigenetic factors may play a role in the
nutritional environment of pregnancy comes from a study of
genes encoding high-affinity glucose transporters (GLUT1 and
GLUT3) in placenta which show a relationship between DNA

methylation and their gene expression that could impact glucose
flux between the maternal and foetal circulation (20).

To date, most studies identifying epigenetic variation in asso-
ciation with adverse in utero exposures have employed targeted
approaches to study DNA methylation at specific genes of inter-
est and show small methylation differences between exposed
and unexposed are small (<5% in case–control analyses and cor-
relations of ≤0.35 with quantitative traits) (17,19,21). While these
studies provide useful observations, they do not offer insights
into complex processes of genomic regulation and are biased to-
wards regions of genetic interest. A genome-wide approach to
studying epigenetic variation offers an opportunity to investigate
gene–environment interactions, unbiased by a priori hypotheses
and thusmay provide useful insight into themechanisms of foe-
tal programming. To date, one genome-wide study of DNA
methylation in offspring exposed to gestational diabetes has
been performed, but the differences it detected did not hold up
to false discovery rate control due to presumed insufficient sam-
ple size and power to detect differences (22).

This study has been designed as a discovery-based investiga-
tion of genome-wide epigenetic variation in foetal tissues ex-
posed to maternal GDM to provide focus for future studies of
gene function and longitudinal stability ofmarks and association
with phenotype. UK-based South Asians were studied due to
their high prevalence of gestational diabetes and excess contri-
bution to the worldwide risk of type 2 diabetes and cardiovascu-
lar disease in home and migrant populations (23).

Results
Women with gestational diabetes (n = 28) and controls (n = 21)
were recruited in the third trimester of pregnancy. Women in
the gestational diabetes (GDM) group were, on average, 4 years
older than controls, but had no significant phenotypic differ-
ences (Table 1). Of those mothers with GDM, the majority (74%)
were diet-controlled, and the remaining were treated with
insulin alone (19%) or the combination ofmetformin and insulin.
Offspring born to control and GDM mothers were no different

Table 1. Maternal phenotypic and metabolic characteristics

Controls (n = 28) GDM (n = 21) t-test
Mean (SD) Mean (SD)

Maternal variables
Gestation at study visit (weeks) 32 (2.8) 33 (3.0) n.s.
Age (years) 27 (4.9) 31 (4.3) **
Body mass index (m/kg2) 28 (6.1) 27 (5.0) n.s.
Parity (n) 1.3 (1.4) 1.7 (1.4) n.s.
Systolic blood pressure at booking (mmHg) 112 (15.0) 111 (11.4) n.s.
Diastolic blood pressure at booking (mmHg) 72 (12.7) 73 (11.3) n.s.
Glucose tolerance test—0 min (mmol/L) 4.5 (0.5) 5.2 (1.1) *
Glucose tolerance test—120 min (mmol/L) 5.6 (0.9) 9.5 (1.7) ***
Fasting insulin 19.1 (13.0) 15.1 (10.7) n.s.
Offspring variables
Birth weight (g) 3010 (400.8) 3151 (438.8) n.s.
Gestational age at delivery (days) 272 (9.1) 272 (10.6) n.s.
Ponderal index (weight/height3) 28.5 (4.3) 30.1 (4.9) n.s.
Cord blood haematocrit (L/L) 0.47 (0.07) 0.46 (0.06) n.s.
Offspring sex (n) 15M, 13F 14M, 7F n.s. (χ2 test)

Mean (SD) Median (SEM) Mean (SD) Median (SEM)
Customized birth weight centile 33.4 (27.9) 27.0 (6.1) 46.1 (27.0) 49.3 (5.1) n.s.

Mean and standard deviation are presented, and wheremeans are significantly different *P < 0.05, **P < 0.005, ***P < 0.0005, n.s. = p≥ 0.05. Where themean andmedian are

presented, data are non-normally distributed and t-tests are performed on log-transformed data. n.s. = P ≥ 0.05.
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with respect to themean birthweight or ponderal index (Table 1).
Customized birth weight centiles, which adjust for gestational
age and sex and maternal factors, based on UK population-
wide data (24), show a trend towards higher customized birth
weight centile in GDM offspring comparedwith controls (median
49.3 versus 27.0), but this difference did not reach statistical
significance. Analysis of cord blood samples did not show ery-
throcytosis or difference in cellular composition (Supplementary
Material, Table S1) (25). Therewas no difference in gestational age
at delivery of control andGDMoffspring, and theywere all born at
term (>255 days). Six placenta (3 GDM, 3 control) samples and one
cord blood (GDM) sample were removed as they failed quality
control checks after DNA extraction and bisulphite conversion.

Analysis of genome-widemethylation datawas performed on
placenta (n = 25 versus 18) and cord blood (n = 27 versus 21) sam-
ples from offspring born to GDM and control mothers. Of 485 512
probes present per array, the following probes were removed:

40 590 cross hybridizing, 11 648 X and Y chromosome, 1661
(placenta) and 1805 (cord blood) failing to meet the detection
P-value cut-off (P ≥ 0.05), resulting in 431 613 (placenta) and
431 469 (cord blood) probes at which CpG methylation data
could be interrogated.

Significant genome-wide methylation differences were iden-
tified in placenta and cord blood. In placenta, methylation vari-
able positions (‘MVPs’) were identified at 4219 probes where
significant genome-wide statistical difference was achieved
(FDR-corrected P < 0.05) and of these, 1373 MVPs represented a
β-value difference of >5% (Table 2). In cord blood, 13 561 MVPs
were identified (P < 0.05, FDR-corrected); of which, 1418 had a
β-value difference of >5% (Table 2). A subset of 378 MVPs were
common to both placenta and cord blood. A summary of the
top MVPs, selected by FDR-adjusted P-value, in cord blood and
placenta is presented in Table 3 (for full listings of MVPs, see
Supplementary Material, S2).

Table 2. Summary table of number of MVPs in cord blood and placenta, and their proportional distribution in relationship to all array probes and
mean methylation (β-value) density

Mean beta value across all samples Total
<0.3 ≥0.3 to <0.7 ≥0.7

Placenta
All array probes 169 752 105 051 156 810 431 613
Probes as a proportion of total array (%) 39 24 36
MVPs (n) 374 733 266 1373
MVPs as proportion of total array (%) 27 53 19

Cord blood
All array probes (n) 179 000 41 152 211 317 431 469
Probes as a proportion of total array (%) 41 10 49
MVPs (n) 454 473 491 1418
MVPs as proportion of total array (%) 32 33 35

MVPs are determined as probes wheremethylation variation between GDM-exposed and unexposed reaches FDR-corrected P < 0.05 and β-value difference >5%. Observed

versus expected distribution of MVPs was significantly different in both placenta (χ2 46.8, df = 2, P < 0.0001) and cord blood (χ2 58.9; df = 2, P < 0.001).

Table 3. Summary of the top 10 MVPs (selected by FDR-adjusted P-value) in cord blood and placenta

Probe name Chr Position Gene name FDR-adjusted P-value % Methylation
difference (GDM
versus controls)

Cord blood cg06717289 15 75978121 CSPG4 1.04E−06 8.7
cg06355908 10 134897731 2.16E−06 6.0
cg14910854 2 132254702 LOC150776 2.16E−06 9.4
cg09060090 9 15510150 PSIP1 2.16E−06 −9.7
cg00820581 1 174969299 CACYBP 2.89E−06 −5.7
cg10633906 7 1595602 TMEM184A 2.89E−06 8.1
cg19893717 12 62653989 USP15 2.89E−06 −5.3
cg00221035 7 7222342 C1GALT1 2.92E−06 −7.9
cg14558566 5 141016453 RELL2;HDAC3 3.16E−06 −5.9
cg14728024 6 90543432 CASP8AP2 3.16E−06 14.9

Placenta cg25192619 6 37467404 C6orf129 3.21E−03 −7.3
cg00591353 16 83670892 CDH13 3.21E−03 −6.9
cg27098574 16 75285489 BCAR1 3.21E−03 −7.0
cg09309286 17 32960898 TMEM132E 3.21E−03 10.7
cg13898647 9 136275791 REXO4 3.27E−03 5.6
cg19085699 1 231004314 C1orf198 3.82E−03 −9.0
cg10680376 10 116391843 ABLIM1 3.82E−03 −6.7
cg11062956 16 2723328 3.82E−03 −8.3
cg16897005 1 27962412 FGR 3.82E−03 6.0
cg26714514 8 81889651 PAG1 3.82E−03 6.4

These ‘top hit’MVPs have themost significant FDR-adjusted P-values, selected per tissue type. The table shows the Illumina 450k probe and chromosome position as well

as the gene name where relevant. The methylation differences at these top hits are shown by comparing GDM with controls.
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To investigate the effect of cellular heterogeneity on cord
blood MVPs, we used an in silico method (26) to calculate the pre-
dicted levels of different blood cell types from probe data and
compared these with actual blood cell type levels, where avail-
able (Supplementary Material, Table S1). This comparison
showed good correlation for both lymphocyte (r2 = 0.30, P =
0.0012) and monocyte (r2 = 0.45, P = 1.7 × 10−5) levels but not for
granulocyte (r2 = 0.057, P = 0.18) levels (Supplementary Material,
Fig. S1). We therefore re-calculated MVPs for cord blood using
these calculated levels of blood subtypes (Supplementary Mater-
ial, Methods) and found 12 454 MVPs were identified (P < 0.05,
FDR-corrected). Of these, 9806 were in common with the un-
adjusted MVPs and 1258 were in common with those which
had a β-value difference of >5%. As there are no reference-
based data sets available for placenta, it was not possible to use
the same approach for correcting for cellular heterogeneity in the
placenta samples and hence we applied a reference-free ap-
proach (27). Using thismethod, we identified 1 852MVPs (P < 0.05,
FDR) of which 1068 were in common with the unadjusted MVPs
and 325were in commonwith those that had a β-value difference
of >5%. Interestingly applying this same approach to the cord
blood samples yielded 11 690 MVPs, a reduction from the 12 454
MVPs found using the reference-based approach, although 1136
MVPs at >5% difference were still identified. While the large re-
duction in MVPs using the reference-free-based approach is sug-
gestive that cellular heterogeneity is an important confounder,
the number of MVPs (65) that were common with cord blood is
also significantly reduced, suggesting that the method could be
too conservative and hence is removing ‘true’ biological differ-
ences. We therefore propose to restrict all further analysis to
MVPs unadjusted for cell count reaching genome-wide signifi-
cance (P < 0.05, FDR-corrected) and with a β-value difference
>5%. We report in the Supplementary Material the results from
all the analysis below using the reference-free adjusted MVP
with the same criteria.

To investigatewhether the differential methylation identified
could be driven by SNP-associated variation, we performed

enrichment analysis of our MVP calls with all probes at, or adja-
cent to, known SNPs (218 551 probes). Of the placenta MVPs, 604
overlapped SNP-associated probes representing a small but
significant depletion (1.1-fold depletion, P < 0.001), while for
the cord blood MVPs, 514 probes overlapped SNP-associated
probes also representing a significant depletion (1.3-fold deple-
tion, P < 0.001). This suggests the genome-widemethylation vari-
ation persists in the absence of SNP-associated probes and we
have therefore included these probes in further downstream
analysis.

It is known that neighbouring CpG sites show correlated
methylation states and hence to determine if our MVPs were ro-
bust, we identified ‘co-methylation’ in a 1000 bp window around
MVPs using a bioinformatic algorithm.Whenapplied toMVPs de-
fined by P-value alone, placenta co-methylation was 67%, in-
creasing to 76% at MVPs with β-value difference >5%. For cord
blood MVPs, co-methylation was 56 and 62% for MVPs unfiltered
and filtered by >5% β-value difference, respectively. Increasing
rates of co-methylation with MVP β-value difference suggest
our filtering approach of 5% β-value difference is valid and
helps determine those methylation differences that are true
from those that may be due to chance or technical variation.

In both placenta and cord blood samples, a greater proportion
of MVPs were hypermethylated in GDM compared with control
(926 versus 447 placenta; 828 versus 590 cord blood). Compared
with background (all array probes) placenta and cord blood
MVPswere located disproportionately frequently at probes show-
ing intermediate methylation (β-value ≥0.3 to <0.7) compared
with those with high (≥0.7) or low (<0.3) methylation density
(3 × 2 factorial design; placenta χ2 46.8, df = 2, P < 0.0001; cord
blood χ2 58.9; df = 2, P < 0.001) (Table 2). The location ofMVPs in re-
lationship to known genomic architecture was summarized and
compared with background Fig. 1A and B). Placenta MVPs were
disproportionately located in the first exon of genes compared
with background and this difference reached statistical signifi-
cance (placenta P = 0.0027). Cord blood MVPs were significantly
enriched at CpG islands (P = 0.012) (Fig. 2A and B). MVPs found

Figure 1. (A) Placenta and (B) cord blood. Enrichment of methylated variable positions against background according to genomic feature. Y-axis denotes enrichment of

genomic features (+1) or depletion of genomic features (−1) in MVPs compared with background (*P-value < 0.05). X-axis denotes genomic features, defined by Illumina

annotation. (TSS1500, within 1.5kB of transcriptional start site; TSS200, within 200 bp of transcriptional start site.)
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in both cord blood and placentawere locatedwithin the first exon
of genes at a rate greater than that expected by chance (P < 0.001).

Analysis of gene pathway enrichment at MVPs identified was
performed in placenta and cord blood MVPs and those present in
both tissues (FDR-corrected P-value <0.05, β-value difference >5%).
The enriched KEGG pathways were ranked according to pathway
fold-enrichment differences reaching statistical significance (Ta-
bles 4–6). Variable methylation in placenta showed enrichment
in pathwayswith potentially important effects on placental func-
tion, e.g. endocytosis, and those involved in growth, e.g. MAPK
signalling. In cord blood, enrichment was observed in multiple
pathways relating to insulin signalling, and growth factor

signalling. Analysis of MVPs found in placenta, cord blood and
those overlapping both revealed pathway enrichment in endo-
cytosis, focal adhesion, chemokine signalling and ligand–
receptor interactions and could suggest common susceptible
pathways affected by gestational diabetes exposure that are not
tissue-specific. These pathways display methylation differences
at a range of genes involved with the extracellular triggers to a
range of intracellular signalling processes, including MAPK,
PI3k-AKT, JAK-STAT and Wnt, which have multiple functions in
embryonic development and metabolic pathways.

To investigate whether the treatment has biased the identifi-
cation of MVPs, we repeated the MVP analysis in both placenta

Figure 2. (A) Placenta and (B) cord blood. Enrichment ofmethylated variable positions against background according to their relationshipwith CpG islands. Y-axis denotes

enrichment (+1) or depletion (−1) in MVPs compared with background (*P-value <0.05). CpG shores are 0–2 kB away from CpG islands, shelves 2–4 kB away from CpG

islands.

Table 4. KEGG analysis of placenta methylated variable positions
(MVPs)

Term Fold
enrichment

P-value

hsa04144: endocytosis 16.6 1.5E−12
hsa05200: pathways in cancer 11.0 3.4E−12
hsa04010: MAPK signalling pathway 12.4 8.6E−12
hsa04670: leucocyte transendothelial
migration

20.8 7.7E−11

hsa04514: cell adhesion molecules
(CAMs)

18.4 2.6E−10

hsa03010: ribosome 23.6 1.2E−09
hsa04510: focal adhesion 12.7 2.5E−09
hsa04020: calcium signalling pathway 13.8 4.7E−09
hsa04062: chemokine signalling
pathway

12.6 1.2E−08

hsa04080: neuroactive ligand–receptor
interaction

10.4 2.1E−08

hsa04910: insulin signalling pathway 15.0 5.9E−08
hsa00230: purine metabolism 13.0 2.2E−07

This table displays the gene pathways overrepresented by MVPs in placenta. The

top 12 pathways (ranked by P-value) are shown.

Table 5. KEGG analysis of cord blood methylated variable positions
(MVPs)

Term Fold
enrichment

P-value

hsa04144: endocytosis 22.4 1.3E−19
hsa04010: MAPK signalling pathway 15.8 9.6E−17
hsa05200: pathways in cancer 11.5 1.1E−12
hsa04080: neuroactive ligand−receptor
interaction

11.6 2.8E−09

hsa04062: chemokine signalling
pathway

13.1 1.4E−08

hsa04510: focal adhesion 12.3 2.4E−08
hsa04310: Wnt signalling pathway 13.8 2.2E−07
hsa05010: Alzheimer’s disease 13.5 2.3E−07
hsa05016: Huntington’s disease 12.2 5.4E−07
hsa04360: axon guidance 14.8 5.1E−07
hsa04114: oocyte meiosis 16.0 1.6E−06
hsa04660: T-cell receptor signalling
pathway

15.7 1.3E−19

This table displays the gene pathways overrepresented byMVPs in cord blood. The

top 12 pathways (ranked by P-value) are shown.
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and cord blood for metformin and/or insulin-treated GDM
against control and for diet-treatedGDMagainst control samples.
We combined those treated with metformin and/or insulin due
to the small numbers receiving metformin, insulin or both. In
placenta, we found no probes showing methylation difference
that reached genome-wide significance in the metformin and/
or insulin-treated GDM (n = 7) compared with controls. When
comparing diet-controlled GDM (n = 18)with controls, differential
methylation was identified at 5498 probes (P < 0.05, FDR-
corrected). We hypothesized that the lack of methylation differ-
ences in the metformin- and/or insulin-treated comparison
was due to the small sample size rather than effect of treatment.
In support of this hypothesis, we have plotted β-value differences
of GDM versus control for these 5498 probes for the two different
treatment groups and show a highly significant correlation
(ρ = 0.88, P < 2.2 × 10−16) that would not be expected with strong
treatment-specific differences. We performed the same com-
parison in cord blood samples, which included a larger sample
number: 7 metformin and/or insulin-treated and 20 diet-treated
GDM samples. We found methylation differences at 2138 probes
when comparing metformin- and/or insulin-treated GDM with
controls (P < 0.05, FDR-corrected), and 9304 probes comparing
diet-treated GDM with controls (P < 0.05, FDR-corrected). Again,
we found strong correlation between the β-value differences
from the two treatment groups (ρ = 0.97, P < 2.2 × 10−16). The find-
ings of these analyses suggest that there areno strong treatment-
driven effects on methylation in cord blood and placenta, and
that we are confident in our approach of comparing controls
with a combined group of diet-treated and metformin and/or
insulin-treated GDM. The limited power in our study limits the
potential to identify whether a small subset of the MVPs do
show treatment-specific effects and this could be of great interest
in future work.

Discussion
To date, while clinical and epidemiological evidence of foetal
programming is convincing, there is littlemolecular understand-
ing how itmay occur, but epigenetic studies are beginning to elu-
cidate mechanisms intergenerational transmission of disease
risk. In this study, we identify multiple genome-wide differences

in DNA methylation in foetal tissues exposed to GDM, compared
with controls, using a discovery-based experimental approach.
Our cross-sectional study design using cord blood and placenta
sampled during term delivery offers a window with which to
understand the direct effects of pregnancy and may help to de-
fine an epigenetic signature of future disease risk, induced
through ‘foetal programming’.

Our sampling and analysis pipeline are consistent with con-
sensus approaches (28,29) and we have established that there is
no significant difference in cellular composition of cord blood be-
tween cases and controls. To mitigate the potential for false dis-
covery from multiple hypothesis testing, we have used stringent
Benjamini andHochberg ‘false discovery rate’ (FDR) control to de-
fine methylation differences. Previously reported genome-wide
studies have been unable to detect DNA methylation differences
reaching this level of significance due to an assumed lack of
power from smaller sample sizes (22). We have applied a further
filter to defineMVPs as thosewithmethylation differences of≥5%
and provide evidence of co-methylation to further support our
assertion that we have identified true variation over background
noise. Although many targeted epigenetic studies report methy-
lation differences of <5% as significant (17), the functional effects
of small methylation differences in understanding complex dis-
ease pathogenesis are, as yet, undetermined. The MVPs identi-
fied are located within regulatory regions of the genome (to
which the array is enriched), in or around CpG islands and with
preponderance to the first exon, greater than that which would
be expected by array design. It has been suggested that methyla-
tion of the first exon may have a role in transcriptional silencing
(30) and may be the target site of action of Dnmt3a, a DNA
methyltransferase with a role in embryonic development (31).
CpG islands are well known to have an important interaction
with transcriptional regulation, and many are located at tran-
scriptional start sites and are relatively hypomethylated to en-
able transcription (32).

The identification of placental hypomethylation, relative to
other tissues, is consistent with that of other studies of the pla-
centa methylome (33). The predominance of hypermethylation
we identify at MVPs in both foetal tissues is consistent with pre-
vious reported findings of greater mean methylation in GDM-
exposed placenta and cord blood compared with unexposed tis-
sues (22). Most GDM-associated MVPs were located in regions of
intermediate methylation (β-value 0.3–0.7), despite array design
representing the bimodal distribution of β-values towards
hyper- and hypomethylation. Existing studies have shown epi-
genetic variation at regions of intermediate methylation, such
as placental partially methylated domains (33), but others sug-
gest greater technical variation in the intermediate methylation
range with the 450k array (34). Technological advances in whole-
genome DNA methylation profiling will help interpret this find-
ing in future studies.

We investigatedwhethermethylation differenceswere driven
by genetic variation and found that epigenomic differences were
not dependent on SNP-associated methylation variation, al-
though the latter did contribute to some variation. We have
therefore included SNP-containing probes in our analysis, under-
standing that theymay be an important contributorymechanism
bywhich gene and environment interacts in early developmental
life and that our study was not adequately powered to examine
this. Future studies should incorporate allele-specific methyla-
tion techniques to understand how they affect gene function,
and the combined interrogation of parental and foetal tissue
may yield significant insight into the role of genetic and epigen-
etic factors on parent–child transmission of disease risk.

Table 6. KEGG analysis of methylated variable positions (MVPs)
common to both placenta and cord blood

Term Fold
enrichment

P-value

hsa04144: endocytosis 23.6 5.8E−06
hsa04670: leucocyte transendothelial
migration

24.1 3.2E−03

hsa04360: axon guidance 21.4 3.4E−03
hsa04062: chemokine signalling
pathway

14.7 1.1E−02

hsa04510: focal adhesion 13.8 1.1E−02
hsa03010: ribosome 25.9 9.4E−03
hsa00360: phenylalanine metabolism 83.8 9.3E−03
hsa03040: spliceosome 17.5 2.2E−02
hsa00983: drug metabolism 40.8 3.0E−02
hsa00350: tyrosine metabolism 38.8 3.0E−02
hsa05200: pathways in cancer 8.3 3.1E−02
hsa04740: olfactory transduction 7.9 3.4E−02

This table displays the gene pathways overrepresented byMVPs identified in both

placenta and cord blood. The top 12 pathways (ranked by P-value) are shown.
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Genome-wide methylation differences associated with GDM
exposure highlight putative effects on gene pathways with func-
tional implications placental function and foetal development.
KEGG pathway analysis suggests that the methylation variation
in placenta exposed to gestational diabetesmayhave a role in en-
docytic processes. The role of endocytosis (including processes
such as autophagy) in placental function is important as a re-
sponsive mechanism to variable pregnancy environments; two
recent studies in term human placenta and cell lines suggest
an inverse relationship between glucose and placental autop-
hagy (35,36). The mitogen-activated protein kinase (MAPK) path-
way, also enriched in placenta MVPs, is also thought to regulate
autophagy and its effects (along with that of ERK) are known to
be disrupted in gestational diabetes (37). Pathway analysis of
methylation variants in cord blood suggests that exposure to ges-
tational diabetes impactsmultiple pathways including cell adhe-
sion, chemokine signalling and ligand–receptor interactions;
these incorporate key extracellular triggers to a myriad of intra-
cellular signalling pathways involved in growth andmetabolism,
including PI3k-Akt, MAPK, JAK-STAT andWnt signalling. Enrich-
ment of pathways incorporating these common processes, and
highlighting differential methylation at genes such as growth
factors and key regulators of insulin signalling pathways is re-
assuring and suggests that this epigenomic data set does offer
awindow into true pathophysiological processes.We, and others
(22), have identified MVPs that were common to both placenta
and cord blood in associationwith gestational diabetes exposure.
Pathway analysis was performed on MVPs common to both cord
blood and placenta and shows enrichment of several pathways
identified in either tissue alone; this may support a role for com-
mon susceptible pathways across these tissues. Although path-
way analysis offers a means by which to explore putative
biological mechanisms affected by gestational diabetes-
associated epigenetic variation, it does not provide any addition-
al proof that these epigenetic variants have a role in either the
cause or consequence of gestational diabetes. Longitudinal and
intervention-based studies need to be performed to establish
whether there is a causal relationship between these epigenetic
variants and GDM and/or future programmed disease in off-
spring. If epigenetic variants are shown to have a causal relation-
ship with future disease, they might provide a useful ‘molecular
signature’ and/or biomarker to improve current prediction tools
of disease risk and response to intervention.

There are a number of limitations to this study. DNA from
whole blood or placental samples consists of more than one
cell type, nonetheless when corrected for cell heterogeneity,
there are no substantial changes to our findings. The variation
in GDM treatments and varied size of the treatment groups stud-
ied is a limitation of our study, although our analysis suggests
that this does not drive methylation differences. This is a pilot
study in small numbers, and therefore, it is difficult to exclude
our results are not driven by treatment effects of GDM, maternal
factors or foetal phenotype.

In summary, we have identified epigenomic variation in off-
spring exposed to GDM in utero through the study of DNAmethy-
lation profiles in cord blood and placenta. The detection of DNA
methylation differences withstand correction for false discovery,
show characteristics that distinguish them from technical vari-
ation and are not purely SNP-driven. Characterization of these
epigenetic differences suggest they exist preferentially at CpG is-
lands and within the first exon of genes and this offers a route by
which to determine their role in transcriptional regulation in fu-
ture studies. Pathway analysis suggests that gestational diabetes
exposure may have functional impact on placental endocytic

processes, increasingly understood to play a role in foetal growth
and metabolism, and multiple other extra- and intracellular sig-
nalling pathways involved in growth and metabolism. While
cross-sectional studies such as this one offer important insights
into the effect of adverse pregnancy environments on foetal tis-
sues, future studies must include: larger sample sizes to improve
power to detect differences and control for false discovery, repli-
cation across cohorts, parallel genetic studies to establish their
combined and/or independent role in parent–child transmission
of disease risk, longitudinal sampling and intervention to deter-
mine causation over association and functional studies to deter-
mine the mechanism by which epigenetic variation can exert its
effects.

Materials and Methods
Women of South Asian origin receiving antenatal care at the
Royal London Hospital, UK, were invited to participate in the
study during the third trimester of pregnancy, under institutional
and ethics committee approval. All women had received screen-
ing for gestational diabetes (GDM) at 28weeks gestationwith a 2 h
75 g oral glucose tolerance test. Local diagnostic thresholds for
GDM were used (0 min serum glucose ≥5.8 and/or 120 min
≥7.8 mmol/L). Women with multiple pregnancies or pre-existing
diabetes (including that suggested by an abnormal glucose toler-
ance test at 16weeks)were excluded. Recruitedwomenunderwent
standard antenatal care and additional metabolic phenotyping
during the third trimester of pregnancy.

Standardized protocols were used to sample cord blood and
placenta at delivery. Cord blood was obtained from the umbilical
cord vessels within 30 min of delivery and collected into EDTA
tubes for full blood count measurement and storage (at −80°C
within 12 h of collection). Placenta samples (2 × 2 × 2 cm) were
taken adjacent to the umbilical cord insertion on the foetal sur-
face of the placenta, membranes (chorion) were removed and
the sample was rinsed thoroughly in sterile phosphate-buffered
saline, placed in RNA-later solution at 4°C for 24 h and then
frozen at −80°C.

DNA extraction and purification was performed from whole
blood (DNeasy Blood and Tissue, QIAquick PCR purification kits,
Qiagen) with standard quality control checks. Bisulphite conver-
sion of DNAwas performed using the EZ-methylation kit (Zymo)
and samples with conversion efficiency (determined by qPCR)
>95% were used for array hybridization. Batch effects were mini-
mized using sample randomization per study group and tissue
type prior to bisulphite conversion and hybridization.

The Illumina HumanMethylation 450BeadChip (Illumina,
USA) (‘450k array’) was used, providing genome-wide single
base resolution of DNAmethylation at pre-definedCpG dinucleo-
tides, targeted to all designable RefSeq genes, CpG islands and
regulatory regions. Bisulphite-converted DNA was hybridized
using standard protocols to the array which uses two types of
Infinium bead chemistry to determine the methylation state
(β-value) of individual CpG sites (38). β-Values were generated
from dye intensity [methylated probe intensity/(methylated
probe intensity + unmethylated probe intensity + 100)] and de-
tected via laser excitement and converted into M-values (log2
ratio of β-value) to account for heteroscedasticity and allow ana-
lysis assuming a Gaussian distribution (39). Data were filtered to
remove cross-hybridizing probes, X and Y chromosome probes
and those with a detection P–value of ≥0.05. Data were quantile
normalized per colour channel, per bead and per tissue type; a
method shown to reduce standard error with high performance
(28). Multiple dimensional scaling analysis was performed to
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exclude positional or batch effects. BMIQ was used to correct for
the two different probe types contained on the array (40).

‘MVPs’ were identified, per probe, between offspring born to
mothers with versus without gestational diabetes using Limma
(41). Benjamini andHochberg false-discovery rate controlwas ap-
plied (42). MVPswere selected first by P-value of <0.05 and second
by β-value difference >5%. Methylation patterns at probes
adjacent to MVPs (±500 bp) were characterized to identify ‘co-
methylation’ thatmay indicate biological plausibility and a puta-
tive role in transcriptional regulation (43) and using methods de-
scribed by others (44). We surveyed the KEGG Pathway Database
was surveyed (45) to identify gene pathways overrepresented by
regions of DNA methylation differences (MVPs) and provide a
hypothetical functional correlate of our data.

Supplementary Material
Supplementary Material is available at HMG online.
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