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Abstract

Aims/hypothesis—Individuals exposed to maternal diabetes in utero are more likely to develop
metabolic and cardiovascular diseases later in life. This may be partially attributable to epigenetic
regulation of gene expression. We performed an epigenome-wide association study to examine
whether differential DNA methylation, a major source of epigenetic regulation, can be observed in
offspring of mothers with type 2 diabetes during the pregnancy (OMD) compared with offspring
of mothers with no diabetes during the pregnancy (OMND).

Methods—DNA methylation was measured in peripheral blood using the Illumina
HumanMethylation450K BeadChip. A total of 423,311 CpG sites were analysed in 388 Pima
Indian individuals, mean age at examination was 13.0 years, 187 of whom were OMD and 201
were OMND. Differences in methylation between OMD and OMND were assessed.

Results—Forty-eight differentially methylated CpG sites (with an empirical false discovery rate
<0.05), mapping to 29 genes and ten intergenic regions, were identified. The gene with the
strongest evidence was LHX3, in which six CpG sites were hypermethylated in OMD compared
with OMND (p < 1.1 x 107°). Similarly, a CpG near PRDM16was hypermethylated in OMD
(1.1% higher, p=5.6 x 10~7), where hypermethylation also predicted future diabetes risk (HR
2.12 per SD methylation increase, p= 9.7 x 107°). Hypermethylation near AK3and
hypomethylation at PCODHGA4 and STCI were associated with exposure to diabetes in utero
(AK3 2.5% higher, p= 7.8 x 107%; PCDHGA4 2.8% lower, p=3.0 x 107°; STCI: 2.9% lower, p
=1.6 x 107°) and decreased insulin secretory function among offspring with normal glucose
tolerance (AK3. 0.088 SD lower per SD of methylation increase, p= 0.02; PCDHGA4: 0.08 lower
SD per SD of methylation decrease, p= 0.03; S7CZ: 0.072 SD lower per SD of methylation
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decrease, p= 0.05). Seventeen CpG sites were also associated with BMI (p < 0.05). Pathway
analysis of the genes with at least one differentially methylated CpG (p < 0.005) showed
enrichment for three relevant biological pathways.

Conclusions/interpretation—Intrauterine exposure to diabetes can affect methylation at
multiple genomic sites. Methylation status at some of these sites can impair insulin secretion,
increase body weight and increase risk of type 2 diabetes.

Keywords

Diabetes in pregnancy; Differentially methylated region; DNA methylation; Maternal diabetes
exposure in utero

Introduction

Unbalanced nutrition in utero, such as hyperglycaemia, has been associated with the
development of metabolic diseases in later life [1]. In particular, intrauterine exposure to
maternal diabetes increases the risk that the child will subsequently develop obesity and
diabetes [2]. Among Pima Indian siblings discordant for intrauterine exposure to diabetes,
the risk was higher in those born after their mother developed diabetes than in those born
before their mother developed diabetes, providing evidence that the increased risk is due to
an effect of the diabetic intrauterine environment in addition to any effect conferred by
inheritance of diabetes susceptibility alleles [3]. Studies in Pima Indians with normal
glucose tolerance (NGT) have also shown that insulin secretion is lower in young adults
whose mothers were diabetic during pregnancy compared with those whose mothers
developed diabetes at an early age but after the birth of the child, suggesting that exposure to
a diabetic intrauterine environment increases the risk of diabetes, in part because of
decreased insulin secretion [4]. This reduction in insulin secretion may be mediated by
epigenetic modifications during key developmental periods of the fetus [5].

One source of epigenetic modification is DNA methylation at CpG sites. In some cases,
methylation at a specific site is stable; thus, assessment after birth can provide information
on methylation patterns established in utero [6]. Two recent studies have reported
epigenome-wide analyses that identified differentially methylated regions as a consequence
of intrauterine exposure to maternal diabetes [7, 8]. One of these studies was our prior
examination of promoter regions in DNA from 28 Pima Indians which did not identify any
specific differentially methylated promoter that met statistical significance [7]. A third study
which examined methylation of GNASand /GF2in 168 Chinese newborns found an
association between maternal diabetes and methylation of GAAS, in which methylation
levels were also associated with obesity [9]. However, these three studies had limited
statistical power due to their small sample sizes. In the current study, we sought to
understand the effect of maternal diabetes on DNA methylation in 388 Pima Indian
offspring, which to our knowledge is the largest epigenome-wide report to date. These
individuals were, on average, 13 years old when examined, so the current study sought to
determine methylation changes due to exposure to diabetes in utero that were stable over
many years. The Pima Indian population is at high risk of type 2 diabetes, but type 1
diabetes does not occur [10].
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Methods
Study participants

Participants in the present study were a subset of individuals from a longitudinal study
among residents of an American Indian community in Arizona who are predominately Pima
Indian [2]. Biennial health examinations, beginning at age =5 years, included a 75 g OGTT;
in a substudy of pregnant women, a 75 g OGTT was also offered in the third trimester. In the
current study, data for the OGTT during pregnancy were obtained either at a biennial
examination or at a third trimester examination. Diabetes was defined by World Health
Organization criteria for non-pregnant individuals, regardless of whether a woman was
pregnant, i.e. 2 h post-load plasma glucose =11.1 mmol/l, fasting plasma glucose =7.0
mmol/l or a diagnosis observed during clinical care [11]. DNA analysed in the current study
was isolated from peripheral blood collected at the offspring’s first examination at which
they were not diabetic. All available offspring of mothers with diabetes during pregnancy
(OMD), defined as having a mother diagnosed with type 2 diabetes before the child’s birth,
were selected for methylation studies (V= 187). Of these, 169 (90%) were offspring of a
mother diagnosed more than 9 months before the child’s birth. Of the remaining 18 (10%)
whose mother’s diabetes diagnosis was less than 9 months before the child’s birth, six were
born to a mother with no previous examination, four were born to a mother with a non-
diabetic examination <1 year before the child’s birth and eight were born to a mother whose
last non-diabetic examination was >1 year before the child’s birth. Thus, the current study
largely examines the effect on the intrauterine environment of type 2 diabetes that predates
the pregnancy. For comparison, DNA samples (A= 201) were randomly selected from
offspring of mothers with no diabetes during the pregnancy (OMND), where the mother did
not have diabetes diagnosed before the child’s birth and the mother had a non-diabetic
OGTT (2 h post-load plasma glucose <11.1 mmol/l) in the longitudinal study =12 months
after the child’s birth. OMND were frequency-matched to OMD by sex, age (5 year strata)
and self-reported Pima heritage (full vs partial), and all were required to have at least 50%
American Indian heritage by self-report. All studies were approved by the institutional
review board of the National Institute of Diabetes and Digestive and Kidney Diseases, and
all participants provided written informed consent.

Characteristics of the 388 offspring analysed in the study are provided in Table 1. The mean
age of the offspring when their DNA was obtained was 13.0 (range 5.2-41.6) years. The
OMD group, on average, had a higher maternal age and BMI, and was more likely to have a
sibling included in the analyses, compared with the OMND group (Table 1).

Statistical analysis to identify differential methylation

DNA methylation at CpG sites was measured using the Infinium HumanMethylation450K
BeadChip (Illumina, San Diego, CA, USA; methods detailed in electronic supplementary
material [ESM] Methods). To stabilise the variance for purposes of analyses, Beta-values
(the ratio of methylated probe intensity and overall intensity [the sum of methylated and
unmethylated probe intensities]) were converted to M-values (the log, ratio of methylated
probe intensity vs unmethylated probe intensity) and standardised to a mean of 0 and an SD
of 1 [12]. The standardised M-value was adjusted by linear regression for age, sex, a genetic
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estimate of American Indian ancestry in the offspring, mother’s age when the child was
born, array batch number, and the first four principal components (PCs) to account for
cellular heterogeneity or other unmeasured confounders [13]. In these analyses, American
Indian ancestry was estimated according to the method of Hanis et al [14] from 45 ancestry-
informative markers [15]. The PCs were calculated using the R software package
pcaMethods (R Foundation for Statistical Computing, Vienna, Austria), and the methylation
Beta-values from 47,340 probes, with one probe selected from each gene and CpG island.
The residuals of the standardised M-values obtained from this regression were tested for
association with intrauterine exposure to diabetes using Procedure GLM in SAS, version 9.3
(SAS Institute, Cary, NC, USA), with M-value as the dependent variable. To estimate the
effect size in biologically meaningful terms, the same model was analysed with the original
Beta-value as the dependent variable. In Table 2, effect sizes are shown for the model with
Beta-value as the dependent variable, while pvalues are reported for the model with M-
value as the dependent variable (which generally conforms better to the assumptions of
linear regression).

The empirical false discovery rate (FDR) was estimated using a nested permutation
procedure to generate the null distribution. In brief, the methylation data (M-values, PCs)
were permuted independently from the phenotypic data (exposure to maternal diabetes
status, age, sex, maternal age and ancestry estimate). To account for familial dependence, all
phenotypic data for a sibship were permuted together; thus, permutations were conducted
across sibships of the same size. With 1000 permutations, the empirical FDR p values were
calculated using the method proposed by Millstein and Volfson [16].

Differentially methylated regions were analysed to determine whether there was a general
tendency for these CpGs to be hypo- or hypermethylated in OMD relative to OMND. The
number of hypermethylated regions (effect >0) and hypomethylated regions (effect <0) were
counted and subjected to a binomial test for the methylation proportion using the R function
binom.test (R Foundation for Statistical Computing), in comparison with the expected
percentage of hypermethylated regions of 50%.

Assessing differentially methylated sites for prediction of impaired secretory function,
obesity and diabetes risk

Secretory function could be assessed in 230 of the 388 offspring who had NGT (2 h post-
load plasma glucose <7.8 mmol/l) at baseline. The 2 h corrected insulin response (CIR), a
surrogate measure of insulin secretion, was derived from OGTT measurements at the time of
the DNA sample collection [17]. Fourteen of these NGT offspring had further been assessed
for their acute insulin response (AIR) to a 25 g intravenous glucose challenge at a later time
in their life [4]. The association between the insulin secretory function (defined as
standardised logarithm of CIR or AIR) and standardised M-value residuals for individual
CpG sites was calculated with adjustments as detailed in the Table 3 legend.

BMI could be assessed in 376 of the 388 offspring who had both height and weight
measured at baseline, while risk of type 2 diabetes could be assessed in 303 offspring who
had data from at least one outpatient follow-up examination (58 out of 303 had documented
diabetes at follow-up). The association between the logarithm of BMI and standardised M-
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value, as well as the association between diabetes risk and standardised M-value, was
calculated with adjustments as detailed in the Table 3 legend. A Cox proportional hazards
model (Procedure PHREG in SAS, version 9.3; SAS Institute) was used for the analysis of
diabetes risk. To assess the extent to which observed methylation differences may account
for the increased diabetes risk in OMD, a formal mediation analysis was conducted as
detailed in ESM Text [18, 19].

Pathway enrichment analysis

Results

Genes with differentially methylated CpG sites (p < 0.005) were analysed for pathway
enrichment (KEGG pathways [20]; release date 21 March 2011; access date 4 November
2015) compared with Homo sapiens genetic background using the WEB-based GEne SeT
AnaLysis Toolkit (WebGestalt) [21]. The enrichment p values were adjusted for multiple
tests by the FDR method. Pathways with FDR p < 0.001 and more than three differentially
methylated genes were considered enriched.

Thirty-nine unique differentially methylated regions are associated with intrauterine
diabetes exposure

Methylation data from 423,311 CpG sites passed our quality control metrics. When analysed
in aggregate, baseline DNA methylation mean Beta-values across all 423,311 sites did not
differ (p=0.70) between the OMD group (N =187; Beta-value 0.513 [SD 0.006]) and the
OMND group (V=201; Beta-value 0.513 [SD 0.012]). Analysis of each individual CpG site
in OMD compared with OMND is shown by chromosome in a Manhattan plot (Fig. 1a), and
the corresponding quantile—quantile plot is also shown (Fig. 1b). Forty-eight CpGs
representing 39 unique regions were significantly associated with intrauterine diabetes
exposure (empirical FDR <0.05; Table 2). At these sites, the adjusted median absolute value
of the difference in DNA methylation between OMD and OMND was 2.2% (range 0.6—
4.6%). Among these 48 CpGs (17 in gene bodies or 3" untranslated regions [UTRs], 20 in
regions close to transcription start sites [TSSs] or 5 UTRs, 11 in intergenic regions [with
two CpGs being found in the same intergenic region]), 29 were hypermethylated and 19
were hypomethylated; the proportion of hypermethylated CpGs was not significantly greater
than 0.5 (binominal p=0.097). Since there was a large difference in pre-pregnancy maternal
BMI between the OMD and OMND groups (Table 1), we further adjusted for pre-pregnancy
BMI in the 296 individuals (154 OMD and 142 OMND) for whom maternal BMI data were
available. The effect sizes were generally unchanged with the additional adjustment for
maternal pre-pregnancy BMI (ESM Table 1).

Methylation at some CpG sites which associate with intrauterine exposure also associate
with impaired insulin secretory function, higher BMI or future risk of type 2 diabetes

We further assessed whether any of the 48 CpG sites that associated with exposure to
intrauterine diabetes also associated with reduction in insulin secretory function, higher BMI
or future type 2 diabetes. Three of the 48 sites were modestly associated with CIR (Table 3).
The CpG site (cg24049468) located in the gene body of AK3was hypermethylated in the
OMD group, and hypermethylation at this site was associated with a reduced CIR in the 230
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NGT participants. Similarly, CpG sites located in the gene body of PCDHGA4
(cg25949304) and close to the TSS of S7CI (cg04645534) were hypomethylated in the
OMD group, and hypomethylation at these sites was associated with a reduced CIR in the
230 NGT participants. Methylation at these three CpG sites was further analysed in 14
individuals who remained NGT and had participated in a subsequent inpatient examination
(median follow-up was 1.8+ 5.8 years) in our clinical research centre to characterise insulin
secretory function via a 25 g IVGTT. In this very small sample, those who were
hypomethylated at S7CI similarly tended to have a reduced AIR (effect 3.7% per SD; p=
0.058).

Among the 48 CpGs differentially methylated between OMD and OMND, 17 were
associated with baseline BMI of the offspring (p < 0.05). However, only CpG sites in SBK1
(cg04413090, p= 4.1 x 10~4) and PRDM16 (cg12140144, p=1.2 x 1073) and two intergenic
CpGs (cg10772621, p= 2.3 x 1074; cg07464358, p= 2.3 x 1074) remained significantly
associated after correction for multiple tests (assuming 39 independent tests). Three of the
CpG sites, cg04413090 (SBKI), cg12140144 (PRDM16) and cg07464358, were
hypermethylated in OMD, and hypermethylation was associated with higher BMI (5.3%,
6.0% and 9.2% higher per SD of standardised M-value, respectively). Similarly, the CpG site
cg10772621 was hypomethylated in OMD, and hypomethylation was associated with higher
BMI (by 4.9% per SD of standardised M-value).

Among the 303 offspring with data from a follow-up examination, 43 OMD and 15 OMND
developed diabetes later in life. The adjusted HR for developing diabetes for OMD
compared with OMND was 5.48 (95% CI 2.85, 10.52; p= 3.2 x 10~7). Among these 303
individuals, methylation at cg12140144 in the TSS of PRDM16 was associated with a higher
risk of diabetes (Table 3; HR 2.12 [95% CI 1.74, 2.50] per SD of M-value; p= 9.7 x 107°).
Another differentially methylated CpG site, cg08911291, which is located in an intergenic
region, also carried diabetes risk with marginal significance (Table 3; HR 1.47 [95% CI 1.09,
1.85] per SD of M-value; p=0.05). Among the 303 individuals with data on development of
diabetes, the adjusted standardised M-value at the cg12140144 site in PRDM16 was 0.51 SD
higher in OMD compared with OMND. After adjustment for methylation at this site, the HR
for developing diabetes in OMD compared with OMND was 3.89 (95% CI 1.98, 7.65; p=
8.0 x 107°). In mediation analyses, this corresponded to a percentage mediation of 20%
(two-sided p=0.026). The corresponding value for cg08911291 was 7% (p = 0.27).

Differentially methylated genes clustered in known pathways

The pathway analysis included 641 genes with a differentially methylated CpG site (p <

0.005). The differentially methylated genes were enriched for: (1) metabolic pathways (37
genes, adjusted p = 0.0002); (2) Wnt signalling pathways (11 genes, adjusted p = 0.0004);
and (3) protein digestion and absorption (eight genes, adjusted p = 0.0005) (ESM Table 2).

Database searches (www.ncbhi.nlm.nih.gov/gene, accessed 1 September 2016) revealed that
11 of the 29 genes have known roles in embryonic development (ESM Table 3), and several
genes have a physiological function consistent with a role in beta cell function/type 2
diabetes.
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Discussion

We investigated genome-wide DNA methylation in peripheral blood in relation to
intrauterine diabetes exposure. Compared with published studies of intrauterine exposure to
maternal diabetes, our study featured a larger sample size. The Infinium (Illumina)
methylation assay used in the current study covers 96% of CpG islands and 99% of
reference sequence genes with an average of 17 CpG sites per gene. Forty-eight CpG sites
were identified, with a statistically significant (FDR <0.05) difference in methylation among
people exposed to maternal diabetes in utero compared with those not exposed. For
differentially methylated sites, the median adjusted absolute difference in methylation
between OMD and OMND was 2.2% (range 0.6-4.6%). Exposure to diabetes in utero is
strongly associated with higher maternal BMI, and genetically raised maternal BMI is
associated with birthweight, which in turn is associated with long-term developmental
outcomes and adult diseases [22, 23]. However, the additional adjustment for maternal pre-
pregnancy BMI did not materially change the effect sizes of our 48 top signals.

The strongest result in our study, in terms of statistical significance, is the differential
methylation of the transcriptional activator LAHX3. Six of the 23 CpG sites assayed on the
array from this region were hypermethylated in OMD (p < 1.1 x 107%). Mutations in LHX3
have been associated with combined pituitary hormone deficiency (CPHD), which is often
characterised by reduced growth and short stature [24]. LAx3expression is regulated by
DNA methylation in mice, where decreased methylation has been shown to activate
expression in pituitary cells that do not normally express L/Ax3[25]. In humans, LHX3is
broadly expressed in many tissues, including the pancreas. Although this particular
transcription factor has not been previously reported to affect insulin secretory pathways, it
does interact with several other transcription factors including insulin gene enhancer protein
ISL1 and LIM homeobox transcription factor 1-alpha (LMX1A), which are known
regulators of insulin gene expression [26].

Several of the genes identified as differentially methylated between OMD and OMND have
established roles in beta cell function, including a CpG site in STCI that was
hypomethylated in the OMD group, where hypomethylation of the same CpG was also
associated with both reduced CIR and AIR, as well as increased BMI at baseline. STCI
encodes the polypeptide hormone stanniocalcin-1 (STC-1), which co-localises with insulin
in mouse pancreatic islets, and it has been proposed that STC-1 regulates beta cell
mitochondria membrane potential, which is a crucial component in regulation of insulin
release [27]. Another gene, CACNAIC, which was hypomethylated in the OMD group, has
also been shown to be important for beta cell function [28]. However, hypomethylation at
CACNAIC was not associated with reduction in insulin secretory response in the present
data.

Two CpG sites that were significantly differentially methylated between OMD and OMND
on an epigenome-wide basis also had nominally significant associations with diabetes risk in
later life; however, only the CpG site in PRMD16 (cg12140144) remained associated after
correction for multiple testing (assuming 39 independent differentially methylated regions).
This CpG was hypermethylated in OMD by 1.1% on average, and a 1 SD increase in
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methylation was associated with a doubled diabetes risk. Mediation analysis suggested that
differential methylation at this site could potentially explain 20% of the excess risk of
diabetes for OMD compared with OMND, and this mediation effect was nominally
statistically significant. This site maps within a CpG island (chr1:2983925-2987962) that
spans both 5" UTRs of L/NC00982 and the promoter of PRDMI16. In human placental
tissue, methylation at two CpG sites in PRDM16 was associated with maternal fasting
glucose in the second and third gestational trimesters [29]. CpGs in PRDM16 were also
identified in another study which investigated differential DNA methylation in pancreatic
islets of human donors with type 2 diabetes [30]. PRDMZ16 has been predominately studied
in relation to brown adipose tissue (BAT), where it regulates differentiation from myoblastic
precursors to BAT [31]. A SNP (rs12409277) in its 5” flanking region was associated with
lean body mass in a Japanese population, and the same SNP was demonstrated to affect the
transcriptional activity of PRDM16[32]. An essential role for PRDM16 in pancreatic islet
development from a single fetal progenitor cell has recently been described [33], suggesting
that this gene also has an important role in pancreatic development. In mice, the function of
Prdm16is regulated by epigenetic histone modification [34]. Taken together, multiple
evidence shows that PRDM16 could be the regulatory target of hyperglycaemia and
responsible in part for increased diabetes risk in OMD. The differentially methylated CpG
site in PRDM16 identified in peripheral blood might be transferable to other tissues, making
it a promising biomarker for diabetes risk screening.

While our previous in vivo clinical studies in Pima Indians have shown that exposure to
diabetes in utero increases the risk of type 2 diabetes primarily via impairment of beta cell
function, it is possible that reduced insulin sensitivity either as a primary effect or secondary
to increased adiposity may also contribute to the higher risk of type 2 diabetes. For example,
PPP1R3B, which was differentially methylated in our study, codes for the G regulatory
subunit of protein phosphatase 1 (PP1), which targets PP1 to activate glycogen synthase,
thereby increasing insulin sensitivity of liver and skeletal muscle [35, 36]. A decreased rate
of glycogen synthesis in the skeletal muscle in response to insulin is a characteristic feature
of individuals with type 2 diabetes [37], and polymorphisms in another regulatory subunit
(PPP1R3A), which also targets PP1 activation of glycogen synthase in the skeletal muscle,
were associated with insulin resistance and type 2 diabetes in several different populations
[38-42]. Differential methylation of a second gene, PM20D1, could also affect insulin
sensitivity via its effect on body weight. In humans, methylation of PMM20D1 in cord blood is
associated with birthweight centile [43]. Methylation of PM20D1 has also been associated
with several adverse health events during early life, indicating that PM20D1 may be a target
gene for in utero epigenetic programming in multiple organs [44, 45]. Differential
methylation of PM20D1 in obese and non-obese individuals at older ages suggests that in
utero programming of PM20D1 has sustainable effects much later in life [46].

Among the 29 genes identified in the current study which are differentially methylated in
OMD but not in OMND, only 7BL1X has been previously implicated in exposure to
maternal diabetes. In our study, a CpG in the 5" UTR of 7BL1X was hypermethylated in the
OMD group, and others have reported a 27.22-fold decrease in expression following
exposure to maternal diabetes [47]. TBL1X encodes a mediator of B-catenin proteolysis
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through ubiquitination in the canonical Wnt pathway, which was highlighted by our pathway
analysis (ESM Table 2).

The strength of this study is its sample size and detailed clinical measures of a well-
phenotyped, longitudinal cohort. There are, however, several weaknesses. First, since blood
samples were not obtained at birth in our longitudinal study, the DNA analysed for
methylation was from individuals with a mean age of 13 years. Thus, our study can only
detect in utero differences in methylation that are stable throughout many years, and our
results could also be influenced by differences in methylation that arise postnatally. Prior
studies of in utero methylation have shown evidence of both transient and stable methylation
sites. For example, a longitudinal analysis showed that sites that were differentially
methylated at birth and associated with birthweight and gestational age were no longer
different when the child reached 7 years of age [48]. By contrast, DNA methylation
differences associated with in utero exposure to maternal smoking have been reported to be
long-lasting [49, 50]. A second weakness of our study is that we analyse DNA from
peripheral blood, although we believe that the pancreas and corresponding beta cell function
are the key tissues responsible for the development of early-onset type 2 diabetes as a
consequence of in utero exposure to diabetes. Therefore, our study will only detect
differences in methylation that affect pancreatic development/function that are similarly
differentially methylated in the blood. Fine mapping of CpG sites from DNA isolated from
specific target tissues is required to further understand the detailed molecular mechanisms.

In conclusion, our study identified differentially methylated CpGs in 39 genomic regions
that achieved epigenome-wide significance in their association with exposure to a diabetic
intrauterine environment. Methylation at three sites also nominally associated with insulin
secretion, while a fourth site associated with future risk of type 2 diabetes. However, our
studies of insulin secretion and future diabetes risk were conducted in relatively small
numbers of individuals and thus may be subject to considerable stochastic variation;
therefore, replication in other cohorts will be very informative. In addition, further
investigations on quantitative gene expression as a consequence of DNA methylation at
these CpG sites, as well as causal CpG mapping, will lead to a better understanding of the
mechanism of diabetes and its complications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
The genome-wide differential methylation signals. (a) Manhattan plot of differentially

methylated CpGs in OMND vs OMD. Genome-wide significant differences are highlighted
in green. (b) Quantile—quantile plot of the differential signals. The red line is the identity
line

Page 13

(op

Observed -Log,y(p value)
N
1

1 2345 7 9 1113 16 20 X 0 1 2 3 4 5 6

Chromosome Expected -Log,4(p value)

Diabetologia. Author manuscript; available in PMC 2020 May 01.



Page 14

Chen et al.

Author Manuscript

ds F ueaw Jou se uanIb ale sanjen

syt SEISE weson e o
¢-0Tx06 G8FC6C O0LFSHC (zw/B¥) 1N g s.Bundspo
;-0Tx6T 6GFT0E 6GFLVYC (s1eak) Aoueubaid 1e Jaylow Jo aby

900 TLFLBT TLFTOC (s1ea) uorreuiwexs ise| Je 8by

680 LSGF6CT LGFOET (sreaf) ajdures wNQ 1e 96

0'€e G/ (%) uoneulwexa 1se| 1e adusjenald salagelq

8TT/69 8L1/€C () parejaiunysbunais

OTT/LL 6TT/C8 () arewsay/ere

181 102 N

(VAONY)anfend amno aNWo J1s1e10R ReyD

T alqeL

Author Manuscript

Author Manuscript

syuedionJed Jo sonsLsdRRYD

Author Manuscript

Diabetologia. Author manuscript; available in PMC 2020 May 01.



Page 15

Chenetal.

20T %0 s-0Tx06 TT-'62- 02- - £E878GE-0GGEBSEZIYD 0/GE8SEZIUO  OYY966YZHo
20T x0C o-0T x '8 €T'50 60 - - Y9EZSE00T:LIY0  8SEV9YL0B0
20T x0C 9-0T x T8 12'80 V71 00STSSL 6SWIML  066/9TOIT:ED  8/68TISTHO
20T x 0 5-0T %08 6720 €T - [¥/8262T-S5v/C62T:LTIUO  8/G/26ZT:LTIYD  0£p0LE80PO
20T x0¢C o-0Tx8L G0-'€T- 60- Apog OIVNOVO  SS.¥2eeeTyd  LvTzzeleho
0T xT72 o-0T x 8L LEYT G2 Apog &Y T8ISTSOTIY  89v6r0rZhd
20T xTT 90T x €L 8T'20 2T Apog g#NOS  8£0£208TT:TTIYD  €£0898T.THO
20T x8'T 9-0T X €9 T€2T T2 - TKZI6020T-6€706020T:GIU0  09/680Z0T:SIUD  886T.992H0
20T x 8T o-0T X 6'S £2'60 97T 00STSSL YOZAEMNY  9GLVETEV:6IYO  T96€8TGTHO
20T x8'T o-0T X L'G vZ'60 97T dLn s ZN473  Z86TZ8LE:TZO  T1£0SEY0BO
2-0Tx /LT 90T xT'G 9927 9¥ Apog 20Z3ld  S8ELYTTIT:BTIYD  §/88929060
20T x 9T o-0TXx9% €0-'80- 90- dLn g GXYT9  L6VOT096:¥TIUO 0622628009
20T x LT o-0T x G 8€'9T LT 00STSSL F6INM  9TS8Z6VYLTIUO  £/169.0260
20T x L' o-0TXEY 60-'€2- 9T- 00ZSS1 ZNOS4  vZESBYBL:LTIUO  £.000,£T60
20T x L'T o-0T X T'¥ 6T'80 VT 00STSSL PYOZGEMINY  OVTT8E69:6140  0Sv29.0060
20T xS'T o-0TXVE V¥I-'78- €2- - 82ST0859-67/008G9:0TIYO  //ETO8S9:0TIUYD  $ETSYENZHO
e-0T X €6 o-0TXTZ  0v'LT 82 Apog EXHT — €182606ET6MY0  pLVCCS65C0
20T x0T o-0TxTZ 0T-'52- 8T - B96TTYYG-9LETTPYS6TIUO  6660THYS:6TIYD  T292/L0THO
20T x0T o-0Tx8T  9v'8T Z¢ Apog EXHT  0SEv606ET:6IYO  p0CS509¥TH
0T xE6 o-0Tx9T zeYT €T Apog EXHT  GISTE0BET:6ID  pLBLEEBSTO
c-0T X G'8 o-0TXET §T-'Th- 0 Apog £48d41Y  TZ606LT:6TAY  TZzLT.9069
0T x 'S 40T X 9'G 9750 TT 00STSSL 9TWGHd S1Zv86Z:TIUO  pYTOPTZIBO
e-0Tx2ZT ;O0TXET  €2-'25- L'g- 00STSSL gedTddd TOV6006:8/40  GS66v.0260
p-0Tx 29 g-0TxLS TTI-'Te- 91- Apog ZWOOHHS 0T68586:XIY0  65¥96/GTHO
»-0T x0T g-0TxGT Sv'ze €€ Apog EXHT  0G9T60GET:BIUD  pECITBEYTOO
y-0T x0T 01-0T x €8 6G'TE SV Apog EXHT  TOSZE06ET:6IUD  89YZ6TTZHO
anead ya4  enfead uoieossy 1D %G6 % ‘10943 dusb ul uonsod pues| 9dopueD uonsod 9do 9dd

Author Manuscript

aouralyIubIS apim-awouabida yim aNINO SA QINO ul salls ©d) parejAylaw Ajjenualayip 1ybise-A11o04

Author Manuscript

¢ dlqeL

Author Manuscript

Author Manuscript

Diabetologia. Author manuscript; available in PMC 2020 May 01.



Page 16

uoiBaijauab pajejAyiaw Ajjenualayip e Jo sjeubis Arepuodass are salis 9d) mmm:._.m

uwinjo2 Juadelpe a8yl U UMOUS S1 199148 SIUI 40 D %G6 8YL "ANINO YiM pasedwiod gNO Ul uonejAyiaw NG 40 abejusalad ayy Ul 80usIsiIp 8y} siuasaldal 108))e ay L
3|qeLIeA Juspuadap By} Se aNnfeA-|Al UM [3poW a3 1oy paniodal ale sanfeAd a]1ym ‘a|qelieA Juspuadap ay) se anjeA-19g UM [3pOW a3 10} UMOYS aJe SaZIS 109443
SS.L 8y Jo uoiBai Buruely G sy Ul payedo] pue SS1 ay) woiy Aeme sired aseq 00z St DA ‘002SSL ‘SSL ayp Jo uoifiai Bunjueyy |G a8y} Ul pajedo] pue SS1 ay) woly Aeme sired aseq 0OST St 9D ‘00STSSL

uanib si puejsi 9d9 ayi Jo dois/els ay ‘uoibial aush e uIyym Jou si 31 41 ‘uoiBal aush syl uIyIM paredo] si 3 41 aush e 03 paubisse sI 9d) v

Jew.0} Jred aseq:awosowoiyd e ul uaAlb si uonisod 5do

Chenetal.

2-0T X 0’ ¢OTXE€E  79'€T €V 00STSSL QHOS  £ebYIESy:STID  pCYTEL0LZH0
20T x L'y 0T x0€ GT-'Ty- 82 Apog PYOHAOd  8TISTOVT:SIUO  YOE6Y6SCHO
20T xEY 0T x82 6T-'76- 9¢- Apog 6E800ONIT  1860L627:0TAY  biEZ8y9Tho
20T x ¥ 0T x 8 1200 ¥1 00STSSL ZANWT ~ 19S8ZvZ:6TIY0 896295260
20T x 0¥ -0TxGZ TI-'€e- 22 00STSSL ged1ddd 25€6006:81y0 3799085000
2-0T X 0% 0T x¥'Z SE'CT ¥T - GLTOZTYy-LET8TTVY:6IUO  ETv6TTV:6IU0 1621168060
20T xT¥ ¢-0T X ¥'Z 72'80 ST dLn s XT741 L6SEEVEIXIYD  T8LSOTHTBO
20T x L€ -0Tx22 80-'TZ- vI- - 807GEG6C-0T6VES6Z:02IU0  68TLES6Z:0ZIYO  68L2€LyTBO
2-0T x 8°€ ¢-0T %2 6522 Tv 00ZSSL EFTHAD €90VELEXIYD  TH2G/82T69
2-0T X 6°€ ¢0Tx22 6T1-'09- 6¢- 00STSSL TA0ZWd  26Y6T8S0Z:TIY  LOvE0Skzho
20T x 9 ¢-0Ix0Z 80-'TZ- GT- - €9660/95-//960/95:9TIY0  ¥S890/9G:9TIY0  GTZ9zy9Tho
2-0Tx0€ -0Tx.T ¥0-'0T- L0- - - 9£890V88:STIY0  €L¥/THETHO
20T x 62 ¢-0Tx9T v1'50 07 00STSSL IYgS  €1620£82:9TM42  0BOETYY0BO
2-0T x 62 0Tx9T 9T-'Th- 62— 00STSSL TO1S ~ 0GSZTLEZ:BIYO  pEGSYIy0Bo
2-0Tx 67 g-0TxGT 0e'TT T2 00STSSL G6LNM  88Z8Z6YYILTIND  pEVLEB6L0D
2-0T x 82 ¢-0T x¥'T TV'9T 62 00ZSSL 6NGTO  28€290S9TIYD  0.Tt.96069
20T x¥'Z ¢-0Tx2T LT'90 271 Apog IW0D09  STvv88LG:STIYO 9196050060
2-0Tx G2 -0TxZT VI-'Se- vz 00STSSL gy0S  EvBYTESH:STIYO  9/9¥Tye0bo
20T x¥'Z ¢G0T XTT vE'ET ¥T 00STSSL 14901 8998T99%:€I40  8GZTY602H0
20T x¥'Z 0T xTT 8€'sT 9¢ Apog EXHT  Z0TZ606ET:BIUD  pST9CLTTCH0
20T x T2 o-0Tx66 6T-'06- e - 8ZST08S9-62/008S9:0TIUD  ZEVT08GY:0TI  pS5TCLL5000
2-0T x0T o-0Tx 06 ZeETT T2 Apog EHHMFTd  TyeyesoviiTId  ¥Tvz98e0bo
anerd ¥ad4  anfend uoljeloossy 1D %S6 % ‘19943 dusb ul uonsod puessi 9dopUD uonsod 9do odd

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Diabetologia. Author manuscript; available in PMC 2020 May 01.



Page 17

Chenetal.

960 82'T'0L0 660 0Tx.8 €06V A €90 2S00 '980°0- LT00-  8ZST0859-62.00859:0TIU0  ¥E€TSHE0ZH
290 8£T'8L0 80T ,Lv-0TXxTY¥ 7'8'r'e €s 290 1600 ‘vS0°0- 8700 1X85  060€TH1060
160 0€T'.90 860 10Tx9¥ 6T'T¥- TT- 090 9500 ‘L60°0- 1200~  Lv/8262T-GSV/Z62T:LTIYD  0EY0LEQ0BD
€60 2ET'TLO 10T  1-0TxZ€  9T'Ty- e1- G50 2S00 'L60°0- €200~ g&os  9.9vT¥8060
v9'0  LET'8L0 0T -0Tx9T  [v'L0- 0 €50 1800 ‘Sv0°0- 1200 EXHT  €29T8EVTHD
190 T¥'T'2L0 60T 1-0IxS6 Z€'62- T0 250 2S00 ‘20T°0- G200~ EXHT  L6,£€8GTHO
TL0 €7T1'920 10T 10Txl€ 8v'LT- g1 250 €500 ‘SOTO- 920°0- EHHYFTd  ¥T¥2988000
€L0 62T'650 ¥6'0 ,e-0TxC6 SLTT I TS0 90T'0 ‘250°0- 1200 ZNF73  TTE0SEV0BD
960 LET'T90 660 1-0Tx.T €9'TI- Gz 670  9TT'0'G50°0- 000 65WI&L  8L68TISTHO
680 GET'0L0 20T  -0Tx0S 8T'Le- 0T- 70 L6070 ‘Tr00- 1200 G6INM  €v.€66L000
680 LZT'690 860 Lv-O0IXEC yz-'v.- 67— T¥'0  00T'0 ‘T¥0'0- 6200  B96TTYYS—9LETTYYS:6TIUD  T29zLL0THO
290 6T'T'89°0 v6'0 10IxZC OT'T¥- 91- 0’0 8€0°0 ‘960°0- 6200-  8ZST0859-62.00859:0T1U0  GGTZ/.G000
S50 SY'T'LL0 TTT  -0Tx09 0C'ce- L0- 860  TOT'0‘8€0°0- 7€0°0 G6INM  LLT69.0200
S0 TLT'TLO 12T Lv-0TXE€C  pyT ey z6 Z€0 0900 ‘v8T0- 290°0- - 8Gev9r,060
500 S8T'60T WT 2 0TxSS  89'T0- ) T€E0 6210 ‘TY00- vr0'0  GLTOZTYY—LET8TTVI6IUD  T6ZTTE80P0
LE0  2LT'LLO ST Le01x68  L0T'GT z9 620 9910 ‘050°0- 8500 grNOS  €0898TLT6D
9¢'0  0Z'T'67°0 G680 - 0Tx68 G0'c9- 0e- 820  LET'0'6€0°0- 600 €€8Y8SE-0G5EBGETIUO 096617200
800 €LT'T0T €T  1-0Tx€T  Z79'80- 927 €20  6ET'0 ‘€E00- €500 1490.  8SZT¥6020o
L5 0TXL6  052'vLT 2T e 0TxCT 86'7'C 09 010 €970 'STO0- vL0°0 ITNGYd  ¥rT0YTZTRO
¥6'0 95T ‘180 10T ,2-0TxCE€ €0-'6G- Te- 800 2000 ‘LETO- G90°0- £98d1V  TeelTL9060
660 2ZET'0L0 8T'T 1-0Tx9S Gv've- 0T 800 8000 ‘TIT0- 9,00~ 6NdTO  0LT%.96060
¥80 67T '0r0 §60 1-0Tx¥Z 0C'9L- 62— 900  6¥20 ‘7000 €210 €S660/95-22960.95:9TIUd  GTZ9zy9Tho
G680 LZT'L90 160 LeO0TxET gT1-‘7L- gy- 500 T¥T°0 ‘2000 2L0'0 TOLS  ¥ESSYIYOBO
€90 TCT'99°0 €60 Lz 01xT€ g0-'1G- 0e- €00 0ST'0 ‘0T0°0 0800 PYOHAOd  ¥0E6765202
v7'0  G¥'T ‘280 €TT  (0Tx.S 0V 'TZ- 60 .00 €100~ 2910~ 8800~ &V 89v6r0reho
anead 10 %s6  (as/) UH anpend 1D %56 (aS/%) weya  enpead 10 %S6  (as/as) wey3
SR geld TNg diD puest 9dopWD 9do

Author Manuscript

91| Jaje| Ul sk SalaqeIp PUB [NG ‘HID UM salis 9dD pajejAupaw AJjenuaiayip gy aU) JO UONBI0SSE 8y L
€ 9|gelL

Author Manuscript Author Manuscript Author Manuscript

Diabetologia. Author manuscript; available in PMC 2020 May 01.



Page 18

Chenetal.

SUWIN|02 JUB0eIPE BY) Ul UMOYS 318 SHH/SI0919 JO 1D %G6 3YL “aNnfeA-|Al 40 AS Jad umoys s sa1ageIp Jo Juslido|ansp 10y ¥H ayL

‘anfen-|N Jo as J4ad (Jaijdninw e se passaldxa) |G Ul 8duaIayip 1uad Jad syl Se UMOYS SI [IIG O 9ZIS 198448 8Y L "anjeA-|Al Ul 8duaiaiip as Jad 1D ul ddualaylp S ayl Se UMOYS SI ¥ JO 8IS 108149 ay L.

uanib si puejst 9d9 ayy Jo dois/els ayy ‘uoibal auah e uiyim 1ou SI )1 41 ‘uoiBal auab syl ulyim pareao si )1 41 auab e 0y paubisse sI HdD v

yewo} Jred aseq:awosowolyd e ui usAlb si uonisod 9do

G00 TZT'OTT 69T 1-0Tx2Z LT'vi- 62— 66'0  GCT'0'9CT0- 100°0- ZWOOHHS 6579615160
/T0 6ST'€60 92T ,z0Tx8¢ 8970 g€ /60 8.0°0'T80°0- T00°0— PY0ZadMNY  05%29.0000
160 SET'690 20T Lz-0Tx6T 90-'v9- 9¢- 160 T80°0‘8L0°0- 2000 - ELyleyeTho
980 TET'€90 160  1-0Tx¥T  80'"S- € €60 €200 ‘080°0- ¥00°0- ZNOSH  €1000/€T00
€60 0G'T'S80 8T Lez-01x0S  00'vs- 8'¢- 160 €0°0 ‘9900 7000 HE4Tddd 799085000
980 9€T'0L0 €0T  1-0Tx¥9  LE'Te- L0 060 0800 ‘T.L00- 5000 EXHT 0285091160
v6'0 98T '990 70T  1-0TxTT  9G'G0- ¥4 98'0 8900 ‘Z80°0- L00°0- EXHT ST92/TTe¢Hd
vT'0 ¥9'T'S6°0 0€T Le0Tx6C yo0-'0L- Le- 780  8.0°0'960°0- 600'0-  80ZSES6Z-0TEYES6C:0ZIUd  68L2ELTOD
G90 €2T'€90 €60 1-0Ix6€ 9T'6e- - 780  €80°0°990°0- 800°0 20Z3ld 5188929000
vT'0  SY'T'8E0 990 1-0TxTZ 2T'Gl- 0e- 6,0  6YT0'€IT0- 8100 OTVYNOVO  LiTeeeleho
G20 ¥9T'/80 ST Le0TxEC §L'90 6'€ 6,0  ¥7.0°0°.60°0- 210°0- W09 9196050000
G0 TZT'ITO 760 1-0TxST  ¥6'YT- 6'€ 6,0  LTT0 '¥ST0- 6T0°0- XT7d.  18/50T#160
€80 STT'690 160 1-0Ix98 GZ'62- z0- 8.0  ¥.0°0'950°0- 6000 EXHT  Lv2es65200
G690 SV'T'EL0 60T ,z0TxZC g0-'t9- ge- 9,0 8600 'CL00- €700 SXYT9 0622628000
180 82T %90 960 Le-0TxL¥ ZT1-'99- 0v- G0 ¥80°0'090°0- 2100 gE4Tddd  §566v.0200
180 TET'¥L0 €0T 1-0TxC9  ¥E'0C- L0 v.°0 6,070 ‘950°0- 1100 EPTHdD  Tyes.821bo
V0 8ET'Z80 UT e 0T xVY 9LV vy €0 8900 °'2600- ¥10°0- ZYOZaHMNY  T96E8TSTHO
670 9v'T'6L0 eTT  1-0TxX¥¥  Sv'6T- €T €0 8900 ',60°0- ¥10°0- ZANWT  89.6295200
250 Y1180 0TT  10TxTZ 60Ch- L1- €0 9500 '080°0- 210°0- a¥os  eyTeL0Leh
GE0  0ST %80 ITT  10TxS¥  Sv'6T- A TL'0 €900 ‘260°0- GT00-  T¥ZT6020T-6E7060Z0T:GIU0  886T.99260
6.0 2ET'9L0 ¥0T  -0TxS6  0'G'V0- €e 690 TG00 ‘LL0°0- €10°0- EXHT  89vZ6TTZ00
v6'0 62T '69°0 660 1-0Tx8%  L2T'O€- 01- v90 0600 ‘G50°0- LT0°0 TQ0EWd  LO¥E0STEHo
110 €2T'690 960 1-0TxTZ 0T'€y- L1- €90 9800 ‘2S0°0- LT0°0 6E800ONIT  ¥vET8Y9Thd
anead 1D %S6  (as/) YH anfend 1D %S6 (QS/%) weu3  enend 1D %S6  (as/as) ey
ESVETLEI] Ing d10 puess| 9dopUeD odo

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Diabetologia. Author manuscript; available in PMC 2020 May 01.



Page 19

Chen et al.

so0sd
*
Ssa1aeIp 0}
21nsodxa auLIdINeIIUI 10} PBII3II0T JaYLINg 1M S[apoW 3y} |1V ‘Buridsyo syl Jo HI-VINOH pue [IAIg o) paisnipe Ajjeuonippe sem 1D “(e1ep uonejAylaw apim-awouad woly parejnajed a1am sOd uediiubis
1S0W IN0J ay1) sOd IN0j pue yaleq Aelie ‘uiog Sem plIyd syl uaym abe s, Jayiow ay} Joy se ||am se ‘Buridsyo ayl Jo A1lsedue uelipu| UedLIBWY 8y} Jo uoiiodoid pue xas ‘abe 10) paisnipe aJem suo11eId0SSe ||

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Diabetologia. Author manuscript; available in PMC 2020 May 01.



	Abstract
	Introduction
	Methods
	Study participants
	Statistical analysis to identify differential methylation
	Assessing differentially methylated sites for prediction of impaired secretory function, obesity and diabetes risk
	Pathway enrichment analysis

	Results
	Thirty-nine unique differentially methylated regions are associated with intrauterine diabetes exposure
	Methylation at some CpG sites which associate with intrauterine exposure also associate with impaired insulin secretory function, higher BMI or future risk of type 2 diabetes
	Differentially methylated genes clustered in known pathways

	Discussion
	References
	Fig. 1
	Table 1
	Table 2
	Table 3

