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Abstract

Maternal obesity is an important risk factor for childhood obesity and influences the preva-

lence of metabolic diseases in offspring. As childhood obesity is influenced by postnatal fac-

tors, it is critical to determine whether children born to women with obesity during pregnancy

show alterations that are detectable at birth. Epigenetic mechanisms such as DNA methyla-

tion modifications have been proposed to mediate prenatal programming. We investigated

DNA methylation signatures in male and female infants from mothers with a normal Body

Mass Index (BMI 18.5–24.9 kg/m2) compared to mothers with obesity (BMI�30 kg/m2). BMI

was measured during the first prenatal visit from women recruited into the Ontario Birth

Study (OBS) at Mount Sinai Hospital in Toronto, ON, Canada. DNA was extracted from neo-

natal dried blood spots collected from heel pricks obtained 24 hours after birth at term (total

n = 40) from women with a normal BMI and women with obesity matched for parity, age, and

neonatal sex. Reduced representation bisulfite sequencing was used to identify genomic

loci associated with differentially methylated regions (DMRs) in CpG-dense regions most

likely to influence gene regulation. DMRs were predominantly localized to intergenic regions

and gene bodies, with only 9% of DMRs localized to promoter regions. Genes associated

with DMRs were compared to those from a large publicly available cohort study, the Avon

Longitudinal Study of Parents and Children (ALSPAC; total n = 859). Hypergeometric tests

revealed a significant overlap in genes associated with DMRs in the OBS and ALSPAC

cohorts. PTPRN2, a gene involved in insulin secretion, and MAD1L1, which plays a role in

the cell cycle and tumor suppression, contained DMRs in males and females in both

cohorts. In males, KEGG pathway analysis revealed significant overrepresentation of genes

involved in endocytosis and pathways in cancer, including IGF1R, which was previously

shown to respond to diet-induced metabolic stress in animal models and in lymphocytes in

the context of childhood obesity. These preliminary findings are consistent with
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Developmental Origins of Health and Disease paradigm, which posits that adverse prenatal

exposures set developmental health trajectories.

Introduction

Obesity is a risk factor for many chronic diseases. Rates of obesity are increasing in adults and

children; over 600 million adults and 100 million children worldwide had obesity in 2015 [1].

Rates of obesity correlate among family members, and mothers with obesity tend to have chil-

dren with obesity [2, 3]. The children of mothers with obesity early in pregnancy have more

than twice the risk of obesity between ages 2 and 4 [4], and adiposity at birth predicts adiposity

at age 8 [5]. In animal studies, maternal obesity has been shown to result in a number of poor

health indicators in offspring, including increased adiposity, insulin resistance, and hyperpha-

sia [6] with sex differences in adult offspring that are independent of high caloric diet con-

sumption in postnatal life [6, 7]. Similar to studies in animal models, findings in humans

indicate that maternal obesity influences the prevalence of cardiovascular and metabolic dis-

eases in offspring in a sex-specific manner [8]. In this context, women appear at greater risk of

metabolic disease than men, due to in part to the influence of sex-specific genetic and steroid

hormone regulatory mechanisms in development [9, 10]. Adverse prenatal exposures are thus

recognized as important components of the Developmental Origins of Health and Disease

(DOHaD) paradigm, which proposes that exposures in early life set developmental health tra-

jectories [11]. As the prevalence of childhood obesity is also influenced by postnatal factors,

including diet and physical activity, it is critical to determine whether the children born to

women with obesity during pregnancy show alterations that are detectable at birth.

Epigenetic modifications are proposed mechanisms of prenatal programming. DNA meth-

ylation modifications at CpG dinucleotides have been most extensively studied in this context.

Specific DNA methylation modifications are required for normal development. They are asso-

ciated with several key processes, including genomic imprinting and the risk of non-commu-

nicable diseases [12]. To our knowledge, only four studies have examined the association

between maternal obesity and DNA methylation modifications in whole cord blood [13–16],

though modifications associated with offspring sex were not reported, despite known sex dif-

ferences in prenatal effects on growth and adiposity [8]. For example, male sex hormone tes-

tosterone increases in embryonic life [17], with a testosterone surge in the second trimester

[18]. The number of X chromosomes alone affects adiposity, where dosage of the X chromo-

some leads to higher adiposity postnatally in mice [19]. Also, the timing of dynamic DNA

modifications such as demethylation is earlier in the paternal than in the maternal genome

[20]. We hypothesized that children born to women with obesity during pregnancy show alter-

ations in DNA methylation in whole blood that are detectable at birth and are sex-specific.

In the present study, samples were obtained from an ongoing cohort study, the Ontario

Birth Study (OBS), based on the availability of non-self reported maternal BMI measured in

the first visit of pregnancy care (~12 weeks of pregnancy). Mothers with obesity and normal

weight mothers were matched based on maternal age, parity, and infant sex. Strict exclusion

criteria included pregnancy complications previously shown to influence DNA methylation

signatures, including diabetes [21, 22] and preterm birth [23], chronic use of glucocorticoids

(as in asthma or collagen vascular disease) and treatment with glucocorticoids during preg-

nancy [24] to minimize the influence of these disease states and associated pharmacological

treatments. In the resulting study, we examined genomic loci associated with differential meth-

ylation as a function of maternal obesity status in dried blood spots collected at term from
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neonates of both sexes. We used reduced representation bisulfite sequencing (RRBS) to quan-

titatively profile DNA methylation modifications of CpG dense regions, where DNA methyla-

tion is most likely to influence gene regulation, including CpG islands, promoters, gene

bodies, and intergenic regions [25]. We also compared gene-specific differential methylation

associated with maternal obesity to those in an existing cohort, the Avon Longitudinal Study

of Parents and Children (ALSPAC). Data from this cohort were obtained by 450K microarray,

which focuses predominantly on CpGs in RefSeq genes (NM and NR; 98.9% of all UCSC

RefGenes) [26]. Therefore, the focus of this comparison was on genes and gene pathways asso-

ciated with differential methylation identified by our primary analysis.

Materials and methods

Subjects and blood samples

Subjects included in this study were selected from women recruited into the Ontario Birth

Study (OBS) at Mount Sinai Hospital in Toronto, ON, Canada [27]. This study was approved

by the Mount Sinai Hospital Research Ethics Board (MSH REB# 17-0090-E) and the Univer-

sity of Toronto Research Ethics Boards. All persons gave their informed consent prior to their

inclusion in the study. Informed consent was obtained from the mothers and from the moth-

ers on behalf of the minors included in this study. Blood samples were collected on Guthrie

cards (Whatman 903) by heel prick 24 hours after birth as a part of routine neonatal screening,

with an additional card taken for research purposes. The samples were air-dried for at least 4

hours at room temperature and stored at -80˚C. At the time of subject selection, women with

obesity were defined as BMI� 30 kg/m2 based on their medical records taken during the first

visit of pregnancy care (i.e., ~12 weeks of pregnancy) compared to control women with BMI

18.5–24.9 kg/m2 who were matched by maternal age (within 5 years), parity (multiparous or

nulliparous), and infant sex to control for factors associated with birth weight [28, 29]. All

pregnancies were singleton and delivered at term (� 37 weeks). Chronic use of glucocorticoids

(e.g., asthma or collagen vascular disease), treatment with glucocorticoids during pregnancy,

diabetes, gestational diabetes, and hypertension were exclusion criteria. The stringent inclu-

sion criteria led to the selection of 20 neonatal dried blood spots from infants born to mothers

with obesity and 20 neonatal dried blood spots from infants born to women with a normal

weight with equal numbers of male (n = 10/obese and n = 10/non-obese) and females (n = 10/

obese and n = 10 non-obese) in each condition from the OBS cohort (total n = 40).

Reduced representation bisulfite sequencing (RRBS)

DNA was extracted from the blood spots using methods described previously [30] with some

modifications [31]. Briefly, DNA was extracted from small pieces cut from ½ of a blood spot

using Proteinase K lysis and following the manufacturer’s protocols (QIAamp DNA Blood

Mini Kit (Qiagen: Cat. #51104)). Only samples with DNA Integrity Numbers (DINS) above 7

were included in the study. We generated RRBS libraries using 100ng dsDNA using MspI

restriction enzyme digestion and size selection (RRBS Methyl-Seq System 1–16 (Ovation: Part

# 0353)). The RRBS libraries were then sequenced in multiplexes of 10 samples, using a Next-

Seq500 (Illumina) with a 75bp single end read length (Donnelly Sequencing Centre, University

of Toronto, Toronto, ON, Canada).

Differentially methylated regions (DMRs) analysis

Adaptor sequences and low quality reads (q< 30) were trimmed using Trim Galore (https://

www.bioinformatics.babraham.ac.uk/projects/trim_galore/) followed by filtering with
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NuGEN script, as previously described [31]. Alignment and sorting were performed using Bis-

mark [32] and Samtools [33], respectively. DMRs associated with maternal BMI were investi-

gated using the R package methylKit version 1.14.2 [34]. Read counts below 5x and greater

than 99.9% of coverage in each sample were discarded to avoid reads showing PCR bias.

Default settings in methylKit were used to calculate the bisulfite conversion rate and the repro-

ducibility of the data [34]. MethylKit tiles the genome into non-overlapping Differentially

Methylated Regions (DMRs) of 1kb from a given CpG site. We ensured at least 5X reads per

CpG site in each sample, as calling significant DMRs has been shown to be sufficient with 5x

reads [35, 36]. P-values for each DMR were calculated using the Fisher’s exact test and then

adjusted for multiple testing by calculating Benjamini-Hochberg false discovery rate (FDR)

corrected q-values using the SLIM method [37]. We considered regions to be DMRs if they

were statistically significant at an FDR < 0.05, contained at least 5 CpG sites and had an abso-

lute difference in DNA methylation that was greater than 5%. DNA methylation differences of

at least 5% per DMR have been used in several previous studies, including by our group, as a

sensitive approach to detect changes more likely to have biological significance [38–42]. Gene

annotation was performed using CompEpitool [43] and human genome assembly hg19.

For all reduced representation bisulfite sequencing (RRBS) samples, the bisulfite conversion

rate was > 99%. S1 Fig shows a histogram of percent methylation for each sample showing a

typical percent methylation histogram with peaks on both ends representing the expected dis-

tribution of unmethylated and methylated cytosines using methylKit [34]. As shown in S1

Table, the samples showed high correlations for all pair-wise comparisons (>0.8), demonstrat-

ing a high degree of reproducibility in the RRBS dataset [34, 44]. In addition, to enable analyses

that were representative of group differences rather than skewing by some samples, we filtered

for CpG sites that contained at least 5X reads for each subject [45]. This led to over 1.9 million

and 2 million CpG sites for analyses in samples from males and females, respectively. We then

performed hierarchical clustering of the samples to examine the similarity in methylation pro-

files overall. Hierarchical clustering of DNA methylation showed that there was neither group-

ing by condition (obese, non-obese) nor outliers within each sex (Fig 1).

ALSPAC comparison cohort

Due to the nature of our discovery cohort, which is part of a pilot study, we also examined epi-

genetic data from the Avon Longitudinal Study of Parents and Children (ALSPAC) cohort

study to compare differentially methylated genes between cohorts [46, 47]. Women in Avon,

UK, during the period of 1st April 1991 and 31st December 1992 were enrolled in the study in

early pregnancy, and samples from 14,610 live births were obtained, in accordance with ethical

approval from the ALSPAC Ethics and Law Committee and the local research ethics commit-

tees. All participants provided informed consent, following ALSPAC Ethics and Law Commit-

tee recommendations (see [48] for full data details). There was no involvement of patients or

the public in the decision to perform or report this research. In addition, 1018 ALSPAC

mother-offspring pairs participated in the Accessible Resource for Integrated Epigenomics

Studies (ARIES), which used Illumina Infinium 450k methylation arrays [49].

The same inclusion and exclusion criteria used in the OBS cohort above were applied.

There was no difference between obese and non-obese groups for the variables listed in

Table 1 for the OBS, except their BMI was taken from pre-pregnancy measures. Samples from

the ARIES cohort were derived from cord blood obtained at delivery (n = 1,127 newborn

babies). A total of 444 male neonates (n = 16/obese and n = 428/non-obese) and 415 female

neonates (n = 13/obese and n = 402/non-obese) for whom we had information on their moth-

er’s pre-pregnancy BMI, were included in our analyses (total n = 859).
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RRBS involves restriction enzyme digestion to enrich for areas of the genome with a high

CpG content, whereas in 450K arrays, the coverage per gene has a wide range from one to over

1000 CpG sites [50]. As a result, different R packages optimized for identifying DMRs were

used following RRBS and array analysis. Preprocessing, filtering of low quality probes, and

normalization of 450K Illumina microarray data were performed using the minfi package, ver-

sion 1.40.0 [51]. DMRs associated with maternal BMI were investigated using the R package

Fig 1. Hierarchical clustering of samples for males (A) and females (B) in the OBS discovery cohort. C: neonates of non-

obese control mothers (n = 10/sex), O: neonates of mothers with obesity (n = 10/sex).

https://doi.org/10.1371/journal.pone.0267946.g001

Table 1. OBS and ALSPAC subject demographics.

OBS ALSPAC

Obese Control P value Obese Control P value

# of Infants (male/female) 20 (10/10) 20 (10/10) 29 (16/13) 830 (428/402)

Maternal BMI 36.2 ± 4.8 21.6 ± 1.5 < .01 34.7 ± 4.1 22.2 ± 2.4 < 10−16

Maternal age (years) 33.3 ± 3.5 32.8 ± 2.9 n.s. 29.1 ± 4.3 29.7 ± 4.4 n.s.

Gestational age (weeks) 39.8 ± 1.0 39.5 ± 1.3 n.s. 39.6 ± 1.0 39.6 ± 1.5 n.s.

Parity (0/1) 14/6 14/6 n.s. N/A N/A

Birthweight 3571.9 ± 410.6 3537.7 ± 466.2 n.s. 3683.0 ± 541.1 3485.0 ± 457.1 n.s.

Vaginal/C-Section 10/10 15/5 n.s. <5/>24 45/583 n.s.

(male, female) (4/6, 6/4) (8/2, 7/3) n.s. N/A N/A

Medical History (male/female)

Depression� 4 (2/2) 1 (1/0) N/A N/A

Anxiety� 2 (2/0) 2 (1/1) N/A N/A

Asthma� 0 (0/0) 3 (2/1) N/A N/A

Data are presented as mean ± s.d.
�not medicated

Medical histories are not mutually exclusive

Mode of delivery is indicated, where data are available

P values were calculated by Chi square test for parity and mode of delivery

and t-test for other variables

n.s.: not significant

N/A: not available

https://doi.org/10.1371/journal.pone.0267946.t001
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DMRcate 2.0.7 [52]. DMRcate fits a limma linear model, adjusted using an empirical Bayes

procedure, for each individual CpG site within loci of 1000bp. Default smoothing parameters

across individual CpGs within these loci were used, specifically a Gaussian kernel smoother

with a bandwidth λ = 1000bp and scaling factor C = 2, with each DMR containing at least 2

CpGs, to account for relative sparsity of coverage by the 450K array in some genomic regions

(i.e., intergenic regions) [52]. The resulting kernel-weighted model was compared to the null

model using the Satterthwaite method [53] to enable adjustment for multiple testing by FDR.

Maximum beta fold-change values per DMR were converted to percentage to summarize effect

sizes. As with the sequencing analysis above, DMRs were considered significant if the FDR

p< 0.05 with a methylation difference greater than 5% based on the maximum differential

methylation value within the DMR. Gene annotation was performed using CompEpitool [43]

and the human genome assembly hg19. Hypergeometric tests in R were used to examine the

overlap in the number of genes associated with DMRs between the OBS and ALSPAC cohorts.

Gene pathway enrichment analysis

The lists of differentially methylated genes identified by the DMR analyses were explored

using MsigDB, a widely used comprehensive database for gene set enrichment analysis [54].

The enrichment analysis was performed using gene sets derived from both the Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) and the biological Gene Ontology (GO) databases, with

significant enrichment defined by FDR p< 0.05 using the default background gene set. These

tools were used to aid in the interpretation of the biological meaning behind the list of genes

associated with DMRs.

Results

Subject demographics are listed in Table 1. There were no differences in incidence of (non-

matched) pregnancy complications or other aspects of health-related medical history between

the two groups except for maternal BMI which, as expected, was significantly higher in the

obese group for both the OBS and ALSPAC cohorts. As there were no differences in incidence

of (non-matched) pregnancy complications or other aspects of health-related medical history

between the two groups, these factors were not included as covariates.

DMRs associated with maternal obesity were found localized to all autosomes as well as in

allosomes corresponding to the sex of the offspring (Fig 2A). In male neonates, we identified

1725 differentially methylated regions (DMRs; FDR < 0.05) 1173 regions or 68% were hyper-

methylated (i.e. greater DNA methylation among neonates from mothers with obesity com-

pared to neonates from mothers with a normal BMI). Five hundred and fifty-two (552)

regions or 32% were hypomethylated in male neonates of the mothers with obesity compared

to male neonates from mothers with a normal BMI. In female neonates, we identified 2028

DMRs; 710 regions or 35% were hypermethylated and 1318 regions or 65% were hypomethy-

lated compared to females from mothers with a normal BMI. The DMRs identified in male

and female neonates were located in genic as well as intergenic loci. Similar numbers of DMRs

were localized to intergenic regions in males and females (42% and 45% of all DMRs, respec-

tively). In both sexes, the majority of genic DMRs were found in gene bodies (48% in males

and 46% in females). Approximately 9% localized to promoter regions in both sexes (Fig 2B).

Examples showing the top differentially methylated DMRs associated with genes in males and

females are provided in Fig 2C and 2D. The DMR showing the greatest DNA methylation dif-

ference in male neonates was ATP Binding Cassette Subfamily GMember 1 (ABCG1). In female

neonates, the top DMRs by percent methylation differences was B-cell CLL/lymphoma 9
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protein (BCL9). The full list of gene-annotated DMRs, sorted by absolute methylation differ-

ence in percentage, is shown in S2 Table.

Next, we compared the genes associated with DMRs in the OBS cohort to those of an avail-

able population-based cohort, the ALSPAC. The same inclusion and exclusion criteria used in

the OBS cohort above were applied. There was no difference between obese and non-obese

groups for the variables listed in Table 1 for the OBS, except that BMI was taken from pre-

Fig 2. Overview of differentially methylated regions in the OBS discovery cohort. (A) Number of DMRs in relation to chromosomal

locations that are either hypermethylated (red) or hypomethylated (blue) in male and female neonates born to mothers with obesity

compared to controls. (B) Proportion of DMRs in relation to genetic regions. (C) Representative top DMR in male neonates on the

ABCG1 gene showing methylation percentage in individual CpG sites within the DMR. (D) Representative top DMR in female

neonates on the BCL9 gene showing methylation percentage in individual CpG sites within the DMR. The genomic track shows the

gene location starting from the first exon and the DMR location. Hypermethylation refers to greater DNA methylation among neonates

from mothers with obesity compared to neonates from mothers with a normal BMI. Hypomethylation refers to lesser DNA

methylation among neonates from mothers with obesity compared to neonates from mothers with a normal BMI.

https://doi.org/10.1371/journal.pone.0267946.g002
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pregnancy measures. In the OBS cohort, male neonates, there were 846 genes associated with

DMRs in male neonates and 936 genes associated with DMRs in female neonates

(FDRs < 0.05: S2 Table). There were 266 genes common between males and females in the

OBS cohort (S2 Table). In the ALSPAC cohort, there were 725 genes associated with DMRs in

male neonates and in female neonates, there were 255 genes associated with DMRs

(FDRs < 0.05; S3 Table). There were 22 genes common between males and females in the

ALSPAC cohort (S3 Table). Among the sex-specific genes, there were 75 genes in common in

male neonates and 24 genes in common in female neonates across both cohorts, with 2 genes

common to both cohorts and sexes (Fig 3C). Hypergeometric tests revealed significant over-

laps in genes associated with DMRs across both cohorts for each sex (P< 10−12 for males and

P< 0.001 for females).

Table 2 shows a list of top genes containing DMRs in both OBS and ALSPAC cohorts,

rank-ordered by the total number of DMRs across both cohorts. PTPRN2 (Protein Tyrosine

Phosphatase Receptor Type N2) and MAD1L1 (Mitotic Arrest Deficient 1 Like 1) contained

DMRs associated with maternal obesity in both sexes in both cohorts. There were 4 and 2

DMRs in PTPRN2 in OBS (methylation difference -12.5 to 6.8%) and ALSPAC (methylation

difference 6.0 to 6.3%) male neonates, respectively. In female neonates, PTPRN2 had 5 and 3

DMRs in OBS (methylation difference -12.8 to 10.0%) and ALSPAC (methylation difference

5.9 to 6.7%) respectively. For MAD1L1, there were 3 and 1 DMRs in OBS (methylation differ-

ence 5.7 to 6.2%) and ALSPAC (methylation difference 8.4%) male neonates, respectively. In

female neonates, MAD1L1 exhibited 1 and 1 DMRs in OBS (methylation difference -5.3%)

and ALSPAC (methylation difference 6.8%), respectively. Sex-specific genes in common across

both cohorts included the imprinted genes GABRB3 (Gamma-aminobutyric acid receptor

Fig 3. Annotation of differentially methylated regions for the OBS and ALSPAC cohorts. The numbers of genes

associated with DMRs for (A) male and (B) female neonates. (C) The number of genes for each sex for genes that

replicated across both cohorts. The total number of genes associated with DMRs for each sex are shown in parentheses.

https://doi.org/10.1371/journal.pone.0267946.g003
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subunit beta-3) and PRDM16 (PR/SET Domain 16) in male neonates. S4 Table shows the full

list of genes containing DMRs in common between the OBS and ALSPAC cohorts.

We used gene set functional analysis to biologically contextualize interactions between

genes in common between cohorts significantly associated with maternal obesity for each sex.

In males, KEGG analysis showed significant enrichment in endocytosis and pathways in can-

cer (FDRs<0.05). In addition, 33 biological GO pathways in common in both cohorts were

significantly enriched in male neonates, primarily involving processes related to cellular signal-

ing, immune system function and development (FDRs <0.05; S5 Table). Biological GO path-

ways that were significantly enriched among females included “regulation of GTPase activity”

and “positive regulation of catalytic activity”, which was also significantly enriched among

males (S5 Table; FDRs <0.05). No KEGG pathways were significantly enriched in female neo-

nates, potentially due to the smaller number of genes associated with differential methylation

in common to both cohorts.

Discussion

The early life environment during gestation and in infancy is a major factor shaping later life

health risk, including susceptibility to the development of obesity. DNA methylation modifica-

tions maintain mitotically heritable differences in gene expression in the absence of variations

of DNA sequence. Their established role in complex disease and genomic imprinting has led

to substantial interest in their potential role as mechanisms mediating the stable programming

of health trajectories [55]. Previous studies have largely focused on examining epigenetic dif-

ferences in offspring by removing data pertaining to sex chromosomes, although there are

known sexual dimorphisms in growth and adiposity that occur before birth [8]. In this study,

we examined whether DNA methylation modifications associated with maternal obesity in the

Table 2. Top 10 genes associated with differential methylation in neonates, common to the OBS and ALSPAC cohorts. In some instances, multiple DMRs were asso-

ciated with a given gene therefore a range of methylation difference percentage is provided. Genes with at least three DMRs are shown. The genes in bold were common to

both males and females.

Male

OBS Meth Diff % ALS Meth Diff %

Gene Sum of DMRs (OBS/ALS) Range min Range max [Avg] Range min Range max [Avg] Function

CBFA2T3 6 (2/4) -6.2 5.4 5.8 -5.2 7.8 6.4 Immune function

PTPRN2 6 (4/2) -12.5 6.8 7.6 6.0 6.3 6.2 Insulin secretion

TCERG1L 5 (4/1) 5.0 14.5 8.6 8.2 8.2 8.2 Transcription

ABL1 4 (3/1) 5.7 8.9 7.0 6.6 6.6 6.6 Protooncogene

AGAP1 4 (3/1) -7.0 10.3 8.3 -7.9 -7.9 7.9 GTP binding

MAD1L1 4 (3/1) 5.7 6.2 6.0 8.4 8.4 8.4 Cell cycle

PCDHGA1 4 (1/3) 7.4 7.4 7.4 6.1 6.7 6.3 Cell adhesion

PRDM16 4 (1/3) 5.6 5.6 5.6 5.9 7.2 6.6 Immune function

RPTOR 4 (3/1) 5.4 6.7 6.2 6.6 6.6 6.6 Cell growth

TPPP 4 (2/2) -6.7 7.0 6.8 -7.1 8.9 8.0 Myelination

Female

PTPRN2 8 (5/3) -12.8 10.0 8.7 5.9 6.7 6.3 Insulin secretion

BOLA2 3 (2/1) 7.0 8.2 7.6 -9.3 -9.3 9.3 Iron maturation

GALNT9 3 (2/1) 5.3 7.6 6.4 9.6 9.6 9.6 Oligosaccharide

PAX7 3 (2/1) -7.1 -5.3 6.2 -5.9 -5.9 5.9 Fetal development

RAP1GAP2 3 (2/1) -9.1 7.5 8.3 8.4 8.4 8.4 Immune system

SEC14L1 3 (2/1) 8.6 9.4 9.0 9.9 9.9 9.9 Immune system

https://doi.org/10.1371/journal.pone.0267946.t002
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blood of newborn human infants stratified by offspring sex. We addressed this question by

comparing DNA methylation separately in male and female neonatal whole blood from moth-

ers with obesity and compared the identified genes with a large dataset from the ALSPAC

cohort. Here we show that DNA methylation profiles in offspring from women with obesity

are detectable at birth and they are largely sex-specific.

Using stringent exclusion criteria (excluding common comorbidities associated with mater-

nal obesity such as gestational diabetes and preterm delivery), we found evidence for sex-spe-

cific differential DNA methylation and a small of proportion of differentially methylated genes

in common to both males and females (~30%) in the OBS cohort. Comparison to the ALSPAC

cohort supported these findings, as only a small number of genes were common to both sexes

(<10%). Indeed, 75 genes in males and 24 genes in females were common to both cohorts,

with only 2 genes common to both sexes across cohorts. Interestingly, IGF1R was differentially

methylated in males. The methylation status of IGF1R was previously shown to respond to

diet-induced metabolic stress in animal models and was found to be differentially methylated

in lymphocytes in the context of childhood obesity [56, 57]. Epigenetic regulation of IGF1R
has also been examined in animal models of diabetes. For example, male db/db mice, but not

females, show a 7-fold increase in DNA methylation of the Igf1r promotor along with a

decrease in levels of Igf1r transcript abundance in skeletal muscle in adulthood, suggesting a

sex-specific epigenetic response associated with modifications of gene function in a model of

diabetes [58].

Two imprinted genes, namely GABRB3 and PRDM16, also showed differential methylation

in both OBS and ALSPAC cohorts in male offspring from mothers with obesity (Table 2; S4

Table). Imprinted genes are implicated in many human disorders, and have important roles in

controlling aspects of fetal growth and metabolism [59]. GABRB3 is associated with the patho-

genesis of several disorders including Prader-Willi syndrome, the most common genetic cause

of morbid obesity in children [60]. Differential methylation of PRDM16 is associated with

maternal diabetes in blood of children [61] and in umbilical cord tissue [62], and plays an

important role in pancreatic development [63]. PRDM16 is also critical for the differentiation

of brown adipose tissue [64], which plays an important role in heat retention and energy

expenditure in the first year of life [65] and remains metabolically active into adulthood. Dif-

ferential methylation of PRDM16 was observed before gastric bypass and weight loss in adi-

pose tissue, suggesting methylation is modifiable by weight loss [66]. DNA methylation in

PRDM16 was also found to be reversible with neonatal supplementation with resveratrol in

male mice [67]. The presence of differential methylation in blood as well as in primary tissues

in these studies highlights the potential for PRDM16 as a biomarker for screening, as well as its

potential as a key player in metabolic regulatory mechanisms influenced by maternal obesity.

In addition, evidence indicating the responsiveness of PRDM16 to dietary and weight loss

intervention suggests it may serve as a molecular target for interventions to mitigate obesity, a

hypothesis that deserves further scrutiny.

Among the genes replicated across cohorts in the present study, MAD1L1 and PTPRN2
were common to both sexes (Fig 3; Table 2). For MAD1L1, a gene involved in control of the

cell cycle and tumour suppression [68], four DMRs were found in male neonates and two were

found in female neonates. There is evidence that methylation levels at the MAD1L1 gene locus

are responsive to dietary factors (phytoestrogens [69]). In PTPRN2, a gene implicated in the

secretion of insulin with glucose stimuli [70], six and eight DMRs were found in male (4

DMRs in OBS and 2 in ALSPAC) and female neonates (5 DMRs in OBS and 3 in ALSPAC),

respectively. Our findings support previous observations of differential methylation in

PTPRN2 in newborn blood in association with maternal pre-pregnancy BMI, where analyses

were performed with both sexes combined [14]. PTPRN2 encodes a protein that functions as a
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major islet auto-antigen in type I diabetes [71–73]. Differential methylation in PTPRN2 in

whole blood has been associated with gestational diabetes [74–76], with childhood adiposity

[76] as well as childhood obesity [77]. The differential methylation in PTPRN2 has also been

associated with intrauterine condition such as IUGR in blood [78, 79] but also in adults who

have experienced famine, in utero [80]. These findings provide strong evidence that loci in the

fetal PTPRN2 are likely modifiable with maternal nutrition, and detectable in blood later in

life. Our findings showing differential methylation of these genes in blood at birth suggest they

may serve as potential biomarkers of increased risk for developing obesity later in life, though

this requires additional study.

As discussed above, several genes identified in this study are genes that are differentially

methylated at birth, after birth and in disease states, suggesting their potential roles in the

long-term programing by aberrant methylation. Notably, accumulating evidence indicates

that the methylation status of these genes may be modifiable, suggesting that interventions in

the prenatal or early postnatal period may be beneficial in modifying the trajectory of epige-

netic modifications that contribute to subsequent development of metabolic disease. While

some known risk factors for childhood obesity, such as low socioeconomic status and excessive

food consumption, may differ for males and females in the post-natal period [81, 82], our

study suggests that additional consideration of the contribution of prenatal factors is

warranted.

Sequencing-based approaches continue to expand the scope of epigenetic modifications in

genomic elements that can be interrogated by genome-wide methods. Our findings using

RRBS suggest that genomic loci outside of promoters and genic elements are associated with

differential methylation in the context of exposure to maternal obesity (Fig 2). The role of

intergenic DNA methylation modifications associated with environmental exposures is not

well understood, but may regulate the activity of distant enhancers and the transcriptional

repression of transposable elements [83, 84]. Previous findings using the 450K array, which

has limited coverage of intergenic loci, have reported differential methylation at several inter-

genic regions in relation to BMI in the context of obesity [85, 86]. Our analysis of sequencing

data obtained in this study suggest that differential methylation in intergenic regions may be a

more prominent feature of DNA modifications associated with maternal obesity than previ-

ously thought, at least at CpG-dense loci, and this should be an important consideration for

future research.

Our findings should be considered in light of study strengths and limitations, including

small sample size. Strengths of this investigation include the use of two independent cohorts

for comparison of differentially methylated genes. We acknowledge that the different plat-

forms and associated analytical methods for each cohort (RRBS for the OBS samples, and

450K Illumina microarray for the ALSPAC cohort) are a limitation of this work. However, we

note that both platforms are known to show a high correspondence for the detection of differ-

ential methylation in regulatory elements associated with genes, particularly when regional-

based (DMR) analytical approaches are used [87]. In addition, samples in both cohorts were

matched along dimensions known to influence DNA methylation signatures, including exclu-

sions for gestational diabetes and preterm birth. This strategy avoided confounds of pregnancy

complications shown to affect DNA methylation, but imposed limitations on the number of

samples available. Thus, our findings should be considered preliminary. An additional limita-

tion of this study concerns the use of whole blood, which may be less informative of metabolic

dysregulation compared to muscle or fat. However, we note that blood constitutes a more

readily accessible tissue, particularly in large-scale studies and studies in early life, and is

known to reflect metabolic and immune pathways active in the context of obesity [88, 89].

Importantly, the hypothesis that genes associated with maternal obesity were differentially
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methylated at birth was supported in both cohorts. Additional work is needed to understand

the potential relationship between these early methylation modifications detected at birth and

later outcomes.

In animal studies, maternal obesity during pregnancy has been shown to result in a number

of poor health indicators in offspring [90, 91]. Our results support the association of maternal

obesity and biological signatures in humans at birth. There is a need to identify biomarkers

prior to the emergence of poor health outcomes, when interventions that support mothers and

their families are likely to be most effective. Ten per cent of school-aged children are estimated

to be either overweight or obese worldwide [92]. These children have a significant likelihood

of developing type 2 diabetes, heart disease and other co-morbidities before or during their

early adulthood. Better prediction of vulnerable children and help to support optimal health

will require a proven understanding of developmental mechanisms leading to adverse health

outcomes.

In conclusion, maternal obesity is associated with DNA methylation modifications at loci

in whole blood in a manner that is sex-specific. The present results support growing evidence

indicating that sexual dimorphism is an important feature of the response to maternal obesity

during early development. Our results support the feasibility of assessing sex-specific differ-

ences in DNA methylation in the very early post-partum period associated with the effect of

maternal obesity. Features of DNA methylation modifications, including its relative stability in

comparison to RNA and its potential as a mediator of adverse environmental exposures, have

made them attractive candidates for the study of the Developmental Origins of Health and

Disease (DOHaD). As there is accumulating evidence suggesting the mediating role of DNA

methylation modifications in sex-specific childhood growth trajectories [93], the sites of DNA

methylation modifications identified in this study may represent candidate loci for future stud-

ies including interventions targeting metabolic processes and diet. The identification of DNA

methylation modifications in peripheral tissues such as blood should advance translational

studies of the impact of maternal obesity on epigenetics and subsequent human disease.
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with obesity (n = 10/sex).
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sex), O: neonates of mothers with obesity (n = 10/sex).

(XLSX)

S2 Table. Full list of DMRs, ranked by absolute methylation difference percentage for

male (A) and female (B) neonates in the OBS discovery cohort.
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59. Reik W, Constância M, Fowden A, Anderson N, Dean W, et al. (2003) Regulation of supply and demand

for maternal nutrients in mammals by imprinted genes. The Journal of physiology 547: 35–44. https://

doi.org/10.1113/jphysiol.2002.033274 PMID: 12562908

60. Butler MG (2011) Prader-Willi syndrome: obesity due to genomic imprinting. Current genomics 12:

204–215. https://doi.org/10.2174/138920211795677877 PMID: 22043168

61. Chen P, Piaggi P, Traurig M, Bogardus C, Knowler WC, et al. (2017) Differential methylation of genes in

individuals exposed to maternal diabetes in utero. Diabetologia 60: 645–655. https://doi.org/10.1007/

s00125-016-4203-1 PMID: 28127622

62. Lim IY, Lin X, Teh AL, Wu Y, Chen L, et al. (2022) Dichotomy in the Impact of Elevated Maternal Glu-

cose Levels on Neonatal Epigenome. The Journal of Clinical Endocrinology & Metabolism 107: e1277–

e1292. https://doi.org/10.1210/clinem/dgab710 PMID: 34633450

63. Sugiyama T, Benitez CM, Ghodasara A, Liu L, McLean GW, et al. (2013) Reconstituting pancreas

development from purified progenitor cells reveals genes essential for islet differentiation. Proceedings

of the National Academy of Sciences 110: 12691–12696. https://doi.org/10.1073/pnas.1304507110

PMID: 23852729

64. Kajimura S, Seale P, Kubota K, Lunsford E, Frangioni JV, et al. (2009) Initiation of myoblast to brown fat

switch by a PRDM16–C/EBP-β transcriptional complex. Nature 460: 1154–1158. https://doi.org/10.

1038/nature08262 PMID: 19641492

65. Seale P, Conroe HM, Estall J, Kajimura S, Frontini A, et al. (2011) Prdm16 determines the thermogenic

program of subcutaneous white adipose tissue in mice. The Journal of clinical investigation 121: 96–

105. https://doi.org/10.1172/JCI44271 PMID: 21123942

66. Benton MC, Johnstone A, Eccles D, Harmon B, Hayes MT, et al. (2015) An analysis of DNA methylation

in human adipose tissue reveals differential modification of obesity genes before and after gastric

PLOS ONE Maternal obesity and DNA methylation in newborns

PLOS ONE | https://doi.org/10.1371/journal.pone.0267946 May 2, 2022 16 / 18

https://doi.org/10.1093/ije/dys064
http://www.ncbi.nlm.nih.gov/pubmed/22507743
https://doi.org/10.1093/ije/dys066
http://www.ncbi.nlm.nih.gov/pubmed/22507742
http://www.bristol.ac.uk/alspac/researchers/our-data/
https://doi.org/10.1093/ije/dyv072
http://www.ncbi.nlm.nih.gov/pubmed/25991711
https://doi.org/10.2217/epi.13.26
http://www.ncbi.nlm.nih.gov/pubmed/23750645
https://doi.org/10.1093/bioinformatics/btu049
http://www.ncbi.nlm.nih.gov/pubmed/24478339
https://doi.org/10.1186/1756-8935-8-6
https://doi.org/10.1186/1756-8935-8-6
http://www.ncbi.nlm.nih.gov/pubmed/25972926
http://www.ncbi.nlm.nih.gov/pubmed/20287815
https://doi.org/10.1093/nar/gkn923
http://www.ncbi.nlm.nih.gov/pubmed/19033363
https://doi.org/10.1016/S2213-8587%2816%2930107-3
https://doi.org/10.1016/S2213-8587%2816%2930107-3
http://www.ncbi.nlm.nih.gov/pubmed/27743978
https://doi.org/10.1016/j.bbrc.2011.08.123
http://www.ncbi.nlm.nih.gov/pubmed/21910970
https://doi.org/10.4161/epi.6.4.14791
http://www.ncbi.nlm.nih.gov/pubmed/21474992
https://doi.org/10.1113/jphysiol.2002.033274
https://doi.org/10.1113/jphysiol.2002.033274
http://www.ncbi.nlm.nih.gov/pubmed/12562908
https://doi.org/10.2174/138920211795677877
http://www.ncbi.nlm.nih.gov/pubmed/22043168
https://doi.org/10.1007/s00125-016-4203-1
https://doi.org/10.1007/s00125-016-4203-1
http://www.ncbi.nlm.nih.gov/pubmed/28127622
https://doi.org/10.1210/clinem/dgab710
http://www.ncbi.nlm.nih.gov/pubmed/34633450
https://doi.org/10.1073/pnas.1304507110
http://www.ncbi.nlm.nih.gov/pubmed/23852729
https://doi.org/10.1038/nature08262
https://doi.org/10.1038/nature08262
http://www.ncbi.nlm.nih.gov/pubmed/19641492
https://doi.org/10.1172/JCI44271
http://www.ncbi.nlm.nih.gov/pubmed/21123942
https://doi.org/10.1371/journal.pone.0267946


bypass and weight loss. Genome biology 16: 1–21. https://doi.org/10.1186/s13059-014-0572-2 PMID:

25583448

67. Serrano A, Asnani-Kishnani M, Couturier C, Astier J, Palou A, et al. (2020) DNA methylation changes

are associated with the programming of white adipose tissue browning features by resveratrol and nico-

tinamide riboside neonatal supplementations in mice. Nutrients 12: 461. https://doi.org/10.3390/

nu12020461 PMID: 32059412

68. Tsukasaki K, Miller CW, Greenspun E, Eshaghian S, Kawabata H, et al. (2001) Mutations in the mitotic

check point gene, MAD1L1, in human cancers. Oncogene 20: 3301–3305. https://doi.org/10.1038/sj.

onc.1204421 PMID: 11423979

69. Karsli-Ceppioglu S, Ngollo M, Adjakly M, Dagdemir A, Judes G, et al. (2015) Genome-wide DNA meth-

ylation modified by soy phytoestrogens: role for epigenetic therapeutics in prostate cancer? OMICS: A

Journal of Integrative Biology 19: 209–219. https://doi.org/10.1089/omi.2014.0142 PMID: 25831061

70. Torii S, Kubota C, Saito N, Kawano A, Hou N, et al. (2018) The pseudophosphatase phogrin enables

glucose-stimulated insulin signaling in pancreatic β cells. Journal of Biological Chemistry 293: 5920–

5933. https://doi.org/10.1074/jbc.RA117.000301 PMID: 29483197

71. Lan MS, Wasserfall C, Maclaren NK, Notkins AL (1996) IA-2, a transmembrane protein of the protein

tyrosine phosphatase family, is a major autoantigen in insulin-dependent diabetes mellitus. Proc Natl

Acad Sci U S A 93: 6367–6370. https://doi.org/10.1073/pnas.93.13.6367 PMID: 8692821

72. Lu J, Li Q, Xie H, Chen ZJ, Borovitskaya AE, et al. (1996) Identification of a second transmembrane pro-

tein tyrosine phosphatase, IA-2beta, as an autoantigen in insulin-dependent diabetes mellitus: precur-

sor of the 37-kDa tryptic fragment. Proc Natl Acad Sci U S A 93: 2307–2311. https://doi.org/10.1073/

pnas.93.6.2307 PMID: 8637868

73. Wasmeier C, Hutton JC (1996) Molecular cloning of phogrin, a protein-tyrosine phosphatase homo-

logue localized to insulin secretory granule membranes. J Biol Chem 271: 18161–18170. https://doi.

org/10.1074/jbc.271.30.18161 PMID: 8663434

74. Weng X, Liu F, Zhang H, Kan M, Wang T, et al. (2018) Genome-wide DNA methylation profiling in

infants born to gestational diabetes mellitus. Diabetes Research and Clinical Practice 142: 10–18.

https://doi.org/10.1016/j.diabres.2018.03.016 PMID: 29596946

75. Awamleh Z, Butcher DT, Hanley A, Retnakaran R, Haertle L, et al. (2021) Exposure to Gestational Dia-

betes Mellitus (GDM) alters DNA methylation in placenta and fetal cord blood. Diabetes Research and

Clinical Practice 174: 108690. https://doi.org/10.1016/j.diabres.2021.108690 PMID: 33549677

76. Yang I, Zhang W, Davidson E, Fingerlin T, Kechris K, et al. (2018) Epigenetic marks of in utero expo-

sure to gestational diabetes and childhood adiposity outcomes: the EPOCH study. Diabetic Medicine

35: 612–620. https://doi.org/10.1111/dme.13604 PMID: 29461653

77. Lee S (2019) The association of genetically controlled CpG methylation (cg158269415) of protein tyro-

sine phosphatase, receptor type N2 (PTPRN2) with childhood obesity. Scientific reports 9: 1–7. https://

doi.org/10.1038/s41598-018-37186-2 PMID: 30626917

78. Krishna RG, Vishnu Bhat B, Bobby Z, Papa D, Badhe B, et al. (2020) Identification of differentially meth-

ylated candidate genes and their biological significance in IUGR neonates by methylation EPIC array.

The Journal of Maternal-Fetal & Neonatal Medicine: 1–9. https://doi.org/10.1080/14767058.2020.

1727881 PMID: 32091279

79. Williams L, Seki Y, Delahaye F, Cheng A, Fuloria M, et al. (2016) DNA hypermethylation of CD3+ T

cells from cord blood of infants exposed to intrauterine growth restriction. Diabetologia 59: 1714–1723.

https://doi.org/10.1007/s00125-016-3983-7 PMID: 27185256

80. Li S, Wang W, Zhang D, Li W, Lund J, et al. (2021) Differential regulation of the DNA methylome in

adults born during the Great Chinese Famine in 1959–1961. Genomics 113: 3907–3918. https://doi.

org/10.1016/j.ygeno.2021.09.018 PMID: 34600028

81. Yang Z, Phung H, Hughes A-M, Sherwood S, Harper E, et al. (2019) Trends in overweight and obesity

by socioeconomic status in Year 6 school children, Australian Capital Territory, 2006–2018. BMC Public

Health 19: 1–10. https://doi.org/10.1186/s12889-018-6343-3 PMID: 30606151

82. Skinner AC, Ravanbakht SN, Skelton JA, Perrin EM, Armstrong SC (2018) Prevalence of obesity and

severe obesity in US children, 1999–2016. Pediatrics 141.

83. Zhou W, Liang G, Molloy PL, Jones PA (2020) DNA methylation enables transposable element-driven

genome expansion. Proceedings of the National Academy of Sciences 117: 19359–19366. https://doi.

org/10.1073/pnas.1921719117 PMID: 32719115

84. Eckhardt F, Lewin J, Cortese R, Rakyan VK, Attwood J, et al. (2006) DNA methylation profiling of

human chromosomes 6, 20 and 22. Nature genetics 38: 1378–1385. https://doi.org/10.1038/ng1909

PMID: 17072317

PLOS ONE Maternal obesity and DNA methylation in newborns

PLOS ONE | https://doi.org/10.1371/journal.pone.0267946 May 2, 2022 17 / 18

https://doi.org/10.1186/s13059-014-0572-2
http://www.ncbi.nlm.nih.gov/pubmed/25583448
https://doi.org/10.3390/nu12020461
https://doi.org/10.3390/nu12020461
http://www.ncbi.nlm.nih.gov/pubmed/32059412
https://doi.org/10.1038/sj.onc.1204421
https://doi.org/10.1038/sj.onc.1204421
http://www.ncbi.nlm.nih.gov/pubmed/11423979
https://doi.org/10.1089/omi.2014.0142
http://www.ncbi.nlm.nih.gov/pubmed/25831061
https://doi.org/10.1074/jbc.RA117.000301
http://www.ncbi.nlm.nih.gov/pubmed/29483197
https://doi.org/10.1073/pnas.93.13.6367
http://www.ncbi.nlm.nih.gov/pubmed/8692821
https://doi.org/10.1073/pnas.93.6.2307
https://doi.org/10.1073/pnas.93.6.2307
http://www.ncbi.nlm.nih.gov/pubmed/8637868
https://doi.org/10.1074/jbc.271.30.18161
https://doi.org/10.1074/jbc.271.30.18161
http://www.ncbi.nlm.nih.gov/pubmed/8663434
https://doi.org/10.1016/j.diabres.2018.03.016
http://www.ncbi.nlm.nih.gov/pubmed/29596946
https://doi.org/10.1016/j.diabres.2021.108690
http://www.ncbi.nlm.nih.gov/pubmed/33549677
https://doi.org/10.1111/dme.13604
http://www.ncbi.nlm.nih.gov/pubmed/29461653
https://doi.org/10.1038/s41598-018-37186-2
https://doi.org/10.1038/s41598-018-37186-2
http://www.ncbi.nlm.nih.gov/pubmed/30626917
https://doi.org/10.1080/14767058.2020.1727881
https://doi.org/10.1080/14767058.2020.1727881
http://www.ncbi.nlm.nih.gov/pubmed/32091279
https://doi.org/10.1007/s00125-016-3983-7
http://www.ncbi.nlm.nih.gov/pubmed/27185256
https://doi.org/10.1016/j.ygeno.2021.09.018
https://doi.org/10.1016/j.ygeno.2021.09.018
http://www.ncbi.nlm.nih.gov/pubmed/34600028
https://doi.org/10.1186/s12889-018-6343-3
http://www.ncbi.nlm.nih.gov/pubmed/30606151
https://doi.org/10.1073/pnas.1921719117
https://doi.org/10.1073/pnas.1921719117
http://www.ncbi.nlm.nih.gov/pubmed/32719115
https://doi.org/10.1038/ng1909
http://www.ncbi.nlm.nih.gov/pubmed/17072317
https://doi.org/10.1371/journal.pone.0267946


85. van den Dungen MW, Murk AJ, Kok DE, Steegenga WT (2016) Comprehensive DNA methylation and

gene expression profiling in differentiating human adipocytes. Journal of cellular biochemistry 117:

2707–2718. https://doi.org/10.1002/jcb.25568 PMID: 27061314

86. Sayols-Baixeras S, Subirana I, Fernández-Sanlés A, Sentı́ M, Lluı́s-Ganella C, et al. (2017) DNA meth-

ylation and obesity traits: An epigenome-wide association study. The REGICOR study. Epigenetics 12:

909–916. https://doi.org/10.1080/15592294.2017.1363951 PMID: 29099282

87. Carmona JJ, Accomando WP, Binder AM, Hutchinson JN, Pantano L, et al. (2017) Empirical compari-

son of reduced representation bisulfite sequencing and Infinium BeadChip reproducibility and coverage

of DNA methylation in humans. NPJ genomic medicine 2: 1–10. https://doi.org/10.1038/s41525-016-

0002-3 PMID: 28919981
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