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Abstract

DNA methylation acts at the interface of genetic and environmental factors relevant for autism spectrum disorder (ASD).
Placenta, normally discarded at birth, is a potentially rich source of DNA methylation patterns predictive of ASD in the child.
Here, we performed whole methylome analyses of placentas from a prospective study MARBLES (Markers of Autism Risk in
Babies—Learning Early Signs) of high-risk pregnancies. A total of 400 differentially methylated regions (DMRs) discriminated
placentas stored from children later diagnosed with ASD compared to typically developing controls. These ASD DMRs were
significantly enriched at promoters, mapped to 596 genes functionally enriched in neuronal development, and overlapped
genetic ASD risk. ASD DMRs at CYP2E1 and IRS2 reached genome-wide significance, replicated by pyrosequencing and corre-
lated with expression differences in brain. Methylation at CYP2E1 associated with both ASD diagnosis and genotype within
the DMR. In contrast, methylation at IRS2 was unaffected by within DMR genotype but modified by preconceptional maternal
prenatal vitamin use. This study therefore identified two potentially useful early epigenetic markers for ASD in placenta.

Introduction
Autism spectrum disorder (ASD) is a heterogeneous neurodevel-
opmental disorder diagnosed by a combination of behavioral
features including restricted interests, repetitive behaviors,

language deficits and impairments in social communication
(1). In the United States, 1 in 59 children are diagnosed with
ASD, at a mean age of 4.2 years (1). ASD is currently diagnosed
by clinicians trained on the Autism Diagnostic Observation
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Schedule (ADOS) and the Autism Diagnostic Interview—Revised
(ADI-R) according to the Statistical Manual of Mental Disorders
(DSM-5), which is most accurate at or after 36 months (1).
However, an early assessment of ASD risk could identify
infants and toddlers who would benefit from behavioral
interventions that improve cognitive, social and language
skills.

Monozygotic versus dizygotic twin and sibling studies sug-
gest a strong genetic basis for ASD (2–4). However, mutations
in any individual gene account for less than 1% of ASD cases
(2,5). Genetic sequencing analyses can only identify a potentially
causative genetic abnormality in ∼ 25% of clinical ASD diagnoses
(2,5,6). While genome-wide association studies (GWAS) also sup-
port common genetic variants in ASD, the complexity and het-
erogeneity of ASD have been a major challenge (7–9). Evidence
for environmental risk factors in ASD points to in utero maternal
exposures such as air pollution, fever or asthma and nutrients,
specifically the absence of preconceptional prenatal vitamin
intake (10–13). Maternal prenatal vitamins, which contain high
levels of folate and other additional B vitamins, protect offspring
by up to 70% for neural tube defects (14–19) and correlate with
an overall 40% reduction in ASD risk if taken during the first
month of pregnancy (P1) (12,13,20). This finding was replicated
with a large prospective study in Norway including over 80 000
pregnancies (20), and more recently in the MARBLES high risk
cohort (21).

DNA methylation shows dynamic changes during fetal devel-
opment (22–24) and contains the molecular memory of in utero
experiences such as maternal nutrition (15,25). The term pla-
centa is an accessible fetal tissue that maintains the distinc-
tive embryonic bimodal DNA methylation pattern, in which
expressed genes are marked by higher methylation levels (24,26).
The placenta therefore offers a unique window to study DNA
methylation patterns that may reflect altered fetal development
relevant to ASD genetic risk (24,27,28). Specifically, a recent study
of polygenic risk scores for schizophrenia demonstrated a sig-
nificant interaction of genetic risk with maternal perinatal envi-
ronmental factors that affected placental gene expression (29).
Previous analyses of DNA methylation patterns in placenta sam-
ples from a high-risk ASD cohort also identified an association
between self-reported use of lawn and garden pesticides and
large-scale changes in DNA methylation patterns and identified
a putative enhancer of the DLL1 gene as differentially methylated
in ASD (30,30).

Here, we continue the epigenetic investigation of ASD risk
through the novel approach of identifying differentially methy-
lated regions (DMRs) in whole methylomes from placenta sam-
ples from male children later diagnosed with ASD compared to
children with typical development (TD) controls. Two genome-
wide significant ASD-associated DMRs at CYP2E1 and IRS2 were
further validated and investigated for effects of genotype, RNA
expression and protein levels as well as interactions with pre-
conception prenatal vitamin use. Understanding the epigenetic
patterns of ASD associated with maternal prenatal vitamin use
in placenta could lead to the development of preventative and
therapeutic early interventions for high-risk children with ASD.

Results
Placenta ASD DMRs discriminate ASD from TD samples

To identify novel differentially methylated gene loci between
ASD and TD, a DMR bioinformatic analysis was performed
on placenta whole-genome bisulfite sequencing (WGBS) data

(30,31). A total of 400 DMRs were identified with a threshold
of >10% methylation difference between ASD and TD groups,
and these were associated with 596 genes using the Genomics
Regions Enrichment of Annotations Tool (GREAT) on the default
association settings (Fig. 1A, Supplementary Material, Table 1).
There was no bias for gene length in the ASD DMR associated
genes compared to all human genes (Supplementary Material,
Fig. 1). Hypermethylated were 296 DMRs, while 104 DMRs were
hypomethylated in ASD compared to TD placenta (Fig. 1A).
Principal component analysis (PCA) using methylation levels for
each sample over the 400 DMRs demonstrated a clear separation
of placental samples by child outcome of ASD versus TD
(Fig. 1B). In addition, most ASD DMRs showed a highly significant
association with Mullen Scales of Early Learning (MSEL) scores
and autism severity score from ADOS but not with poten-
tial confounding variables (Supplementary Material, Table 2,
Supplementary Material, Fig. 2). Demographic and clinical
variables of children and their mothers in the MARBLES
(Markers of Autism Risk in Babies—Learning Early Signs)
study were not significantly associated with child diagnosis
(Supplementary Material, Table 3). Furthermore, there was no
significant enrichment between placental cell type-specific
genes from single-cell RNA-seq data (31) and genes identified
associated with ASD DMRs in placenta, suggesting that the
differences were not due to major shifts in cell-type compo-
sition (Supplementary Material, Fig. 3, Supplementary Material,
Table 4).

Placenta ASD DMRs were enriched for transcription
start sites and genes that function in transcriptional
regulation and neuronal fate

To further study the location and function of ASD DMRs
in placenta, we calculated the location of each ASD DMR
relative to the assigned gene’s transcription start site (TSS)
(Supplementary Material, Table 5). Both hyper- and hypomethy-
lated ASD DMRs were enriched within 5 kb on either side of TSS
compared to background regions (Fig. 1C). Gene ontology (GO)
analysis of ASD DMRs genes revealed significant enrichment
for functions in transcription, protein modification, embryonic
organ development and neuron fate commitment by Fisher’s
exact test after false discovery rate (FDR) multiple test correction
(Fig. 1D, Supplementary Material, Table 6).

Placenta DMR genes were enriched in ASD but not ID
risk genes

To test a hypothesized overlap between epigenetic and genetic
ASD risk loci observed previously in ASD and neurodevelop-
mental disorder brain tissues (33), we investigated the possible
overlap of placenta ASD DMR genes with identified genetic
risk factors for ASD and other types of intellectual disability
(ID). First, the curated Simons Foundation Autism Research
Initiative (SFARI) gene list was separated into six categories
based on SFARI ASD gene scores (34). The entire list of SFARI
genes as well as the high-confidence gene list both showed
significant overlap with placenta ASD DMR genes (Fig. 2A,
Supplementary Material, Table 7). The 39 genes in common
between the SFARI gene list and placenta ASD DMRs were
significantly enriched for functions in positive regulation of
histone H3K4 methylation, multicellular organ development
and system development. Second, high-risk ASD genes from
Sanders et al. (8) and likely gene-disrupting (LGD) recurrent
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Figure 1. DMRs in placenta distinguished ASD from TD child outcomes. (A) Heatmap and hierarchical clustering of 20 ASD versus 21 TD placental samples using

methylation levels in the 400 identified ASD DMRs. Percent methylation for each sample relative to the mean methylation at each ASD DMR was plotted as a heatmap,

with black representing no difference, hyper-methylation (red) and hypo-methylation (blue). Columns were clustered by child outcome, ASD (red) or TD (blue), while

rows were clustered by methylation direction. (B) PCA of TD versus ASD placental samples on the basis of methylation at 400 ASD DMRs. Ellipses represent the 95%

confidence interval for each group. The non-overlapping ellipses showed a significant difference between ASD and TD for these DMRs’ methylation level (P < 0.05).

(C) Location relative to genes for hypermethylated (red) or hypomethylated (blue) ASD DMRs compared to background (grey). Distributions of locations relative to

transcription start sites (TSS) are shown on the x-axis. The ratio plotted on the y-axis is calculated by the number of genes at each binned location divided by the total

number of genes (Supplementary Material, Table 5). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 by Fisher’s exact test. (D) Bar graph represents the significant results from gene

ontology and pathway enrichment analysis of ASD DMRs associated genes compared to background by Fisher’s exact test (FDR adjusted -log P-value, x-axis).

mutations and missense mutation on de novo mutations to ASD
gene lists from whole-genome exome sequencing (9) were also
significantly enriched for placental ASD DMRs. In contrast, no
significant enrichment was observed for placental ASD DMRs
with ID, Alzheimer’s disease or lung cancer genetic risk (35)
or a random set of 400 genomic regions mapped to 600 genes
(Fig. 2A, Supplementary Material, Table 7). When placental ASD
DMRs were separated by direction of change, hypomethylated
ASD DMRs exhibited more categories of significant enrichment
with ASD genetic risk compared to hypermethylated ASD
DMRs (Supplementary Material, Fig. 4). Differentially expressed
genes in ASD postmortem brain were extracted from multiple
studies (36–39). Placenta ASD DMR genes significantly over-
lapped with ASD cortex differentially expressed genes in the
largest of these studies (39) (Supplementary Material, Fig. 5,
Supplementary Material, Table 8).

Placenta ASD DMR genes significantly overlapped with
brain ASD DMRs that were enriched at Wnt and
cadherin signaling pathways and developmental
functions

From a prior methylation analysis in brain frontal cortex, 210
ASD discriminating DMRs were identified (10% methylation
difference between ASD and TD), which mapped to 371 genes
(33). A significant overlap of ASD DMR genes was observed
between placenta and brain (Fisher’s exact test, P < 0.001),
with 36 genes in common at a 10% difference in ASD versus
TD brain (Fig. 2B, Supplementary Material, Table 7). Those
36 genes were significantly enriched for functions in the
Wnt signaling and cadherin signaling pathways (Fig. 2C). Of
these shared genes, four overlapped with SFARI genetic risk:
GADD45B, MC4R, PCDH9 and TBL1XR1. With a more inclusive
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Figure 2. Placenta ASD DMR genes overlapped with ASD DMR associated genes from postmortem brain and known genetic risk for ASD but not for other disorders.

(A) Placenta ASD DMR associated genes were compared for significant overlap with ASD DMR genes identified from ASD postmortem brain (33) (based on 10%

or 5% methylation difference cutoffs), as well as multiple curated gene lists of ASD, ID or unrelated disorder genetic risks or a randomly generated gene list

(∗P < 0.05 FDR corrected two-tailed Fisher’s exact test, ranked by odds ratio). SFARI: Simons Foundation Autism Research Initiative (34), LGD: likely gene-disrupting

mutation, ASD: autism spectrum disorder, Alzheimer: Alzheimer’s Disease, ID: intellectual disability. (B) Venn diagram represents the significant overlap of 36 genes

associated with placenta ASD DMRs and brain ASD DMRs based on 10% methylation differences in brain between ASD versus TD by Fisher’s exact test (P < 0.001∗∗∗)

(Supplementary Material, Table 7). Methylation data from human postmortem brain was obtained from previous published data sets, GSE8154 (ASD and TD) (33). (C)

GO and pathway analysis on the 36 genes in common between placenta ASD DMRs and brain ASD DMRs associated genes. Enrichment tests were done on Fisher’s

exact test with FDR 0.05 correction. Genes in each GO term are shown within each bar. (D) Venn diagram represents significant overlap of 439 genes between placenta

ASD DMRs and DMRs from brain with 5% methylation difference between ASD and TD (Fisher’s exact test, P < 0.001∗∗∗) (Supplementary Material, Table 7). (E) Multiple

developmental pathways were significantly enriched on the overlapped 439 genes with Fisher’s exact test after FDR 0.05 correction.
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Figure 3. Placenta ASD DMRs were enriched at H3K4me3 regions, flanking promoter regions and CpG shores. (A) Placenta ASD DMRs were examined for enrichment

with histone modification ChIP-seq peaks from the Epigenome Roadmap using the LOLA package. Enrichments are plotted as the odds ratio in a heat map for each

of eight different tissue types and six types of modified histone marks (107). (B) Enrichment tests on chromatin states from chromHMM categories in the Epigenome

Roadmap and placental ASD DMRs from this study were performed using LOLA, with each row representing a different ChromHMM predicted state and each column

a single tissue type. (C) Placenta ASD DMRs (categorized as all, hypermethylated or hypomethylated in ASD) were tested for enrichment based on CpG island location.

The human genome was separated into CpG islands, CpG shores, CpG shelves and open sea.

5% methylation difference in brain that has been described
previously (33,40), 74% of the placental ASD DMR genes signifi-
cantly overlapped with those identified in brain (Fisher’s exact
test, P < 0.001) (Fig. 2D). Pathways significantly associated with
this more extended list included neuronal fate commitment,
neurogenesis and neuronal differentiation, as well as embryonic
developmental terms such as tube development (Fig. 2E). Among
shared 439 genes, 32 genes were also identified as SFARI ASD
genetics risk genes, including AUTS2, KMT2A, SETBP1 and TBR1
(Supplementary Material, Table 7).

Placenta ASD DMRs were enriched for placental and
brain active promoter H3K4me3 peaks, promoter
flanking regions and CpG shores

To functionally annotate the ASD DMRs identified by placenta
WGBS, multiple histone modification ChIP-seq peaks and
chromatin state predictions from multiple tissue types in
the Roadmap Epigenomics Projects were compared to ASD
DMR chromosomal locations for enrichment compared to
background regions (41). Placental ASD DMRs were signif-
icantly enriched at epigenomic regulatory regions, specifi-
cally H3K4me3 and H3K4me1 marks across multiple tissues,
although placental H3K4me3 marks showed the strongest
(odds ratio = 17.08, FDR q < 1.8E-42), and brain H3K4me3 marks
showed the second strongest enrichment (odds ratio = 13.75,
FDR q < 3.55E-31) (Fig. 3A). Importantly, we also found a
significant overlap between genes we identified by placenta
ASD DMR and those identified as differential in ASD pre-
frontal neuron H3K4me3 peaks (Fisher’s exact test, P < 0.05)

(Supplementary Material, Fig. 6) (41). Next, we overlapped ASD
DMRs with published chromatin state predictions that use
histone modification ChIP-seq data to annotate the genome
into 15 functional states (chromHMM) (43). Placental ASD
DMRs showed significant enrichment in regions flanking TSS
(TssAFlnk) and active transcription start site (TssA) compared to
background over multiple tissues (Fig. 3B). When separated by
directional change in ASD, both hyper- and hypomethylated
ASD DMRs were significantly enriched for H3K4me3 peaks,
transcription start sites and their flanking regions, as well as
enhancers (Supplementary Material, Fig. 7).

We also separated the genome into four parts relative to
CpG island location (44–46). CpG shores were defined as the
region within 2 kb on both sides of CpG islands, while another
2 kb extension from the shores were defined as CpG shelves.
The remaining regions were defined as ‘open sea’. Placental
ASD DMRs showed significant enrichment at CpG shores, and
hypermethylated ASD DMRs more significantly overlapped CpG
islands compared to hypomethylated DMRs (Fig. 3C).

Two genome-wide significant placental ASD DMRs at
CYP2E1 and IRS2 validate by pyrosequencing and
correlated with gene expression

Of the 400 ASD DMRs identified in ASD placenta, 2 reached
genome-wide significance by family-wide error rate (FWER),
including chr10: 133527713–133529507, located inside CYP2E1
(cytochrome P450 2E1), and chr13: 109781111–109782389, located
inside IRS2 (insulin receptor substrate 2) (Fig. 4). The CYP2E1 DMR
was located after the first exon, included the first intron and part
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Figure 4. Two genome-wide significant placental DMRs located at CYP2E1 and IRS2 were validated by pyrosequencing. (A) and (B) show the location relative to genes

and CpG islands of the two genome-wide significant DMRs (highlighted in pink and blue) in the UCSC Genome Browser. In the upper tracks, each line represents percent

methylation (y-axis) of a single individual by WGBS analysis. Blue lines represent TD, and red lines represent ASD samples. (A) Hypomethylated DMR at CYP2E1 with

10 kb upstream and 10 kb downstream. (B) Hypermethylated DMR at IRS2 with 10 kb upstream and 10 kb downstream. (C) The CYP2E1 DMR percent methylation was

significantly associated with child outcome and verified by pyrosequencing (two-tailed t-test, P = 0.014). The y-axis represents the average percent DNA methylation

across the DMR regions from pyrosequencing. Each dot represented one sample. (D) Pyrosequencing validation on IRS2 DMR’s methylation with child outcome (two-

tailed t-test, P = 0.0035). ∗P < 0.05, ∗∗P < 0.01

of the second exon, and was hypomethylated in ASD versus TD
(Fig. 4A). The IRS2 DMR spanned the end of the first exon and the
beginning of first intron and was hypermethylated in ASD versus
TD (Fig. 4B). Both CYP2E1 and IRS2 were also present in the gene
lists overlapping with brain ASD DMR related genes and high-
risk ASD genes (Fig. 2A, Supplementary Material, Table 7) (8).

Pyrosequencing was performed as an independent method
to verify methylation differences between ASD and TD pla-
cental samples at CYP2E1 and IRS2 DMRs (Supplementary
Material, Table 9). For the CYP2E1 DMR, there was a sig-
nificant difference in average percent methylation detected
by pyrosequencing between ASD and TD samples (Fig. 4C).
A total of 13 CpG sites were included in the CYP2E1 DMR
pyrosequencing test, and all but 2 also showed individu-
ally significant differences between ASD and TD after FDR
correction (Supplementary Material, Table 9, Supplementary
Material, Fig. 8A). Pyrosequencing also confirmed a significant
difference between ASD and TD average percent methyla-

tion at the IRS2 DMR (Fig. 4D), and all of the 11 CpG sites
individually assayed at IRS2 (Supplementary Material, Table 9,
Supplementary Material, Fig. 8B). There were no significance
differences in the percent methylation variances of ASD and
TD samples on both CYP2E1 DMR (two-tailed F-test, P = 0.8)
and IRS2 DMR (two-tailed F-test, P = 0.7). To test the relevance
of these loci to females, 10 female placental samples were also
verified by pyrosequencing and showed a significance difference
between ASD and TD in percent methylation at CYP2E1 and
IRS2 DMRs in the same direction as that observed in males
(Supplementary Material, Fig. 9).

While MARBLES placenta samples were not collected in
a manner conducive to RNA stability for gene expression
analyses, we were able to examine expression level of both
CYP2E1 and IRS2 in MARBLES umbilical cord blood during
the same time period from an Affymetrix Human Gene
2.0 array analysis in a related study (47). No significant
differences by ASD diagnosis were observed in cord blood
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Figure 5. Cis genotype was significantly associated with CYP2E1 but not IRS2 DMR methylation levels.( A) CYP2E1 genotype at rs1536828 within the ASD DMR was

significantly associated with CYP2E1 DMR average percent methylation tested by ANOVA (P = 0.03). (B) IRS2 genotype at rs9301411 within the ASD DMR was not

significantly associated with IRS2 DMR methylation by two-tailed t-test (P = 0.86).

CYP2E1 or IRS2 expression or placental IRS2 protein lev-
els, although trends were consistent with the direction of
methylation differences (Supplementary Materials, Figs 10–11).
Furthermore, both CYP2E1 and IRS2 were previously identified
as differentially expressed genes in ASD brain from three
previous studies (36–38) as well as in a meta-analysis of ASD
compared to TD in human male cortex (dbMDEGA database)
(48) (Supplementary Material, Fig. 5, Supplementary Material,
Table 8). Together, these results suggest that methylation
differences identified in ASD placenta are also relevant to
differential gene expression patterns identified in brain.

CYP2E1 but not IRS2 DMR methylation levels were
associated with common variants within each DMR

We performed Sanger sequencing within the CYP2E1 and IRS2
ASD DMRs to identify single-nucleotide polymorphisms (SNPs)
located inside each DMR that could explain some of the methyla-
tion differences. Two SNPs (rs943975, rs1536828) were identified
within the boundaries of the CYP2E1 DMR in the 41 placenta
samples (Supplementary Material, Table 10). A significant associ-
ation between rs1536828 (but not rs943975) genotype and CYP2E1
DMR percent methylation was observed, with samples homozy-
gous for the minor allele (G/G) showing the lowest methyla-
tion (Fig. 5A). This significant genotype–methylation association
remained when the minor (GG) and heterozygous (CG) CYP2E1
genotypes were combined and compared to the major (CC) sam-
ples (Supplementary Material, Fig. 12). Further confirming the
effect of CYP2E1 genotype on methylation, five placental sam-
ples of each rs1536828 genotype showed a similar significant
association of genotype with CYP2E1 DMR percent methyla-
tion by pyrosequencing (Supplementary Material, Fig. 13). A sin-
gle informative SNP (rs9301411) was also identified within the
IRS2 DMR (Supplementary Material, Table 10) but was not sig-
nificantly associated with methylation level (Fig. 5B). However,
genotypes at rs943975 (minor allele frequency: 0.4), rs1536828
(minor allele frequency: 0.32) and rs9301411 (minor allele fre-
quency: 0.08) were not significantly associated with diagnosis.
In addition, these SNPs were not located inside any known
transcription factor motifs identified by MEME (Multiple Expec-
tation maximization for Motif Elicitation) (49), and there were no

differences on the MEME motif structure on the samples with
and without SNPs (Supplementary Material, Fig. 14).

Preconception prenatal vitamin use corresponded to
protective placental DNA methylation patterns at
CYP2E1, IRS2 and genome wide

Placental samples from mothers who took prenatal vitamins
during the first month of pregnancy showed a trend for higher
CYP2E1 DMR methylation that was not significant but in the
same direction expected for protection from ASD (Fig. 6A). At
the IRS2 DMR, however, there was a significant association with
maternal prenatal vitamin use and lower methylation, also in
ASD-protective direction (Fig. 6B). The first month of pregnancy
was chosen given it was associated with reduced risk for ASD in
this MARBLES cohort (21); examination of the association with
methylation at the IRS2 DMR for prenatal vitamin intake at other
months indicated that the months near conception were most
significant (Supplementary Material, Fig. 15).

To further explore the relationship between placental
methylation patterns influenced by prenatal vitamin use in
the first month of pregnancy, placental methylomes were
analyzed for DMRs by prenatal vitamin use in the first
month of pregnancy (PreVitM1) with more than 10% methy-
lation difference, and 376 DMRs were identified in over
587 genes (Supplementary Material, Table 11). A total of 60
genes overlapped between PreVitM1 DMRs and ASD DMRs
in placenta (Supplementary Material, Table 11, Fig. 6C). GO
analysis showed that genes common to PreVitM1 and ASD
DMRs were significantly enriched for functions in neuron fate
commitment, transcription regulation, central nervous system
development and regulation of phosphatidylinositol 3-kinase
activity (Fig. 6D).

To further investigate the potential inter-relatedness of diag-
nosis, prenatal vitamin use and cis genotype on methylation at
CYP2E1 and IRS2 DMRs, we calculated associations between each
factor and methylation separately by two-tailed t-test or analysis
of variance (ANOVA), as well as two-way diagnosis and PreVitM1;
diagnosis and genotype; genotype and PreVitM1 by Pearson’s
chi-squared test. No significant association was found among
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Figure 6. Preconception prenatal vitamin use was a significant modifier of IRS2 methylation and associated DMRs overlapped ASD DMRs in placenta. For (A) and (B), the

x-axis represents maternal prenatal vitamins use during the first month of pregnancy, while the y-axis shows the percent methylation. (A) CYP2E1 DMR methylation

was not significantly altered by P1 prenatal vitamin use. (B) Higher percent methylation at IRS2 DMR was significantly associated with not taking prenatal vitamins

at P1 (two-tailed t-test, P = 0.039), which is in the same direction as ASD risk. (C) DMRs identified based on P1 prenatal vitamins use were associated with 587 genes,

which showed a significant overlap with ASD DMR associated genes (Fisher’s exact test, P < 2.528e-16). (D) GO and pathway analysis were performed on the overlapped

gene list (60 genes) (Supplementary Material, Table 11) between placenta ASD DMR and P1 prenatal vitamin DMR-associated genes for enrichment by Fisher’s exact

test with -log (P-value) represented on the x-axis. Genes in each GO term are shown within each bar.

each of the three factors and each DMR methylation level by
ANOVA (Supplementary Material, Table 12).

Discussion
This study utilized whole methylome analysis of prospectively
stored placenta samples in a high-risk ASD cohort to bioin-
formatically identify novel gene loci that may be useful for
understanding and predicting ASD risk. This unbiased analy-
sis of ASD DMRs in placenta tissue resulted in several novel
findings. First, the 596 genes identified from 400 placental ASD
DMRs significantly overlapped with genetic risk for ASD from
curated databases and gene functions in neurons. Second, two
genome-wide significant placental ASD DMRs at CYP2E1 and
IRS2 were discovered that were validated by pyrosequencing
and also overlapped with ASD-associated genetic variation and
gene expression changes. Lastly, we investigated genotype and
nutrient factors correlating with methylation at CYP2E1 and IRS2,
demonstrating specific effects for cis genotype and diagnosis at
CYP2E1 and prenatal vitamin use at IRS2. These results therefore
suggest that DNA methylation patterns in placenta provide a

link between genetics, environment and fetal epigenetic pro-
gramming, which could reflect early development relevant to
the complex etiology of ASD. The epigenomic signature of ASD
in placenta also provides important insights into gene func-
tions, pathways, gene–environment interactions and potential
biomarkers that may be useful in improving early detection
of ASD.

This study is the first to identify 400 potential ASD DMRs
that distinguish between ASD and TD placenta samples and
highlights specific locations and gene functions of differential
methylation in placental samples from children with ASD. First,
these placental ASD DMRs were highly enriched around tran-
scription start sites and H3K4me3 marks that are clear marks
of gene regulatory functions (50,51). Furthermore, GO analy-
sis of the 596 genes mapped to placental ASD DMRs pointed
to enriched gene functions in transcription, neuron fate and
embryonic development, which were expected based on previ-
ous studies (31,52,53).

Genes with ASD DMRs in both placenta and brain were
enriched for Wnt and cadherin signaling pathways. Wnt
signaling is important in embryogenesis, tissue regeneration
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Figure 7. Potential pathway convergence of proteins encoded by both ASD DMRs. IRS2 interacts with transmembrane protein IGF1R at the intracellular membrane,

resulting in activation of the PI3K/AKT/mTOR and MAPK signaling pathways involved in protein synthesis, cell proliferation and gene expression (81). An AKT-mediated

ubiquitin pathway leads to de novo DNA methylation changes by DNMT (84). IRS2 also interacts with cytokine and hormone receptors and induces JAK2/STAT3 signaling

(81,83). STAT activation leads to CYP2E1 localization at the endoplasmic reticulum, changing cellular metabolism (74).

and neurodevelopment (54), while cadherin signaling plays a
vital role in connecting major intracellular signaling pathways
with adhesion protein complexes (55,55). Our results therefore
complement previous studies that have shown the importance
of Wnt and cadherin pathways in the etiology of ASD (57–59). We
also replicated our previous finding of differential methylation
at DLL1 in ASD placenta (31) (Supplementary Materials, Tables 1
and 7). DLL1 encodes a ligand of Notch, activated by Wnt
signaling (60).

When overlapped with data sets of genetic risk for neurode-
velopmental disorders including ASD and ID (8,9,34), placenta
ASD DMRs were significantly enriched for ASD but not for ID
genetic risk, illustrating the specificity of the ASD DMRs iden-
tified in our study. The highest overlap of ASD DMR associated
genes was with the SFARI high-confidence genes, including
KMT2A, MYT1L and TBR1 (34).

Our study identified novel methylation differences at CYP2E1
and IRS2, which exhibited genome-wide significant differences
between ASD and TD. Both CYP2E1 and IRS2 are identified as ASD
genetic risk genes in multiple databases related to ASD genetic
risk across different tissues and populations (8,33). Both CYP2E1
and IRS2 DMRs are located close to the TSS site at CpG shore
intragenic regions, which is also consistent with the enrichment
for TSS flanking regions and H3K4me3 promoter marks in the
400 ASD DMRs. In our prior studies of differential methylation

associated with UBE3A duplication in Dup15q syndrome, a
genetic cause of ASD, both CYP2E1 and IRS2 were identified
with differential methylation and H3K4me3 peaks in a Dup15q
cell line model and differential methylation in Dup15q brain
(40,61). Furthermore, CYP2E1 and IRS2 both showed differential
H3K4me3 marks at their promoters in ASD versus control
in the prefrontal cortex (42). Structural variants and SNPs in
cis-regulatory elements also showed significant contribution
to ASD (62,63). In contrast, neither CYP2E1 nor IRS2 were
included as significant differential splicing events for ASD
(36,39).

CYP2E1 encodes a member of the cytochrome P450 superfam-
ily that is involved in the metabolism of drugs (64). Previous stud-
ies showed those proteins essential for embryonic development
in human, rat and zebrafish (65–69). We observed a significant
association between methylation and cis genotype at the CYP2E1
DMR, a finding that is consistent with the identification of this
locus in a screen for human metastable epialleles variability
between individuals (70). In addition, in immune models of
ASD, maternal interleukin-6 (IL6) crosses the placenta, disrupt-
ing development of hippocampal spatial learning (71–73). Previ-
ous studies showed that IL6 inhibits CYP1A1, CYP1A2 and CYP2E1
expression (74–77), consistent with the lower methylation and
expression levels in ASD versus TD observed in our study. In
addition, CYP2E1 expression is transcriptionally regulated by the
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JAK2/STAT3 pathway, providing a potential convergent pathway
with IRS2 (Fig. 7) (74).

IRS2 encodes for insulin receptor substrate 2, a cytoplasmic
signaling molecule that mediates the effects of insulin and
insulin-like growth factor 1 (IGF1) (78) and cytokine receptors
(79). A GWAS noise reduction method to correct for false–positive
association with ASD identified cadherin and signaling trans-
duction pathways that included IRS2 as high-confidence ASD
genes (80). IRS2 has a phosphotyrosine-binding domain that
contributes to the intracellular affinity to cell membrane recep-
tors (Fig. 7) (79). PI3K/AKT/mTOR and MAPK signaling pathways
are linked with IRS2 in the regulation of protein synthesis and
cell proliferation (81). Furthermore, a previous study using a
reverse pathway genetic approach identified the MAPK signaling
pathway associated with ASD (82). When activated by cytokine
and hormone receptors, IRS2 stimulates JAK2, leading to STAT
and MAPK signaling activation (81,83). The IGF1 pathway, which
includes IRS2, also mediates de novo DNA methylation by DNA
methyltransferase (DNMT) through AKT (84). This pathway may
explain why methylation at the IRS2 DMR was sensitive to mater-
nal prenatal vitamin intake, since IRS2 stimulates the mTOR
(mechanistic target of rapamycin) pathway, which responds to
nutrients and growth factors signaling to regulate protein syn-
thesis (83). The link between epigenetic alterations in IRS2 and
risk for ASD is particularly intriguing given a growing body of epi-
demiologic evidence demonstrating higher ASD risk in offspring
born to mothers who experienced diabetes during pregnancy,
including some very large and methodologically sound studies
with clinical diagnoses of both maternal diabetes and child
ASD (85).

We did not observe any significant associations between
other potential cofounders such as maternal age, pregnancy
BMI (Body Mass Index), gestational age or pre-eclampsia
with ASD diagnosis in the MARBLES study (30). Cell-type
heterogeneity in the placenta may complicate the interpre-
tation of our results; however, placental ASD DMRs were
not significantly associated with cell-type markers, and our
previous study did not detect differences in methylation
levels by placental region at specific gene loci (31). This
study serves as a proof-of-principle that placenta methylation
patterns detected by WGBS may be informative in ASD.
Replication with additional samples, on female samples, and
other similar prospective cohorts, and improved sequencing
and bioinformatic strategies will be important in future
studies. Approaches such as methylation quantitative trait
loci analysis will be important in future studies with larger
sample sizes for identifying possible common genetic variants
associated with placental ASD DMRs. In addition, functional
analyses on JAK, mTOR and MAPK signaling pathways in
ASD placenta and brain would be important to provide
mechanical insight.

In conclusion, we identified two high-confidence genes dif-
ferentially methylated in ASD from an unbiased analysis of
DNA methylation in placenta from high-risk pregnancies and
investigated possible genetic and environmental modifiers of
methylation at both loci. Methylation levels at the CYP2E1 DMR
were associated with genotype, while the methylation levels at
the IRS2 DMR were associated with prenatal vitamin use. Our
results are consistent with a previous study using the Illumina
450 K array, which showed that both genetic and environmental
effects influence DNA methylation levels (4). Placenta reflects
the essential interface between the fetus and mother, mediating
the impacts of endocrine and growth factors in the maternal
environment on fetal development (86,87). Both CYP2E1 and

IRS2 are related to protein synthesis, cell proliferation and cell
metabolism, consistent with previous studies of convergent gene
pathways in ASD (8,33,36,48,88). These results therefore provide
evidence that placental methylation levels reflect the intersec-
tion of genetic and environmental risk and protective factors
that are expected to be useful for early intervention and preven-
tion of ASD.

Materials and Methods
MARBLES study design, sample selection and DNA
isolation

The MARBLES study design was described in a previous pub-
lication (89). In MARBLES, mothers of at least one child with
confirmed ASD who were pregnant or planning a pregnancy
were recruited in the Northern California area. Inclusion criteria
for the study were 1) mother or father has one or more biological
child(ren) with ASD; 2) mother is 18 years or older; 3) mother is
pregnant; 4) mother speaks, reads and understands English suf-
ficiently to complete the protocol, and the younger sibling will
be taught to speak English; and 5) mother lives within 2.5 hours
of the Davis/Sacramento, California region at time of enrollment.
With shared genetics, the next child has a 13-fold higher risk for
developing ASD compared to the general population (89). Demo-
graphic, diet, lifestyle, environmental and medical information
were prospectively collected through telephone-assisted inter-
views and mailed questionnaires throughout pregnancy and the
postnatal period. Infants received standardized neurodevelop-
mental assessments beginning at 6 months and concluding at
3 years of age (89). Diagnostic assessments at 3 years included
the gold standard ADOS (90), the ADI-R (91) and the MSEL (92).
Participants were classified into outcome groups including ASD
and TD, based on a previously published algorithm that uses
ADOS and MSEL scores (93,94). Children with ASD outcomes have
scores over the ADOS cutoff and meet DSM-5 criteria for ASD.
Children with TD outcomes have all MSEL scores within 2.0 SD
(Standard Deviation) and no more than one MSEL subscale that
is 1.5 SD below the normative mean and scores on the ADOS at
least three more points below the ASD cutoff. This study utilized
41 male MARBLES placenta samples, including 20 samples from
children later diagnosed with ASD and 21 children determined to
have TD, matched for enrollment time frame and date of birth.
DNA was isolated from 50–100 mg frozen placental tissues (20
ASD and 21 TD) using the Gentra Puregene tissue kit (Qiagen,
Germantown, MD).

WGBS

Raw sequencing data (fastq files) were published previously (31).
Briefly, WGBS libraries were made with the sonicated genomic
DNA (around 300 bp) and ligated with methylated Illumina (San
Diego, CA) adapters using NEB’s NEBNext DNA library prep kit
(26,31). The library was bisulfite converted using EZ DNA Methy-
lation lighting kit (Zymo, Irvine, CA), amplified for 12 cycles
using PfuTurbo Cx Hotstart DNA Polymerase (Agilent, Santa
Clara, CA) and purified with Agencourt AMPure XP Beads (Beck-
man Coulter, Brea, CA). The quality and quantity of libraries
were measured on a Bioanalyzer (Agilent, Santa Clara, CA) and
sequenced on Illumina HiSeq 2000 with each sample per single
lane. Reads after trimming were uniquely mapped to human ref-
erence genome (hg38) as described previously using BS-Seeker2
on average 1.6X genome converge with 99.3% bisulfite conver-
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sion efficiency (measured through the percentage of non-CpG
cytosines that were unconverted) (26,40,95).

ASD DMRs and genome-wide significant DMRs

DMRs were called as described in previous publications (40,96)
using the default settings. In this case, each ASD DMR contained
greater than 10% methylation difference between ASD and TD
samples at least three CpGs within 300 base pairs and a P-
value of <0.05. Background regions were defined using the same
conditions as DMRs but without any percent methylation filters
to identify all possible DMR locations based on CpG density
and sample sequencing coverage. Hypermethylated ASD DMRs
were defined as higher percent methylation in ASD versus TD,
while hypomethylated ASD DMRs were defined as lower percent
methylation in ASD versus TD samples. Genome-wide, signifi-
cant DMRs were identified based on a FWER < 0.05, determined
by permuting the samples 1000× by chromosome and counting
the number of null permutations with equal or better DMRs
ranked by number of CpGs and areaStat (97).

Hierarchical clustering and PCA

Methylation was extracted at each ASD DMR for every sample.
Percent methylation of each sample was normalized to the
mean methylation of each ASD DMR. ASD DMRs were grouped
by Ward’s method of hierarchical clustering (98). PCA was per-
formed on methylation at all ASD DMRs across all samples using
the prcomp function and ggbiplot package in R. The ellipses for
each group were illustrated as the 95% confidence interval. The
lack of overlapping ellipses for ASD and TD samples indicated
significant methylation difference in ASD DMRs between groups
(P < 0.05).

Placental cell type-specific genes identification

Cell type-specific genes were extracted from Vento-Tormo et al.
(32) on 38 different types of cells with the top 30 cell type-specific
signature genes. Genes for each cell types were filtered as unique
genes that were only expressed in specific cell types. A test for
significance of overlapping genes was done using Fisher’s exact
test.

Assignment of DMRs to genes and relative location
to TSS

Genes were assigned to DMRs using the GREAT on the default
association settings (5.0 kb upstream and 1.0 kb downstream,
up to 1000.0 kb max extension) (99). The distance (kb) was
calculated from the ASD DMRs, hypermethylated ASD DMRs,
hypomethylated ASD DMRs and background regions to TSS of
the GREAT assigned gene. The gene length was calculated for
both placental ASD DMR genes and all genes in human genome
and tested for potential distribution differences by Pearson’s chi-
squared test.

GO term and pathway enrichment analysis

GO analysis was done using Protein Analysis Through Evolution-
ary Relationships overrepresentation test, with the GO Ontology
database (100,101) and Fisher’s exact test with FDR multiple test

correction. GO term enrichments were presented by the hierar-
chical terms rather than specific subclass functional classes, as
described previously (102,103).

Tests for ASD DMR enrichments

All tests of enrichment for ASD DMRs were compared to a set
of all possible background regions that are calculated in the
DMR analysis pipeline. Enrichment tests for placenta ASD DMRs
associated genes and published gene lists were done using
the GeneOverlap R package that implements Fisher’s exact
test and adjusted for FDR correction (104). ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001 by Fisher’s exact test with FDR corrected. Brain
cortex (BA9) ASD DMRs were defined as either a 5% or 10%
methylation difference between ASD and TD and were described
previously using the same method as placenta ASD DMRs
(33). The SFARI database was used for the five categories of
ASD risk genes (34). High-effect ASD risk gene lists were also
identified from Sanders et al. (8). LGD recurrent ASD mutations
and missense mutation on de novo mutations were obtained
from Iossifov et al. (9). Gene lists on ID were obtained from
Gilissen et al. (35). Alzheimer’s disease GWAS gene lists were
extracted from SNPs showing association with Alzheimer’s
disease (P ≤ 1 × 10−3) (105). Lung cancer GWAS gene lists were
acquired from Landi et al. (106). The random genes category
contains the same number of regions as the placenta ASD DMRs
to serve as a specificity control. ASD DMRs were examined for
enrichment with known chromatin marks compared to the
background using LOLA R package with two-tailed Fisher’s exact
test after FDR correction (107). Placenta histone marks H3K4me1,
H3K4me3, H4K9me3, H3K36me3, H3K27me3 and H3K27ac were
extracted from Encyclopedia of DNA Elements placenta ChIP-seq
data set (108,109). ASD DMRs were also analyzed for overlap with
chromatin states predicted by chromHMM, which use histone
modification ChIP-seq data to separate the genome into 15
functional states in the Roadmap Epigenomics Project using
a Hidden Markov Model (41,110). For promoters, chromHMM
separates active TSS (TssA), TSS flank (TssAFlnk), bivalent TSS
(TssBiv) and bivalent TSS flank (BivFlnk) states. For enhancers,
genic enhancer (EnhG), enhancer (Enh) and bivalent enhancer
(EnhBiv) are the different states. Human CpG island locations
were extracted from UCSC Genome Browser (111). CpG island
shores were defined as 2 kb flanking regions on both sides of
CpG island. CpG island shelf was characterized as 2 kb flanking
regions on both sides of CpG island shore, not including CpG
island or CpG island shore. CpG island ‘open sea’ includes
all genomic regions except CpG island, CpG island shore and
CpG island shelf. A custom R script was used to generate
the locations of CpG islands (https://github.com/Yihui-Zhu/
AutismPlacentaEpigenome).

Pyrosequencing

Genomic DNA (500 ng) was bisulfite converted using the EZ DNA
Methylation kit (Zymo, Irvine, CA). Amplification and sequencing
primers were designed using the PyroMark Assay Design Soft-
ware 2.0 (Qiagen, Germantown, MD). DMRs were amplified using
the PyroMark PCR (Polymerase Chain Reaction) kit (Qiagen, Ger-
mantown, MD). Pyrosequencing of 13 CpG sites at CYP2E1 gene
and 11 CpG sites in human IRS2 gene was performed in tripli-
cate. Pyrosequencing was performed on a Pyromark Q24 Pyrose-
quencer (Qiagen, Germantown, MD) with the manufacturer’s
recommended protocol. Enzyme, substrate and dNTPs (deoxyri-
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bonucleotide triphosphate) were from the Pyromark Gold Q24
Reagents (Qiagen, Germantown, MD), and the methylation levels
were analyzed using Pyromark Q24 software.

CYP2E1-related DMR pyrosequencing primers:
Forward: GGTGTTTTGTTTTGGGGTTGA
Reverse: ACCCATTCAATATTCACAACAATC (5′ Biotin)
Sequencing: GGTTGATGATGGGGA
Amplification region: chr10: 133527817–133527938 (hg38).
IRS2-related DMR pyrosequencing primers:
Forward: TTAGGAATATAGGGAAAGGTGAAAGT
Reverse: CCACCCATTCACCCATTCTA (5′ Biotin)
Sequencing: GGGAAAGGTGAAAGTT
Amplification region: chr13: 109781623–109781794 (hg38).

Gene expression in umbilical cord blood

Gene expression data assayed by Affymetrix Human Gene 2.0
array were extracted from a previous publication on umbili-
cal cord blood from subjects in the MARBLES study (GEO ID:
GSE123302) (47). Placenta and cord blood were collected at the
same time period in the same study. Raw intensity values from
cord blood samples were normalized by RMA (Robust Multi-
array Average), and data from 70 male samples were extracted,
including 30 ASD and 40 TD samples. Normalized expression
was examined at the only probe annotated to CYP2E1 (16711001)
and the only probe annotated to IRS2 (16780917). Analysis was
done on those two probes with 70 samples on the normalized
matrix data.

Western blot

In western blot experiments, placental proteins were isolated
with RIPA (Radioimmunoprecipitation assay) buffer containing
10 mm Tris-Cl (pH 8.0), 1 mm EDTA, 1% Triton X-100, 0.1% sodium
deozydholate, 0.1% SDS, 140 mm NaCl, 1 mm PMSF and complete
protease inhibitors (ThermoFisher, Waltham, MA), incubated at
37◦C for 30 min, sonicated and heated at 95◦C for 5 min. Bicin-
choninic acid protein assay (ThermoFisher, Waltham, MA) was
used to determine protein concentration. Protein samples (20–
30 ug) were resolved on 4–20% tris-gylcine polyacrylamide gels
(Biorad, Hercules, CA). Proteins were separated and transferred
to nitrocellulose membranes for 60 min at a constant volt-
age of 100. The membranes were blocked in Odyssey Block-
ing Buffer [PBS (phosphate-buffered saline)] (Licor, Lincoln, NE,
927–40 000) for 40 min. Anti-IRS2 (1:5000, Cell Signaling, Dan-
vers, MA, 3089S) and anti-GAPDH (Glyceraldehyde 3-phosphate
dehydrogenase) (1:10000, Advanced Immunochemical, Inc., Long
Beach, CA, 2-RGM2) were incubated with the membrane with
Odyssey Blocking Buffer containing 0.2% Tween overnight at 4◦C.
Membranes were washed with 1× PBS containing 0.2% Tween
and then incubated with secondary antibodies, IRDye 800CW
Donkey anti-Mouse IgG (1:50000, Licor, Lincoln, NE, 926–32 212)
and IRDye 680RD Donkey anti-Rabbit IgG (1:50000, Licor, Lincoln,
NE, 926–68 073) for 1 h. Membranes were scanned using a Licor
(Lincoln, NE) Odyssey infrared imaging system based on the
manufacturer’s guidance (with resolution: 84; quality: medium,
600-channel: 6; 800-channel: 5). Relative protein quantification
was done using the ImageJ software program (112) in densito-
metry mode. IRS2 signals were normalized to GAPDH for each
sample.

Sanger sequencing

PCR amplification was performed on each sample using PCR
10× buffer, 25 mm MgCl2, 5 m betaine, 10 mm dNTPs, DMSO, and
HotStart Taq (Qiagen, Germantown, MD). Each PCR program was
unique to the region being amplified with specific primers. The
PCR product was then resolved by gel electrophoresis using a 1%
Agarose gel in 1× TE (Tris and EDTA) to later be extracted using
the gel extraction kit (Qiagen, Germantown, MD) based on the
default protocol. After DNA quantitation by NanoDrop, the sam-
ples were sent to the UC Davis Sequencing Facility for sequenc-
ing on the 3730 Genetic Analyzer (ThermoFisher, Waltham, MA)
with DNA Sequencing Analysis software v.5.2 (ThermoFisher,
Waltham, MA). The sequencing results were assembled and
analyzed using CodonCode Aligner version 7.0 (CodonCode).

CYP2E1-related SNP (rs943975, rs1536828) primers:
Forward: CTACAAGGCGGTGAAGGAAG
Reverse: CCCATCCCCATAAACTCTCC.
IRS2-related SNP (rs943975) primers:
Forward: TTAGGAATATAGGGAAAGGTGAAAGT
Reverse: CCACCCATTCACCCATTCTA.

Code availability. Custom scripts for WGBS analysis are
available at https://github.com/kwdunaway/WGBS_Tools with
the instructions. Custom Scripts for DMR finder are avail-
able at https://github.com/cemordaunt/DMRfinder with the
instructions. The rest of code and scripts for each figure
and tables are available at https://github.com/Yihui-Zhu/
AutismPlacentaEpigenome.

Data availability

WGBS data were previously published, Gene Expression
Omnibus (GEO) accession number GSE67615 (31). The rest of the
relevant data and information are included in supplementary
tables.
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