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Abstract

Background: Autism spectrum disorder (ASD) comprises a group of neurodevelopmental
conditions currently diagnosed by behavioral assessment in childhood, although neuropathology
begins during gestation. A poorly understood male bias for ASD diagnosis is thought to be due to
both biological sex differences and cultural biases against female diagnosis of ASD. Identification
of molecular biomarkers of ASD likelihood in newborns would provide more objective screening
and early intervention. Epigenetic dysregulation has been reported in multiple tissues from
newborns who are later diagnosed with ASD, but this is the first study to investigate sex-specific
DNA methylation signatures for ASD in newborn blood, an accessible and widely banked tissue.
Methods: DNA methylation was assayed from ASD and typically developing (TD) newborn
blood (discovery set n = 196, replication set n = 90) using whole genome bisulfite sequencing
(WGBS). Sex-stratified differentially methylated regions (DMRs) were assessed for replication,
comparisons by sex, overlaps with DMRs from other tissues, and enrichment for biological
processes and SFARI ASD-risk genes.

Results: We found that newborn blood ASD DMRs from both sexes significantly replicated in an
independent cohort and were enriched for hypomethylation in ASD compared to TD samples, as
well as location in promoters, CpG islands and CpG shores. Comparing females and males, we
found that most DMRs with sex differences amongst TD individuals were also found in ASD
individuals, plus many additional DMRs with sex differences that were only found in those with
ASD. Newborn blood DMRs from females were enriched for the X chromosome and both sexes
showed significant overlap with DMRs from umbilical cord blood and placenta but not post-
mortem cortex. DMRs from all tissues were enriched for neurodevelopmental processes (females)

and SFARI ASD-risk genes (females and males).
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Limitations: This study is primarily limited by sample sizes, particularly amongst females.

Conclusions: Overall, we found a highly replicated sex-specific DNA methylation signature of
ASD in newborn blood that showed support for the female protective effect and convergence with
epigenetic and genetic signatures of ASD in newborns. These results demonstrate the utility of
newborn blood in ASD screening and emphasizes the importance of sex-stratification in future

studies.
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Introduction

Autism spectrum disorder (ASD) is a group of neurodevelopmental conditions defined by
functional impairments in social communication and interactions, combined with elevated
restrictive interests and repetitive behaviors (1). Although neuropathology has been shown to begin
during gestation (2-7), ASD is typically not diagnosed until early childhood (~age 3-4) by
behavioral observation and clinical assessment (8). Males are diagnosed with ASD approximately
four times more frequently than females. This difference may, in part, reflect an underdiagnosis of
true cases in females (9) due to diagnostic definitions and tools that primarily consider symptoms
more common in males (10-13). For children diagnosed with ASD, intensive behavioral

intervention programs have been associated with better outcomes, including higher 1Q and
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improved adaptive behaviors such as communication, daily living skills, socialization, and motor
skills (14,15). However, these programs are most effective when begun at an early age, including
as young as nine months (16), meaning that children are often diagnosed too late in life to fully
benefit. Objective screening tools that use biological measures to identify newborns at increased
risk of ASD may help with earlier diagnosis and improved outcomes for many children,
particularly females. Insights to biomarker development may be gained by researching newborn
tissues and biological markers that have been previously under-studied, such as epigenetic marks

from newborn blood.

Several studies have shown that the epigenetic mark of DNA methylation can reflect dysregulation
in individuals with ASD, even prior to diagnosis (17—22). DNA methylation is established in utero,
during which time its landscape is influenced by genetic heritability as well as environmental
factors and gene-environment interactions. This triad — genetics, environmental factors, and gene-
environment interactions -- also lies at the intersection of etiology for ASD, giving DNA
methylation the unique advantage of reflecting multiple early influences of ASD pathology.
Intriguingly, ASD studies investigating perinatal tissues such as placenta and umbilical cord blood
have shown dysregulated methylation over loci involved in neurodevelopment, demonstrating the
promise of perinatal tissues as a surrogate for the brain (17-21). In contrast to cord blood and
placenta, newborn blood is accessible and widely banked through newborn dried blood spot

(NDBS) programs across several states.

Here, we describe the identification of the first sex-specific DNA methylation signatures of ASD

from newborn blood using a multi-staged approach (Figure 1). We used NDBS from newborns
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who were later diagnosed with ASD and sex- and age-matched typical developing (TD) children
from a California birth cohort (n = 196). Following whole-genome bisulfite sequencing (WGBS),
which provides the advantage of covering the entire genome, we identified sex-combined and sex-
stratified ASD vs TD differentially methylated regions (DMRs). From these DMRs, we identified
a sex-specific DNA methylation signature of ASD in newborn blood that was highly replicated in
an independent case-control cohort (n = 90), showed epigenetic support for the female protective
effect, overlapped with ASD DMRs from other tissues (previously published cord blood (17),
placenta (21), and cortex (23)), and was enriched for neuro-related biological processes and known
ASD-risk genes. Overall, our findings show that newborn blood is an accessible and biologically
relevant tissue that can reflect sex-specific methylation signatures of ASD, providing potential

insights for biomarker development.

Materials and Methods

Study population

We investigated DNA methylation signatures from ASD and TD individuals using samples from
two cohorts of newborn blood (discovery set: 30 females (17 TD, 13 ASD), 166 males (95 TD, 71
ASD); replication set: 11 females (6 TD, 5 ASD), 79 males (35 TD, 44 ASD)), as well as umbilical
cord blood (32 females (17 TD, 15 ASD), 74 males (39 TD, 35 ASD)), placenta (30 females (15
TD, 15 ASD), 62 males (31 TD, 31 ASD)), and cortex (10 females (6 TD, 4 ASD), 17 males (5
TD, 12 ASD)). The cord blood (17), placenta (21), and cortex (23) samples have been previously
published and are available in the Gene Expression Omnibus with accession numbers GSE140730
(cord blood), GSE178206 (placenta), GSE81541 (cortex) and GSE119981 (cortex). We used the
“discovery” data set samples from the cord blood and placenta publications (17,18). Newborn
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blood, cord blood, and placenta samples were all collected at time of birth, and the post-mortem
cortices were collected from individuals aged 4-56 years at the time of death. All samples were
collected from different individuals and cohorts, except for placenta and cord blood, which had

considerable overlap.

Discovery newborn blood samples were obtained through the Child Health and Development
Studies (CHDS), a hospital-based birth cohort that enrolled >20,000 pregnant women at the Kaiser
Foundation Health Plan in Oakland, CA from 1959-1967. Over 98% of eligible women enrolled
in the study, therefore reflecting the socio-demographics of the Oakland area at the time and
making CHDS a more racially diverse cohort than most, with >40% of the selected samples
belonging to a racial or ethnic category other than non-Hispanic white (Supplemental Table 1).
Follow-up studies have collected information and biological samples from the children and
grandchildren of the original cohort. We matched the CHDS database with the California
Department of Developmental Services (DDS) to identify grandchildren of the original CHDS
cohort who have been diagnosed with ASD. TD individuals were chosen from CHDS
grandchildren without any DDS diagnoses, matched according to sex and birth year to the ASD
individuals. These ASD cases and TD controls were then matched to the California Biobank
Program for available NDBS samples, resulting in 196 deidentified NDBS for the discovery group.
Replication newborn blood samples were obtained from participants of the CHARGE case-control
study in Northern California, which has been previously described (24). For both studies, TD
participants are those within the same cohort who did not have any neurodevelopmental disorder

listed in the DDS.


https://doi.org/10.1101/2024.07.11.603098
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.11.603098; this version posted December 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Cord blood and placenta samples were obtained through the MARBLES study (25), an enriched-
likelihood cohort that enrolls pregnant women in Northern California who already have a
biological child with ASD. The TD participants from MARBLES are clinically defined as non-
autistic, non-developmentally delayed, having undergone behavioral and cognitive assessments.
The human cerebral cortex samples from Brodmann Area 9 were obtained from the National
Institute of Child Health and Human Developmental Brain and Tissue Bank for Developmental

Disorders at the University of Maryland (23).

DNA extraction and whole genome bisulfite sequencing

DNA methylation from all samples was assayed using WGBS. Discovery NDBSs were each
punched into six 4 mm punches, which were stored at —80C. The samples were randomized by
ASD diagnosis and sex and then grouped into ten batches for DNA extraction. Two DNA
extractions were performed per sample, each using three 4 mm punches, using the GenTegra
Complete DNA Recovery Kit (GenTegra, Pleasanton, CA, USA) and the QIAamp Micro Kit
(Qiagen, Hilden, Germany), based on Additional File 2 Protocol GQ from Ghantous et al., 2014
(26). The two isolations from each sample were combined into a single 1.7 uL tube and ethanol
precipitation was used to clean the samples. The DNA was re-eluted in 30 ul nuclease-free water
and quantified by Qubit. DNA purity was assessed by Nanodrop 260/230 and 260/280 ratios. DNA
samples were sonicated to a fragment size of ~350 bp with a peak power of 175, duty of 10%, and
200 cycles/burst for 47 seconds using 15 ul DNA and 40 ul EB. Sonicated DNA was cleaned and
concentrated with gDNA clean and concentrator columns (Zymo Research, Irvine, CA, USA),
eluted in 25 ul EB, and re-quantified by Qubit. The maximum mass of DNA for each sample, up

to 100 ng, was then bisulfite converted using the Zymo EZ DNA Methylation Lightning Kit.
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Illumina sequencing libraries were prepared using the ACCEL-NGS MethylSeq DNA library kit
(Swift Biosciences, Ann Arbor, MI, USA), with 6 cycles of indexing PCR (7 cycles for lower input
samples). The libraries were pooled and sequenced across 13 lanes of NovaSeq S4 flow cells
(Mlumina, San Diego, CA, USA) for 150 bp paired end reads with a 5% PhiX spike-in to generate
~200 million reads (~8-12x coverage, 60 Gb) per sample. Replication NDBSs were processed and
sequenced the same as discovery, except that only one DNA isolation was performed per sample
using 2-4 4 mm punches and ethanol precipitation was not used to clean the DNA before library

preparation.

Cord blood, placenta, and cortex samples were processed as previously described (17,21,23).
Briefly, DNA was extracted from cord blood samples with the Qiagen Puregene Blood kit, and
from placental and cortex samples with the Qiagen Puregene kit. DNA from all three tissues was
bisulfite converted with the Zymo EZ DNA Methylation Lightning kit. Illumina sequencing
libraries were prepared from cord blood and placental samples using the Illumina TruSeq DNA
Methylation kit with indexed PCR primers and a 14-cycle PCR program, and from cortex samples
as previously described (23). Cord blood and placental samples were sequenced at 2 per lane with
150 base pair paired-end reads and spiked-in PhiX DNA on the Illumina HiSeq X. Cortex samples

were sequenced at one per lane with 100 base pair single-end reads on the Illumina HiSeq 2000.

Descriptive Statistics for the study population
The descriptive statistics compared demographic, parental, and prenatal factors stratified by ASD.
This included both categorical and continuous variables, using statistical methods to test for

differences between groups. Key variables such as sex, birth year, parental education,
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race/ethnicity, and insurance status were examined. For continuous variables such as maternal age,
a two-sample t-test was used to compare means. For categorical variables such as maternal
education, chi-squared tests of independence or fisher’s exact (frequency count < 5) were used to
assess associations between the variable of interest and the stratification group. This analysis was

performed with R v4.4.1 and SAS v9.4 (Enterprise Edition).

Sequence alignment and quality control

FASTQ files for each sample were merged across lanes using FASTQ_Me (27) and aligned to the
hg38 genome using CpG_Me (28) with the default parameters (29-32). The alignment pipeline
includes trimming adapters and correcting for methylation bias, screening for contaminating
genomes, aligning to the reference genome, removing PCR duplicates, calculating coverage and
insert size, and extracting CpG methylation to generate a cytosine report (CpG count matrix) and

a quality control report.

Determination of Sex

Sex was defined in this study as genotypic sex, whereby those with two X chromosomes were
defined as females and those with one X and one Y chromosome were defined as males. Our
sample sets did not include any individuals that had other combinations of sex chromosomes. We
determined genotypic sex for each sample by calculating the ratio of sex chromosomes from
WGBS reads using the SexChecker pipeline (https://github.com/hyeyeon-hwang/SexChecker).
The gender identity of study participants is not known to us, and we acknowledge that gender and

genotypic sex may not align for some participants. With this manuscript’s goal of better
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understanding ASD pathogenesis and identifying biomarkers that may be used for newborns, we

feel that genotypic sex is an appropriate measure.

Global methylation analyses

Global methylation for each sample was calculated as the total number of methylated CpG counts
divided by the total number of CpG counts from all CpGs included in the DMRichR analysis
(filtering described below). Differences in global methylation across tissues were tested with one-
way ANOVA with Tukey’s multiple comparisons while differences across sexes and ASD
diagnoses were tested with two-way ANOVA with Fisher’s Least Significant Difference using

GraphPad Prism 10.0.3.

Differentially methylated regions

Sex-combined and sex-stratified ASD vs TD DMRs were identified for each tissue (discovery
newborn blood, replication newborn blood, cord blood, placenta, cortex), as well as female vs male
DMRs for discovery newborn blood using DMRIichR (https://github.com/ben-laufer/DMRichR)
(33-35). ASD vs TD DMRs included autosomal and sex chromosomes while the female vs male
DMRs included only autosomes. We defined regions as sections of the genome that have at
minimum 5 CpGs and a maximum gap of 1000 base pairs, with the “universe” for each comparison
described as all CpGs included in the analysis. All sex-combined analyses were adjusted for sex,
and cortex analyses were additionally corrected for age at time of death. We did not adjust DMRs
for cell types due to large inconsistencies across reference datasets (33) and our previous finding
that adjustment for cell types did not significantly influence the calling of ASD DMRs in cord

blood (17).
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Because each tissue and sex contained a different number of samples, we normalized the analyses
by adjusting the percent of samples per group that must have at least 1x coverage over a certain
CpG site for its inclusion in the analysis. Datasets with fewer samples tend to produce a greater
number of DMRs (many of which may be false positives), and datasets with many samples may
produce very few (<10) DMRs (which may exclude many real DMRs). To adjust for this, we
required all datasets to have the same number of samples covered over a certain CpG for its
inclusion in the analysis, which results in a higher percentage of samples for datasets with fewer
samples, thereby decreasing the number of DMRs and vice versa for large datasets. Because cortex
had the fewest number of samples (n = 27), we set perGroup = 1 for all cortex analyses, and for
all other tissues, calculated perGroup as 27/n so that each comparison required 27 samples to have
coverage over a given CpG for its inclusion in the DMR analysis. Otherwise, we used default

DMRIichR parameters.

Down sampling males for discovery newborn blood DMR analysis

Because there were a greater number of males than females in the study, discovery newborn blood
males were down sampled to match the number of females in order to evaluate the DMRs in each
sex when sample sizes were equal. A random number generator was used to select 30 male samples
(17 TD, 13 ASD to match the females) for each batch. The “perGroup” value matched for females

and down sampled male batches.

Principal component analysis
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DMRs were also visualized using principal component analysis (PCA). Smoothed methylation
values over nominally significant (p <0.05) DMRs from each comparison were obtained using the
“getMeth” function in the bsseq R package v1.36.0. PCA was performed using the “prcomp”
function in the stats R package with centering to zero and scaling to unit variance. PCA results
were plotted using the “autoplot” function in ggfortify v0.4.16 using R v4.3.1 with an ellipse

indicating the 95% confidence level for each group, assuming a multivariate normal distribution.

Proposed models for sex differences in ASD

The discovery newborn blood dataset was used to investigate three proposed models for sex
differences in ASD (36): 1) the multifactorial liability model, including the female protective
effect, whereby female-specific protective factors (and/or male-specific vulnerability factors) shift
females further away from the liability threshold (37); 2) the extreme male brain theory, whereby
all individuals with ASD have a shift towards male phenotypes (38); and 3) the gender incoherence

theory, whereby ASD attenuates sex differences present in TD individuals (39).

Chromosome enrichment analysis
EnrichR (40-42) was used to test discovery and replication newborn blood ASD vs TD DMRs for
enrichment across individual chromosomes. The inputs were DMRs mapped to the nearest gene

on hg38 with the background set to the “universe” for each DMR comparison, as described above.

Differentially methylated region overlaps by genomic location and gene name
ASD DMRs were overlapped by genomic location using the Genomic Ranges and RegioneR R

packages. The permTest function in the RegioneR package, v1.32.0, was used to calculate
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significance of overlaps by genomic region as well as mean distance between DMRs of two
comparisons. The “genome” was defined as the intersection of all regions included in the two
individual analyses. Regions were randomly resampled and tested with 10,000 permutations. For
overlap by gene name, ASD DMRs were mapped to the closest gene on the hg38 genome using
the “oneClosest” rule of the Genomic Regions Enrichment of Annotations Tool (GREAT) (43).
Statistics for pairwise comparisons of gene name overlaps were calculated using the Fisher’s Exact
Test in the GeneOverlap R package, v1.36.0, in which the “genome” was defined as the
intersection of all regions included in the two analyses, mapped to the nearest gene. Numbers of

DMR gene name overlaps were visualized using the UpSetR R package v1.4.0 (44).

Gene ontology term overlaps

Gene ontology (GO) enrichment of DMRs from each ASD vs TD comparison were identified with
GOfuncR (45), which performs permutation based enrichment testing for the genomic coordinates
of the DMRs relative to those of the background regions. Using the sex-stratified DMRs from each
tissue, GO terms related to biological processes, molecular functions, and cellular components that
had a p-value < 0.2 were intersected across all tissues. The overlapping biological processes were
graphed by their -log(p-value) using GraphPad Prism v 10.0.3, ordered by highest to lowest

average -log(p-value) across tissue.

SFARI gene enrichment
DMRs mapped to genes from all comparisons were overlapped with genes listed in the Simons

Foundation Autism Research Initiative (SFARI) database, release date 3/28/2024 (46). The
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significance of the overlaps was calculated with the Fisher’s exact test with the background defined

as the “universe” for each DMR comparison, as described above.

Results

Study subject characteristics

In this study, we investigated WGBS DNA methylation signatures from ASD and TD individuals
using newborn blood. We used a discovery cohort of 196 samples [30 females (17 TD, 13 ASD),
166 males (95 TD, 71 ASD)] from the CHDS birth cohort, and replicated our results in an
independent cohort of 90 samples [11 females (6 TD, 5 ASD), 79 males (35 TD, 44 ASD)] from
the CHARGE case-control cohort. Because ASD is more frequently diagnosed in males and the
male:female ratio is decreasing over time, TD controls were matched for both sex and birth year.
From the additional information available from birth certificates, only insurance coverage and
paternal race/ethnicity were significantly different between ASD and TD within the CHDS cohort,
with ASD cases having a higher rate of insurance (91.7% vs. 75.9%, p<0.005), and more Hispanic
but fewer non-Hispanic white and non-Hispanic black fathers (p<0.02) than TD (Supplemental
Table 1). There were no significant differences in the ASD vs. TD samples in the CHARGE
replication cohort and both cohorts were demographically diverse (Supplemental Tables 1-2). In
both cohorts, global methylation was significantly lower in males than in females but did not differ

between ASD and TD samples in either sex (Supplemental Figure 1).

Discovery newborn blood DMRs
We called DMRs for ASD vs TD samples in discovery newborn blood, identifying 59 DMRs in
the sex-combined comparison (corrected for sex), 185 in females only, and 99 in males only (Table

14
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1, Supplemental Figure 2, Supplemental Tables 3-5). Upon mapping DMRs to the closest gene
on the hg38 genome (54 DMR genes in the sex-combined comparison, 181 in females, 66 in males)
and overlapping gene names across the three comparisons, we found that only one DMR gene
(SPATA19) was present in all comparisons. Of the 181 DMR genes identified only in females, 177
(97.8%) were unique to that comparison. In contrast, 59% (39/66) of DMR genes identified only
in the males overlapped with 51.8% (28/54) of those in the sex-combined, primarily due to the
large overlap between males only and sex-combined DMR genes (Figure 2A). By genomic
location, two DMRs overlapped across females and males, but one of these was methylated in

opposite directions in the two sexes, therefore not appearing in the sex-combined analysis.

All comparisons showed a signature of hypomethylation in ASD compared to TD samples, but
this was more pronounced in the females-only and sex-combined comparisons, where 69% of
DMRs were hypomethylated, in contrast to 55% in males (Figure 2B). There was also consistency
in the genic and CpG contexts across all comparisons, with significant enrichment for DMRs being
in promoters as well as CpG islands and shores in the sex-combined, females-only, and males-

only analyses (Figure 2C-D).

Because there were over five times as many males as females in our discovery newborn blood
dataset, we also evaluated the epigenetic signature of ASD in subgroups of males that matched the
number of samples in females to evaluate the consistency of male DMRs. We randomly subset the
males into subgroups of 30 (13 ASD and 17 TD to match the females) and called ASD vs TD
DMRs for each batch. We saw that the DMRs separated samples by ASD diagnosis better by

hierarchical clustering and PCA in each of the five subgroups of males than when all males were
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included in a single analysis, matching the females and likely reflecting heterogeneity across male
samples (Supplemental Figure 3). Despite this heterogeneity, DMR genes from all five male
subgroups significantly overlapped with one another as well as with the DMR genes identified
from all 166 males (Supplemental Figure 4), giving us confidence to continue our analysis with

the original DMRs identified from all discovery males.

Table 1. ASD vs TD DMRs in discovery newborn blood

Comparison | n | n(ASD) | n(TD) | #DMRs | # DMR Genes
Discovery Newborn Blood: CHDS birth cohort
Sex-combined | 196 84 112 59 54
Females 30 13 17 185 181
Males 166 71 95 99 66

Replication Newborn Blood: CHARGE case-control study

Sex-combined | 90 48 41 67 64
Females 11 5 6 5204 4017
Males 79 44 35 189 172

Newborn blood ASD DMR genes replicated in sex-stratified comparisons.

We then evaluated the consistency of epigenetic dysregulation in newborn blood by calling ASD
DMRs in an independent cohort, finding 67, 5204, and 189 DMRs in sex-combined, females only,
and males only comparisons, respectively (Table 1, Supplemental Figure 5, Supplemental
Tables 6-8). When we mapped DMRs to the closest gene on the hg38 genome and overlapped
gene lists from discovery and replication analyses, we found significant replication in females-
only and males-only comparisons (p<0.05) (Table 2, Supplemental Tables 9-10). As a more
stringent comparison than gene name overlap, we also compared DMRs from the two cohorts by
genomic location. Very few overlaps would be expected by chance since DMRs cover a very small
fraction of the genome and indeed, there were fewer overlaps than by gene name in all comparisons
(1 in sex-combined, 12 in females only, and 4 in males only). However, all were significant
(permutation p-value < 0.05) (Supplemental Tables 9-10). We also analyzed whether, given a

16


https://doi.org/10.1101/2024.07.11.603098
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.11.603098; this version posted December 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

DMR in the discovery group and its closest DMR by location in the replication group, the DMRs

were closer together in the genome than would be expected by random chance and found that this

was true for all comparisons (permutation p-value=0.0001) (Supplemental Figure 6,
Supplemental Table 9).
Table 2. Replication of newborn blood ASD vs TD DMR genes
Comparison | Discovery | Replication | Overlap | Percent | Jaccard | Odds | p value
Set: Set: Overlap | Index Ratio
Number of | Number of
DMR DMR Genes
Genes
Sex- 54 64 1 1.85% 0.0085 | 4.55 0.203
combined
Females 181 4017 87 48.07% | 0.021 2.58 4.79E-10
Males 66 172 7 10.61% | 0.030 10.97 | 8.26E-06

Discovery newborn blood DMRs show support for the female protective effect.

Because only three ASD DMR genes overlapped between females and males, we wanted to further
explore potential sex differences in our discovery newborn blood dataset. The skew in ASD
diagnoses towards males has led to several theoretical models for neurobiological sex differences
in ASD (36), including, 1) the multifactorial liability model, including the female protective effect
(37); 2) the extreme male brain theory (38) and; 3) the gender incoherence theory (39) (Figure

3A). We evaluated whether there was epigenetic support for these theories in newborn blood.

We first identified autosomal DMRs between females and males within TD (TD females vs TD
males) (Table 3) and within ASD (ASD females vs ASD males) (Supplemental Table 11-12). To
understand how sex differences intersect with the methylation signature of ASD, we performed

PCA from smoothed methylation values from all discovery newborn blood samples over the
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diagnosis-specific female vs male DMRs and found that ASD males did not separate from TD
males in either comparison, while ASD females showed some separation from TD females, though
the direction of separation depended on the regions assayed: when smooth methylation was
assayed over TD female vs TD male DMRs (Figure 3B), the ASD females were shifted towards
the males, while the opposite occurred when methylation was assayed over ASD female vs ASD

male DMRs (Figure 3C).

We next overlapped autosomal DMR gene names from ASD vs TD and female vs male
comparisons to better understand the proportion of methylation differences that are common
versus unique across sexes and diagnoses (Supplemental Table 13). We found that the majority
(62.7%; p = 2.3E-106) of TD female vs TD male DMR genes were also found in the ASD female
vs ASD male comparison, with many additional DMRs in the latter comparison (Figure 3D)
(Supplemental Figure 7). In addition, of the 128 ASD female vs TD male DMR genes, 120
(93.8%) were also called as ASD female vs ASD male DMR genes, indicating that epigenetic sex
differences are consistent regardless of ASD diagnosis in the males (Figure 3E). This was not true
when examining the epigenetic impact of ASD diagnosis in females, as only 115/176 (65.3%) of
the TD female vs ASD male comparison DMR genes were also called as ASD female vs ASD
male DMR genes. These results support our previous finding across perinatal tissues that the
signature of ASD is more distinct in females than in males, a primary prediction of the

multifactorial liability threshold and female protective effect model (36).

Table 3. Female vs male DMRs in discovery newborn blood autosomes

| Description | Comparison [ n | # DMRs | # DMR Genes |
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Sex differences TD females vs TD males 112 206 169
within TD

Sex differences ASD females vs ASD males 84 682 588
within ASD

Sex differences TD females vs ASD males 88 209 176
across ASD diagnosis

Sex differences ASD females vs TD males 108 154 128
across ASD diagnosis

Discovery and replication newborn blood ASD DMRs identified from females are enriched
for X chromosome location.

Because we saw evidence of the female protective effect from our analysis of autosomal
chromosomes, we wondered if methylation differences on the X chromosome were further
contributing to the signature of ASD in females. Using both the discovery and replication newborn
blood datasets, we tested the ASD vs TD DMRs identified from females only, males only, and
sex-combined comparisons for enrichment across all chromosomes. We found that DMRs
identified from females in both cohorts were significantly enriched for X chromosome location (q
<0.05), while DMRs identified from males only or sex-combined analyses were not significantly
enriched for any chromosome (Figure 3F) (Supplemental Table 14). Consistent with this finding,
none of the DMRs derived from the down-sampled male subgroups from the discovery set were
enriched for any chromosome. Additionally, of the twelve loci that replicated in females across
both newborn blood datasets, three (25%) were located on the X chromosome (Supplemental
Table 10). These findings indicate that the methylation signature of ASD in females is being driven

by both autosomal and X-linked loci.

Newborn blood ASD DMR genes significantly overlap with DMR genes from umbilical cord

blood and placenta.
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Once we established the sex-specificity of the ASD epigenetic signature in newborn blood, we
tested if the ASD vs TD DMRs overlapped with those identified from other tissues. We called
DMRs from previously published umbilical cord blood, placenta, and post-mortem cortex WGBS
data from ASD and TD individuals using parameters consistent with those used in the newborn
blood analysis (Table 4) (Supplemental Figure 8) (Supplemental Tables 15-23). Similar to
newborn blood, DMRs were more often hypomethylated than hypermethylated in ASD compared
to TD samples in females, while in males, this finding was inconsistent across tissues
(Supplemental Figure 9). While there was significant overlap between DMRs identified between
females and males in each tissue, loci were often methylated in opposite directions in the two sexes

(Supplemental Table 24).

We mapped DMRs from all analyses to the nearest gene and overlapped gene lists across tissues,
finding that discovery newborn blood DMR genes overlapped more than would be expected by
chance with those in other tissues. This included umbilical cord blood in females, males, and sex-
combined analyses, as well as placenta in females and males, but not cortex in any comparison
(Figure 4A, Supplemental Table 25). In the sex-combined comparison, no DMR genes were
identified in all four tissues. In females-only, however, three genes mapped to DMRs identified in
all four tissues: BCOR (chrX), GALNT9 (chr12), and OPCML (chrll) (Figure 4C, Supplemental
Figure 10). BCOR and OPCML were also replicated in newborn blood from females
(Supplemental Table 10). In males, one gene mapped to DMRs in all tissues: ZNF733P (chr7)

(Figure 4B) but was not replicated in the newborn blood replication dataset.

Table 4. ASD vs TD DMRs in cord blood, placenta, and cortex

20


https://doi.org/10.1101/2024.07.11.603098
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.11.603098; this version posted December 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Comparison n n (ASD) n (TD) # DMRs # DMR
Genes
Umbilical Cord Blood: MARBLES enriched-likelihood study (Mordaunt et al., 2020)
Sex-combined 106 50 56 127 115
Females 32 15 17 430 413
Males 74 35 39 248 235
Placenta: MARBLES enriched-likelihood study (Zhu et al., 2022
Sex-combined 92 46 46 557 384
Females 30 15 15 3012 2147
Males 62 31 31 2168 1493
Post-mortem Cortex: NICHD Brain and Tissue Bank (Vogel Ciernia et al., 2020)
Sex-combined 27 16 11 453 435
Females 10 4 6 10405 6599
Males 17 12 5 1067 984

ASD DMRs in different tissues are closer together than expected by chance, particularly in
females, but are still tissue-specific.

As a more stringent comparison than gene name overlap, we overlapped DMRs from newborn
blood with other tissues by genomic location. Since DMRs cover a very small fraction of the
genome, it is not surprising that there were zero loci that had a DMR in all four tissues in either
females or males. However, in females, there were two DMRs that were detected in newborn blood
and two other tissues: chr2:130037414-130037709 (chr2g21.1 band) in newborn blood
(discovery), cord blood, and placenta; and chr20:30899557-30900219 (chr20g11.21 band) in
newborn blood (discovery and replication), cord blood, and cortex (Supplemental Table 26). We
calculated the significance of tissue-tissue pairwise overlaps by genomic location and found that,
in females, the overlap of newborn blood DMRs was significantly higher than expected by chance
versus cord blood (p=9.99E-5) and placenta (p=0.048) (Supplemental Table 27). In males, no

overlaps between any two tissues were significant.
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As the likelihood of DMRs overlapping by genomic locations across analyses is very low, we also
tested whether DMRs identified in different tissues were closer together on the genome than would
be expected by chance. We found that for all pairwise tissue comparisons of DMRs identified from
females, the mean distance of a DMR in newborn blood was closer to the nearest DMR in all other
tissues than would be expected by chance (all permutation p-values <0.001) (Supplemental
Figure 11) (Supplemental Table 27). In males, ASD DMRs from newborn blood were closer by
chance with DMRs from cord blood (permutation p-value <0.001), but farther than expected from

DMRs in cortex (permutation p-value =0.0001).

Despite ASD DMRs being closer together than expected by chance across many tissues,
particularly in females, we hypothesized that newborn blood DMRs are largely tissue specific and
would not differentiate ASD from TD samples from other tissues. To test this tissue specificity,
we assayed the smoothed CpG methylation values in discovery newborn blood samples over the
DMRs identified in cord blood, placenta, and cortex and confirmed by PCA that the samples did
not separate by ASD diagnosis in either sex using DMRs from any tissue (Supplemental Figure

12).

ASD DMRs identified from females are enriched for neurodevelopment-related biological
processes in all tissues.

We next performed gene ontology (GO) analysis on ASD DMRs from newborn blood as well as
from cord blood, placenta, and cortex to evaluate whether consistent processes were epigenetically
dysregulated across tissues. We selected all biological processes with p<0.2 from each DMR

comparison for overlap and found 15 terms that appeared in all tissues’ female DMR analyses,
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with the most significant term (on average across tissues) being “central nervous system neuron
differentiation” (Figure 5A). Other terms identified in females relevant to neurodevelopment or
epigenetics included “ventral spinal cord interneuron specification” and “regulation of histone H3-
K36 methylation”. In males, only six terms appeared in all tissues and were related to GTPase

activity and muscle cell migration.

ASD DMR genes significantly overlap with SFARI genes, particularly in females.

Because DMRs from all tissues were enriched for neurodevelopmental processes, we hypothesized
that they were also enriched for known ASD-associated genes. To test this, we overlapped DMRs
mapped to genes with all genes in the SFARI database (46). In newborn blood, only females were
significantly enriched (p<0.05) for SFARI genes, while in all other tissues, females, males, and
sex-combined DMRs were significantly enriched for SFARI genes (Figure 5B, Supplemental

Table 28).

To identify replicated newborn blood loci that have been genetically linked with ASD, we
overlapped discovery and replication newborn blood DMR genes with SFARI genes. We found
that of the 87 newborn blood DMR genes that replicated in females across two cohorts, 10 (11.5%)
were listed as SFARI genes, two of which are X-linked (Figure 5C): AGMO (chr7), ARX (chrX),
CASZ1 (chrl), CNTNAP2 (chr7), GALNT2 (chrl), KIRREL3 (chrll), MYTIL (chr2), NTRK1
(chrl), PCDH11X (chrX), and SLC4A10 (chr2). No replicated DMRs genes identified from males

were listed as SFARI genes.
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Discussion

In this study, we performed the first sex-stratified epigenomic signature of ASD from newborn
blood spots, finding significant replication with an independent cohort, support for the female
protective effect, and evidence of biological relevance of the gene loci and gene pathways
identified. Our findings will help inform future efforts to develop newborn screening tools for
ASD, improve our understanding of the etiology and pathology of ASD, and highlight the

importance of sex-stratification in ASD studies.

Our ASD DMRs from discovery newborn blood revealed a signature of hypomethylation in ASD
compared to TD samples as well as enrichment for DMR location in promoters, CpG islands, and
CpG shores in both sexes, findings that have been previously reported in cord blood (17). Despite
the similarities in epigenetic profiles across the sexes, only one DMR gene was identified in all
three comparisons (sex-combined, females only, and males only): SPATA19, which has been
previously implicated in dysregulated neurology and behavior (47,48), but not in ASD specifically.
These findings indicate that, despite similar patterns of ASD signatures, the dysregulated loci
themselves may be different in females and males, demonstrating the value in sex-stratifying

samples for ASD studies, despite reduced sample sizes.

Our analysis of sex differences in ASD provides the first epigenetic support for the female
protective effect, which hypothesizes that the protective nature of certain factors in females (such
as DNA methylation marks) require more changes to be attenuated to result in ASD, leading to
fewer cases in females and stronger biological signatures. Our findings supported this model, given

that we found a stronger epigenetic signature of ASD in females over regions whose methylation
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levels differ by sex. We also found a striking overlap between female vs male DMRs in ASD
individuals and TD individuals, adding to the evidence that the mechanisms governing sex
differentiation in neurotypical brains may also contribute to sex differences in ASD. We also that
these biological differences are not only measurable in the brain but are reflected by methylation
changes in newborn blood. The female protective effect is supported by neuroimaging studies, in
which comparisons of ASD vs TD individuals have shown larger differences in females than in
males with regard to cortical thickness and development (49), organization of nerve fibers (50,51),
gray matter asymmetry (52), amygdala functional connectivity with the cortex (53), local
connectivity within brain networks (54). Similarly, genetic studies that have found that females
with ASD carry more autism-associated genetic mutations than do males with ASD (55-59). To
our knowledge, this is the first DNA methylation study to examine proposed models for sex

differences in ASD and report epigenetic support for the female protective effect.

These female-driven sex differences in ASD that we observed from autosomal DMRs may be
augmented by the enrichment of female-specific ASD vs TD DMRs on the X chromosome, which
we observed in both cohorts of newborn blood. Interestingly, enrichment for ASD DMRs on the
X chromosome has previously been reported in umbilical cord blood in both males and females
(17), while our finding was restricted to females. Rather than reflecting a tissue difference, this
finding may be due to differences in genetic risk for ASD (which is reflected in epigenetics) in the
different cohort types. The discovery and replication newborn blood datasets are from the
population-based CHDS birth cohort and the CHARGE case-control study, while the cord blood
was obtained from the MARBLES enriched-likelihood cohort, which enrolled pregnant women

who already had a child with ASD (25). Therefore, the MARBLES mothers may be protected
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carriers of genetic and/or epigenetic pre-disposition for ASD, including on the X chromosome,

which then would likely have been reflected in enrichment for X-linked DMRs in both sexes.

Having established the sex specificity of the epigenetic signature of ASD, we hypothesized that
sex-specific DNA methylation differences may be detectable across multiple perinatal tissues if
the dysregulation occurred prior to tissue differentiation, lending insight to etiology and
pathogenesis. In females, one or more DMRs from all four tissues mapped to BCOR, GALNT9,
and OPCML, all of which have linked to neuropathology or dysregulated neurodevelopment (60—
67). It is striking that all three genes that replicated across tissues in females are linked to
neurodevelopment generally or ASD specifically, given that three out of four tissues are collected
at the time of birth and are not directly linked to disease pathogenesis. ZNF733P, identified from
all tissues in males, is a pseudogene located nearby many zinc-finger protein-encoding genes close
to the centromere of chromosome 7 and to our knowledge, has not previously been associated with

neurodevelopmental disorders.

We also found evidence for the biological relevance of the epigenetic signature of ASD in newborn
blood and other perinatal tissues. Females in particular showed enrichment of DMRs from
newborn blood, cord blood, placenta, and cortex for neurodevelopment-related biological
processes, such as “central nervous system neuron differentiation”. In addition, ASD DMRs across
all tissues and sexes were enriched for SFARI genes, indicating convergence of genetic and
epigenetic markers of ASD and aligning with the findings from a 2021 study, in which autism-

associated DNA CpG methylation sites from maternal blood, cord blood, and placenta samples
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were enriched for SFARI genes (20). Overall, these results show the biological relevance of

perinatal tissues as surrogates for the brain in understanding epigenetic dysregulation in ASD.

In addition to furthering the understanding of sex-specific epigenetic dysregulation in ASD, our
results provide insights for biomarker development. Reproducible DNA methylation differences
detectable in newborn blood could be potentially added to molecular screening panels to identify
infants who should be behaviorally screened for ASD. Newborn biomarkers may be particularly
useful for cases that are harder to identify behaviorally, and may help to overcome sex biases and
other disparities in ASD diagnosis (68). A positive screening result would inform parents and
medical practitioners that diagnostic services will be paramount for the child and, importantly, a
negative screening result would not exclude the possibility of future diagnosis. The possibility of
using newborn blood for screening is particularly plausible given the accessibility and widespread
collection of NDBS. While additional research is needed in this area, our study provides initial
results supporting a possible future of ASD screening in newborns using DNA methylation from

newborn blood.

Limitations

Despite its strength as the first WGBS study of ASD in newborn blood, this study was limited by
its sample sizes, due the inherent challenge in obtaining a sufficient number of perinatal samples
from individuals later diagnosed with ASD. Consistent with most ASD studies, our samples have
a strong male bias, which may influence the sex-specific findings. When we down-sampled males
to match the number of females in discovery newborn blood, the number of DMRs were

comparable across sexes, indicating that the lower number of male DMRs across tissues was an
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artifact of higher sample sizes, despite our adjustment of the “perGroup” variable to try to account
for this. This may have affected downstream analyses, such as overlap with SFARI genes, where
we found significant enrichment across all tissues in both sexes except in discovery newborn
blood, where sex-combined and males-only comparisons did not show enrichment, potentially
because there were fewer DMRs in these comparisons than for females or other tissues. Another
potential limitation arises from our threshold of permutation p-value<0.05 for DMR identification.
We did not correct DMR p-values for multiple hypotheses because there is high correlation of
methylation across regions, meaning that each DMR does not represent a single hypothesis (69).
This purposely lenient threshold reduced the chance of false negatives, though we acknowledge
that this strategy also likely increased the number of false positive results. We addressed this
limitation by using a replication group for newborn blood, and by comparing the DMRs across
multiple tissues. Lastly, there may be cell type heterogeneity amongst our samples that influenced
the DNA methylation signatures. We did not adjust DMRs for cell types because estimations from
different tools and reference datasets have shown large inconsistencies when estimating cell type
proportions from WGBS data, particularly from NDBS, thereby decreasing our confidence in
using cell type as an adjustment variable (33). Additionally, a previous ASD cord blood study
showed that when nRBCs were adjusted for, a significant majority of ASD DMRs were maintained
(17). Instead, we used a comparison of newborn blood to four other tissues to identify pan-tissue
ASD DMRs that would be unlikely to be impacted by subtle cell type differences between ASD

vs TD samples.

Conclusions
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This study is the first to present sex-stratified WGBS DNA methylation signatures of ASD in
newborn blood. We found a signature of hypomethylation in ASD compared to TD samples in
both sexes, and enrichment for DMRs in promoters, CpG islands and CpG shores. Because there
was little overlap between DMR genes identified from females and males, we further explored sex
differences in newborn blood and are the first to our knowledge to report epigenetic support for
the female protective effect. We further found that the newborn blood ASD DMRs overlapped
with those from other perinatal tissues (umbilical cord blood and placenta) as well as post-mortem
cortex, showing that despite the tissue-specificity of DNA methylation there may be some loci that
are consistently dysregulated across tissues, perhaps due to disruption early in life. ASD DMRs
from all tissues were enriched for neuro-related biological processes (females) and SFARI ASD
genes (females and males), showing the biological relevance of the dysregulated loci and the
convergence of genetic and epigenetic markers for ASD. This study presents a step forward in
identifying potential biomarkers of ASD in newborns as well as providing insights to sex-specific

epigenetics dysregulation in ASD.
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biospecimens has been determined to violate the statutory scheme of the California Health and
Safety Code Sects. 124980(j), 124991(b), (g), (h), and 103850 (a) and (d), which protect the
confidential nature of biospecimens and individual data derived from biospecimens. Should we be
contacted regarding individual-level data contributing to the findings reported in this study,
inquiries will be directed to the California Department of Public Health Institutional Review Board
to establish an approved protocol to utilize the data, which cannot otherwise be shared peer-to-

peer.

30


https://doi.org/10.1101/2024.07.11.603098
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.11.603098; this version posted December 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

References

1. Diagnostic and statistical manual of mental disorders: DSM-5™, 5th ed. Arlington, VA, US: American
Psychiatric Publishing, Inc.; 2013. xliv, 947 p. (Diagnostic and statistical manual of mental disorders:
DSM-5™  5th ed).

2. Rodier PM, Ingram JL, Tisdale B, Nelson S, Romano J. Embryological origin for autism: developmental
anomalies of the cranial nerve motor nuclei. J Comp Neurol. 1996 Jun 24;370(2):247-61.

3. Bailey A, Luthert P, Dean A, Harding B, Janota I, Montgomery M, et al. A clinicopathological study of
autism. Brain. 1998 May;121 ( Pt 5):889-905.

4. Bauman ML, Kemper TL. Neuroanatomic observations of the brain in autism: a review and future
directions. Int J Dev Neurosci. 2005;23(2-3):183-7.

5. Williams G, King J, Cunningham M, Stephan M, Kerr B, Hersh JH. Fetal valproate syndrome and
autism: additional evidence of an association. Dev Med Child Neurol. 2001 Mar;43(3):202—6.

6. Zwaigenbaum L, Bryson S, Rogers T, Roberts W, Brian J, Szatmari P. Behavioral manifestations of
autism in the first year of life. Int J Dev Neurosci. 2005;23(2—3):143-52.

7. Stromland K, Nordin V, Miller M, Akerstrom B, Gillberg C. Autism in thalidomide embryopathy: a
population study. Dev Med Child Neurol. 1994 Apr;36(4):351-6.

8. Frigaux A, Evrard R, Lighezzolo-Alnot J. [ADI-R and ADOS and the differential diagnosis of autism
spectrum disorders: Interests, limits and openings]. Encephale. 2019 Nov;45(5):441-8.

9. Cruz S, Zubizarreta SCP, Costa AD, Araujo R, Martinho J, Tubio-Fungueirifio M, et al. Is There a Bias
Towards Males in the Diagnosis of Autism? A Systematic Review and Meta-Analysis. Neuropsychol
Rev. 2024 Jan 29;

10. Dean M, Harwood R, Kasari C. The art of camouflage: Gender differences in the social behaviors
of girls and boys with autism spectrum disorder. Autism. 2017 Aug;21(6):678-89.

11. Ferri SL, Abel T, Brodkin ES. Sex Differences in Autism Spectrum Disorder: A Review. Curr
Psychiatry Rep. 2018 Mar 5;20(2):9.

12. Kalb LG, Singh V, Hong JS, Holingue C, Ludwig NN, Pfeiffer D, et al. Analysis of Race and Sex
Bias in the Autism Diagnostic Observation Schedule (ADOS-2). JAMA Network Open. 2022 Apr
26;5(4):229498.

13. Murray AL, Allison C, Smith PL, Baron-Cohen S, Booth T, Auyeung B. Investigating diagnostic
bias in autism spectrum conditions: An item response theory analysis of sex bias in the AQ-10. Autism
Research. 2017;10(5):790-800.

14, Eldevik S, Hastings RP, Hughes JC, Jahr E, Eikeseth S, Cross S. Meta-Analysis of Early Intensive

Behavioral Intervention for Children With Autism. Journal of Clinical Child & Adolescent Psychology.
2009 May 19;38(3):439-50.

31


https://doi.org/10.1101/2024.07.11.603098
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.11.603098; this version posted December 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

15. Masi A, DeMayo MM, Glozier N, Guastella AJ. An Overview of Autism Spectrum Disorder,
Heterogeneity and Treatment Options. Neurosci Bull. 2017 Feb 17;33(2):183-93.

16. Rogers SJ, Vismara L, Wagner AL, McCormick C, Young G, Ozonoff S. Autism Treatment in the
First Year of Life: A Pilot Study of Infant Start, a Parent-Implemented Intervention for Symptomatic
Infants. Journal of autism and developmental disorders. 2014 Dec;44(12):2981.

17. Mordaunt CE, Jianu JM, Laufer BI, Zhu Y, Hwang H, Dunaway KW, et al. Cord blood DNA
methylome in newborns later diagnosed with autism spectrum disorder reflects early dysregulation of
neurodevelopmental and X-linked genes. Genome Medicine. 2020 Oct 14;12(1):88.

18. Zhu Y, Mordaunt CE, Yasui DH, Marathe R, Coulson RL, Dunaway KW, et al. Placental DNA
methylation levels at CYP2E1 and IRS2 are associated with child outcome in a prospective autism study.
Hum Mol Genet. 2019 Aug 15;28(16):2659-74.

19. Mouat JS, Li X, Neier K, Zhu Y, Mordaunt CE, La Merrill MA, et al. Networks of placental DNA
methylation correlate with maternal serum PCB concentrations and child neurodevelopment.
Environmental Research. 2023 Mar 1;220:115227.

20. Bakulski KM, Dou JF, Feinberg JI, Aung MT, Ladd-Acosta C, Volk HE, et al. Autism-Associated
DNA Methylation at Birth From Multiple Tissues Is Enriched for Autism Genes in the Early Autism
Risk Longitudinal Investigation. Front Mol Neurosci. 2021 Nov 25;14:775390.

21. ZhuY, Gomez JA, Laufer BI, Mordaunt CE, Mouat JS, Soto DC, et al. Placental methylome reveals
a 22q13.33 brain regulatory gene locus associated with autism. Genome Biology. 2022 Feb 16;23(1):46.

22. Bahado-Singh RO, Vishweswaraiah S, Aydas B, Mishra NK, Yilmaz A, Guda C, et al. Artificial
intelligence analysis of newborn leucocyte epigenomic markers for the prediction of autism. Brain Res.
2019 01;1724:146457.

23. Vogel Ciernia A, Laufer Bl, Hwang H, Dunaway KW, Mordaunt CE, Coulson RL, et al.
Epigenomic Convergence of Neural-Immune Risk Factors in Neurodevelopmental Disorder Cortex.
Cereb Cortex. 2020 Mar 21;30(2):640-55.

24, Hertz-Picciotto I, Croen LA, Hansen R, Jones CR, van de Water J, Pessah IN. The CHARGE study:
an epidemiologic investigation of genetic and environmental factors contributing to autism. Environ
Health Perspect. 2006 Jul;114(7):1119-25.

25. Hertz-Picciotto 1, Schmidt RJ, Walker CK, Bennett DH, Oliver M, Shedd-Wise KM, et al. A
Prospective Study of Environmental Exposures and Early Biomarkers in Autism Spectrum Disorder:
Design, Protocols, and Preliminary Data from the MARBLES Study. Environ Health Perspect.
2018;126(11):117004.

26. Ghantous A, Saffery R, Cros MP, Ponsonby AL, Hirschfeld S, Kasten C, et al. Optimized DNA
extraction from neonatal dried blood spots: application in methylome profiling. BMC Biotechnol. 2014
Jul 1;14:60.

217. Laufer BIl. FASTQ_Me [Internet]. 2020 [cited 2023 Feb 28]. Available from:
https://github.com/ben-laufer/FASTQ_Me

32


https://doi.org/10.1101/2024.07.11.603098
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.11.603098; this version posted December 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

28. Laufer Bl. CpG_Me [Internet]. 2022 [cited 2022 Jan 20]. Available from: https://github.com/ben-
laufer/CpG_Me

29. Ewels P, Magnusson M, Lundin S, Kaller M. MultiQC: summarize analysis results for multiple
tools and samples in a single report. Bioinformatics. 2016 Oct 1;32(19):3047-8.

30. Krueger F, Andrews SR. Bismark: a flexible aligner and methylation caller for Bisulfite-Seq
applications. Bioinformatics. 2011 Jun 1;27(11):1571-2.

31. Laufer BI, Neier K, Valenzuela AE, Yasui DH, Schmidt RJ, Lein PJ, et al. Placenta and fetal brain
share a neurodevelopmental disorder DNA methylation profile in a mouse model of prenatal PCB
exposure. Cell Reports. 2022 Mar;38(9):110442.

32. Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads.
EMBnet.journal. 2011 May 2;17(1):10-2.

33. Laufer BI, Hwang H, Jianu JM, Mordaunt CE, Korf IF, Hertz-Picciotto I, et al. Low-Pass Whole
Genome Bisulfite Sequencing of Neonatal Dried Blood Spots Identifies a Role for RUNX1 in Down
Syndrome DNA Methylation Profiles. Hum Mol Genet. 2020 Oct 1;

34. Hansen KD, Langmead B, Irizarry RA. BSmooth: from whole genome bisulfite sequencing reads
to differentially methylated regions. Genome Biology. 2012 Oct 3;13(10):R83.

35. Korthauer K, Chakraborty S, Benjamini Y, Irizarry RA. Detection and accurate false discovery rate
control of differentially methylated regions from whole genome bisulfite sequencing. Biostatistics. 2019
Jul 1;20(3):367-83.

36. Nordahl CW. Sex differences in autism. In: Reference Module in Neuroscience and Biobehavioral
Psychology  [Internet].  Elsevier; 2023 [cited 2024 Jun 11]. Available from:
https://www.sciencedirect.com/science/article/pii/B9780128204801000334

37. Werling DM, Geschwind DH. Sex differences in autism spectrum disorders. Curr Opin Neurol.
2013 Apr;26(2):146-53.

38. Baron-Cohen S. The extreme male brain theory of autism. Trends in Cognitive Sciences. 2002 Jun
1,6(6):248-54.

39. Bejerot S, Eriksson JM, Bonde S, Carlstréom K, Humble MB, Eriksson E. The extreme male brain
revisited: gender coherence in adults with autism spectrum disorder. Br J Psychiatry. 2012
Aug;201:116-23.

40. Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, et al. Enrichr: interactive and
collaborative HTMLS5 gene list enrichment analysis tool. BMC Bioinformatics. 2013 Apr 15;14:128.

41, Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al. Enrichr: a
comprehensive gene set enrichment analysis web server 2016 update. Nucleic Acids Res. 2016 Jul
8;44(W1):W90-97.

42. Xie Z, Bailey A, Kuleshov MV, Clarke DJB, Evangelista JE, Jenkins SL, et al. Gene Set
Knowledge Discovery with Enrichr. Current Protocols. 2021;1(3):e90.

33


https://doi.org/10.1101/2024.07.11.603098
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.11.603098; this version posted December 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

43, McLean CY, Bristor D, Hiller M, Clarke SL, Schaar BT, Lowe CB, et al. GREAT improves
functional interpretation of cis-regulatory regions. Nat Biotechnol. 2010 May;28(5):495-501.

44, Conway JR, Lex A, Gehlenborg N. UpSetR: an R package for the visualization of intersecting sets
and their properties. Bioinformatics. 2017 Sep 15;33(18):2938-40.

45, Grote S. GOfuncR: Gene ontology enrichment using FUNC. 2023.

46. Banerjee-Basu S, Packer A. SFARI Gene: an evolving database for the autism research community.
Disease Models & Mechanisms. 2010 Mar 8;3(3—4):133-5.

47, Zargar M, Famitafreshi H, Ara MS, Karimian M, Modarressi MH. Male Spatal9 knockout mice
have behavioral disorders. Neurology, Psychiatry and Brain Research. 2020 Dec 1;38:16-9.

48. Kushima I, Aleksic B, Nakatochi M, Shimamura T, Okada T, Uno Y, et al. Comparative Analyses
of Copy-Number Variation in Autism Spectrum Disorder and Schizophrenia Reveal Etiological Overlap
and Biological Insights. Cell Reports. 2018 Sep 11;24(11):2838-56.

49. Andrews DS, Diers K, Lee JK, Harvey DJ, Heath B, Cordero D, et al. Sex differences in trajectories
of cortical development in autistic children from 2-13 years of age. Mol Psychiatry. 2024 May 16;1-12.

50. Andrews DS, Lee JK, Solomon M, Rogers SJ, Amaral DG, Nordahl CW. A diffusion-weighted
imaging tract-based spatial statistics study of autism spectrum disorder in preschool-aged children.
Journal of Neurodevelopmental Disorders. 2019 Dec 16;11(1):32.

51. Nordahl CW, losif AM, Young GS, Perry LM, Dougherty R, Lee A, et al. Sex differences in the
corpus callosum in preschool-aged children with autism spectrum disorder. Molecular Autism. 2015
May 13;6(1):26.

52. Deng Z, Wang S. Sex differentiation of brain structures in autism: Findings from a gray matter
asymmetry study. Autism Research. 2021;14(6):1115-26.

53. Lee JK, Amaral DG, Solomon M, Rogers SJ, Ozonoff S, Nordahl CW. Sex Differences in the
Amygdala Resting-State Connectome of Children With Autism Spectrum Disorder. Biological
Psychiatry: Cognitive Neuroscience and Neuroimaging. 2020 Mar 1;5(3):320-9.

54, Kozhemiako N, Nunes AS, Vakorin V, larocci G, Ribary U, Doesburg SM. Alterations in Local
Connectivity and Their Developmental Trajectories in Autism Spectrum Disorder: Does Being Female
Matter? Cerebral Cortex. 2020 Jul 30;30(9):5166—79.

55. Palmer N, Beam A, Agniel D, Eran A, Manrai A, Spettell C, et al. Association of Sex With
Recurrence of Autism Spectrum Disorder Among Siblings. JAMA Pediatr. 2017 Nov;171(11):1107-12.

56. Werling DM. The role of sex-differential biology in risk for autism spectrum disorder. Biol Sex
Differ. 2016;7:58.

57. Werling DM, Geschwind DH. Understanding sex bias in autism spectrum disorder. Proceedings of
the National Academy of Sciences. 2013 Mar 26;110(13):4868-9.

34


https://doi.org/10.1101/2024.07.11.603098
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.11.603098; this version posted December 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

58. Werling DM, Geschwind DH. Recurrence rates provide evidence for sex-differential, familial
genetic liability for autism spectrum disorders in multiplex families and twins. Mol Autism. 2015 May
13;6:27.

59. Young H, Oreve MJ, Speranza M. Clinical characteristics and problems diagnosing autism
spectrum disorder in girls. Arch Pediatr. 2018 Aug;25(6):399-403.

60. Feliciano P, Zhou X, Astrovskaya I, Turner TN, Wang T, Brueggeman L, et al. Exome sequencing
of 457 autism families recruited online provides evidence for autism risk genes. NPJ Genom Med. 2019
Aug 23;4:19.

61. lossifov I, O’Roak BJ, Sanders SJ, Ronemus M, Krumm N, Levy D, et al. The contribution of de
novo coding mutations to autism spectrum disorder. Nature. 2014 Nov;515(7526):216-21.

62. Shukla A, Girisha KM, Somashekar PH, Nampoothiri S, McClellan R, Vernon HJ. Variants in the
transcriptional corepressor BCORL1 are associated with an X-linked disorder of intellectual disability,
dysmorphic features, and behavioral abnormalities. Am J Med Genet A. 2019 May;179(5):870-4.

63. Dwyer CA, Esko JD. Glycan susceptibility factors in autism spectrum disorders. Mol Aspects Med.
2016 Oct;51:104-14.

64. Pradeep P, Kang H, Lee B. Glycosylation and behavioral symptoms in neurological disorders.
Transl Psychiatry. 2023 May 8;13:154.

65. van der Zwaag B, Franke L, Poot M, Hochstenbach R, Spierenburg HA, Vorstman JAS, etal. Gene-
Network Analysis Identifies Susceptibility Genes Related to Glycobiology in Autism. PL0oS One. 2009
May 28;4(5):e5324.

66. O’Donovan MC, Craddock N, Norton N, Williams H, Peirce T, Moskvina V, et al. Identification
of loci associated with schizophrenia by genome-wide association and follow-up. Nat Genet. 2008
Sep;40(9):1053-5.

67. Panichareon B, Nakayama K, Thurakitwannakarn W, lwamoto S, Sukhumsirichart W. OPCML
Gene as a Schizophrenia Susceptibility Locus in Thai Population. J Mol Neurosci. 2012 Feb
1,46(2):373-7.

68. Lai MC, Amestoy A, Bishop S, Brown HM, Onaiwu MG, Halladay A, et al. Improving autism
identification and support for individuals assigned female at birth: clinical suggestions and research
priorities. The Lancet Child & Adolescent Health. 2023 Dec 1;7(12):897-908.

69. Mordaunt CE, Mouat JS, Schmidt RJ, LaSalle JM. Comethyl: a network-based methylome

approach to investigate the multivariate nature of health and disease. Briefings in Bioinformatics. 2022
Jan 17;bbab554.

35


https://doi.org/10.1101/2024.07.11.603098
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.11.603098; this version posted December 2, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Identification of sex-specific ASD
DMRs in newborn blood from a
California birth cohort
Discovery Set
Q 177D, 13ASD
O 95TD, 71ASD

Figure 2
A4 \4

Replication in Sex differences Comparison with Gene ontology

an independent in ASD,; other tissues enrichment and
cohort Female overlap with
Replication Set Protective Cord blood (n = 106) SFARI genes
Q 6TD, 5ASD Effect Placenta (n = 92)
35D, 44 ASD Cortex (n =27)
Table 2 Figure 3 Figure 4 Figure 5

Newborn blood is an accessible and biologically relevant tissue that
can reflect replicable sex-specific methylation signatures of ASD

Figure 1. Flowchart of the study
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Figure 2. ASD DMRs in discovery newborn blood. A) Overlaps between ASD DMRs mapped to the
nearest gene on the hg38 genome from sex-combined, females only, and males only comparisons. B) The
percent of DMRs (permutation p <0.05) that are hypo- or hypermethylated in ASD compared to TD samples
in sex-combined, females only, and males only comparisons. C) Genic and D) CpG context enrichments of
DMRs (permutation p <0.05) from sex-combined, females only, and males only comparisons. DMRs were

compared to background regions for each comparison and significance was determined by the Fisher’s test
and FDR correction. * = q <0.05.
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Figure 3. Discovery newborn blood DMRs display female protective effect. A) PCA models reflecting
different theories for sex differences in ASD. PCA of smooth methylation values in discovery newborn
blood samples over DMRs from B) TD female vs TD male comparison and C) ASD female vs ASD male
comparison. D) UpSet Plot of autosomal DMRs intersected by gene name. E) Bar plot of ASD female vs
TD male and TD female vs ASD male comparisons, showing proportion of autosomal DMR genes that
were also called as an autosomal DMR gene in the ASD female vs ASD male comparison. F) Heatmap
showing enrichment on the X chromosome from ASD vs TD DMRs identified from discovery and
replication newborn blood females and males. *q <0.05
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Figure 4. Tissue comparisons of ASD DMRs. A) ASD DMR genes from discovery newborn blood were
overlapped with those from cord blood, placenta, and cortex from sex-combined, females only, and males
only comparisons. Heatmap shows odds ratios of overlaps where darker blue indicates a higher odds ratio.
*p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. UpSet Plots showing numbers of intersections
between ASD DMR genes from discovery newborn blood and those from cord blood, placenta, and cortex
in B) sex-combined, C) females only, and D) males only comparisons.
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Figure 5. Enrichment of ASD DMRs with biological processes and ASD-risk genes. Gene ontology
enrichment in A) females and B) males. Sex-specific DMRs from each tissue were examined for gene
ontology enrichments using GOfuncR. Biological process enrichments with p < 0.2 from all tissues were
overlapped and graphed by their -log(p-value). The dotted black lines represent p = 0.05. C) Heatmap of
sex-specific DMRs from each tissue overlapped with SFARI genes, with darker purple indicating a higher
odds ratio (range: 0-40). * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. D) Venn diagram of DMR
genes identified in females from discovery newborn blood and replication newborn blood overlapped with
SFARI genes.
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Newborn blood is an accessible and biologically relevant tissue that
can reflect replicable sex-specific methylation signatures of ASD
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ASD DMREs in Discovery Newborn Blood
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Models for sex differences in ASD
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Tissue comparisons of ASD DMRs
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Gene ontology enrichment of ASD DMRs
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