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Abstract

Background: Autism spectrum disorder (ASD) has increased over tenfold over the past several decades and appears
predominantly associated with paternal transmission. Although genetics is anticipated to be a component of ASD eti-
ology, environmental epigenetics is now also thought to be an important factor. Epigenetic alterations, such as DNA
methylation, have been correlated with ASD. The current study was designed to identify a DNA methylation signature
in sperm as a potential biomarker to identify paternal offspring autism susceptibility.

Methods and results: Sperm samples were obtained from fathers that have children with or without autism, and
the sperm then assessed for alterations in DNA methylation. A genome-wide analysis (>90%) for differential DNA
methylation regions (DMRs) was used to identify DMRs in the sperm of fathers (n = 13) with autistic children in com-
parison with those (n = 13) without ASD children. The 805 DMR genomic features such as chromosomal location, CpG
density and length of the DMRs were characterized. Genes associated with the DMRs were identified and found to be
linked to previously known ASD genes, as well as other neurobiology-related genes. The potential sperm DMR bio-
markers/diagnostic was validated with blinded test sets (n =8-10) of individuals with an approximately 90% accuracy.

Conclusions: Observations demonstrate a highly significant set of 805 DMRs in sperm that can potentially act as a
biomarker for paternal offspring autism susceptibility. Ancestral or early-life paternal exposures that alter germline
epigenetics are anticipated to be a molecular component of ASD etiology.
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Introduction

Autism spectrum disorder (ASD) is a complex neurologi-
cal disorder involving deficits in communication, social
behaviors and stereotypic movements [1, 2]. The preva-
lence of ASD in 1975 was reported as 1 in 5000 and then
in 2009 as 1 in 110 [3]. The American Centers for Disease
Control and Prevention reported a 1 in 88 prevalence
in 2012 and then a 1 in 68 in 2014. Although improved
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diagnosis and current awareness have played a role in this
increase, particularly in the first couple decades (1975-
2000), the increase in the last two decades is thought to
be due to environmental and molecular factors [2—4].
This is supported by twin studies and numerous environ-
mental studies. Genetic studies using genome-wide asso-
ciation studies (GWAS) have identified multiple genetic
mutations, but they are correlated with only a small
percentage of the autism patients [5]. A recent study
identified sperm genetic alterations associated with off-
spring autism [6]. Combining genetic mutations and
altered epigenetics appear to improve associations [7].
Many specific toxicants and factors have been suggested
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to be involved, but generally more extensive analysis is
required [8]. Environmental factors are now believed
to be involved in the etiology of autism. A number of
molecular alterations in the genome have been correlated
to the neurobiology of ASD [2]; however, the specific
environmental factors, molecular processes and etiology
of autism remain to be fully elucidated.

Although there are both paternal and maternal trans-
mission of ASD, the prevalence of paternal transmission
is higher in most populations. One of the main fac-
tors proposed to be involved is paternal age [9], with an
increased percentage risk of 28% between 40-49 years
and nearly 70% when greater than 50 years of age [4].
Increased paternal age has been associated with epi-
genetic DNA methylation alterations in sperm [10],
including specific genes associated with autism [11, 12].
Paternal age-associated DNA methylation alterations
have been shown to impact offspring health and disease
susceptibility [13, 14]. Therefore, the current study con-
trolled for age at conception and sample collection for the
comparison. In addition to paternal age effects, ancestral
and early-life exposures to toxicants, abnormal nutrition
and stress can also impact sperm DNA methylation to
potentially affect disease susceptibility of offspring [15].
The current study was designed to examine the father’s
sperm epigenetics (DNA methylation) in families with
or without autistic children. The hypothesis examined is
that a father’s specific sperm DNA methylation altera-
tions will correlate with offspring autism susceptibility.

Epigenetics is defined as “molecular factors and pro-
cesses around DNA that regulate genome activity inde-
pendent of DNA sequence and are mitotically stable”
The molecular factors and processes currently known
are DNA methylation, histone modifications, chromatin
structural changes, noncoding RNA and RNA methyla-
tion [15]. When the epigenetic alterations become pro-
grammed in the germ cells (sperm or egg), they have
the potential to promote in subsequent generations the
epigenetic transgenerational inheritance of disease and
phenotypic alterations [15]. Environmental factors that
promote these early-life epigenetic alterations have the
ability to promote epigenetic inheritance to subsequent
generations and dramatically increase disease suscep-
tibility and prevalence [15-17]. The current study was
designed to use an epigenome-wide association study
approach and develop a potential paternal sperm bio-
marker for offspring autism susceptibility.

The use of specific sperm epigenetic (DNA meth-
ylation) alterations (i.e., biomarkers) could be used for a
fathers (i.e., paternal) offspring autism susceptibility, and
applications in an assisted reproduction setting could
be considered. Although genetic tests are common in
assisted reproduction and preimplantation diagnostics,
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epigenetic analysis is less common. Sperm DNA meth-
ylation diagnostics have been proposed for the use in
assisted reproduction [18]. The availability of a sperm
DNA methylation biomarker for offspring autism sus-
ceptibility would allow improved clinical management
and early treatment options to be considered. An epi-
genome-wide association study for DNA methylation
alterations in sperm from fathers with or without autistic
children was used to identify potential sperm epigenetic
alterations as a biomarker for paternal offspring autism
susceptibility.

Results

Paternal males with children affected by autism (case)
or without (control) were recruited, and paternal sperm
samples were collected at the Andrology Laboratory of
IVIRMA Clinic in Valencia, Spain. The sperm sample
was collected upon enrollment. Thirty-six patients were
enrolled, which included thirteen in the control group,
thirteen in the autism case group, and eight or ten for
the blinded test groups. The differences (mean=SD)
between the semen analysis for both control and case
group are shown in Table 1. Observations from the
groups showed no significant difference in age, fathers
age at pregnancy, fathers age upon sperm collection,
sperm volume, concentration, or sperm concentration
between the groups. Progressive sperm motility was
greater in the autism case group, with no difference in
non-progressive sperm motility, as shown in Table 1la.
The motile percentage was higher in the control group,
and no difference was observed in the total motile sperm
count. One of the control samples, IVI 14, had a very
high sperm count of 396.62 million that was outside two
standard deviations of the mean (24 SD), so the analysis
was redone without this sample. When the IVI 14 sam-
ple was not used in the analysis, the total sperm number
was increased in the autism case group (p<0.02), and
the total motile sperm count (time) was increased in the
autism case group (p<0.017), as well as the progressive
spermatozoa (%) (»<0.019) and immotile % (p<0.019)
parameters. In addition to the case and control male age
and sperm analysis parameters, Table 1a, all the blinded
test set males, Table 1b, ¢, age and sperm parameters
were analyzed and found to also be within the mean =+ SD
of the case and control samples presented (Additional
file 2: Figure S1). Therefore, the blinded test set of indi-
viduals was appropriate comparisons with the same clini-
cal parameters.

The participant demographics and clinical informa-
tion were similar between the case and control popula-
tion participants. The ethnicity of all the fathers was
Caucasian. No major comorbidities were observed
within either the control or case populations. The date
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of the patient sperm collection, age of the father upon
collection and age of the father at conception of child
are all not statistically different and provided in Table 1.
Although age can impact sperm DNA methylation, the
mean age upon sperm collection, which required a 3-year
collection period, for the case and control was not statis-
tically different, as given in Table 1. In addition, no sta-
tistical difference was observed in the age of the fathers
at conception of child, as given in Table 1. All the autis-
tic children were males. Since the focus was on paternal
sperm, and due to IRB restrictions, the offspring ASD
spectrum severity was not considered. The human sub-
jects approval and informed consent were obtained from
all participants prior to the initiation of the study and
approved by the Ethics Committee of Valencian Infertility
Institute—Reproductive Medicine Associates (IVIRMA)
Valencia, Spain, with code, #1311-VLC-136-FC.
Individual patient sperm samples from the collection
upon enrollment were prepared for sperm analysis, and
an aliquot was taken and flash frozen with liquid nitro-
gen and stored at — 20 °C until shipment on dry ice for
the epigenetic analysis. The samples were thawed, and
prior to DNA isolation, the sperm were sonicated to
destroy and remove any contaminating somatic cells,
as previously described [16]. Due to the sperm nuclei
being resistant to sonication, any contaminating somatic
cells are removed following sonication. The DNA was
extracted from the sperm and then fragmented for a
methylated DNA immunoprecipitation (MeDIP) pro-
cedure to obtain methylated DNA for analysis to iden-
tify differential DNA methylated regions (DMRs). The
MeDIP is a genome-wide analysis examining 95% of the
genome, which is comprised of low-density CpG regions
in comparison with the less than 5% of the genome of
high-density CpG regions such as CpG islands. The
MeDIP DNA libraries were prepared for next-generation
DNA sequencing by creating individual patient sequenc-
ing libraries. Samples were then sequenced for bioinfor-
matic analysis, as described in Additional file 1 section. A
comparison of the sequences between the control (non-
autism children) and case (autism children) participant
sperm samples identified DMRs, as shown in Fig. 1a. At a
p value of p < 1e—05 there were 805 DMRs identified with
the majority being a single 1-kb window with fewer (i.e.,
six) having multiple adjacent 1-kb windows involved. The
DMRs at a number of p values are presented for p <001
to p<1e—07, Fig. 1la. The DMRs at EdgeR p<1le—05 all
had false discovery rate (FDR) of p<0.05 and were used
for subsequent data analysis. The p<1e—05 was used to
optimize DMR numbers and statistical considerations.
A list of these DMRs with various genomic features (e.g.,
CpG density and chromosomal location) are presented
in Additional file 3: Table S1. Observations suggest that
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males with autistic children have a sperm DMR signa-
ture that is distinct from males without autistic children
(control).

The genomic features of the offspring autism sus-
ceptibility DMRs were investigated. The chromosomal
locations of the DMRs at p<1le—05 within the human
genome are presented in Fig. 1b. The red arrowheads
indicate the individual DMRs, and the black boxes rep-
resent clusters of DMRs. The DMRs are present on all
chromosomes. The CpG density of the DMRs is generally
less than 10 CpG per 100 bp with 1-3 CpG predominant
for the paternal offspring autism susceptibility DMRs,
as shown in Fig. 1c. The size of the DMRs was predomi-
nantly 1-3 kb for the sperm DMRs, as shown in Fig. 1d.
Additional genomic features are presented in Additional
file 4: Table S1. The log-fold change (LFC) in DMA
methylation in Additional file 3: Table S1 demonstrated
for the 805 DMR in the autism group that 303 have an
increase in DNA methylation and 502 have a decrease
in DNA methylation. The autism DMRs involved a 38%
increase or 62% decrease in DNA methylation. Therefore,
the majority of the sperm DMRs had low CpG density,
termed a CpG desert, and were 1 kb in length with either
an increase or decrease in DNA methylation.

The paternal offspring autism susceptibility sperm
DMR-associated genes and corresponding gene func-
tional categories were determined, as presented in Addi-
tional file 4: Table S1. The total autism 805 DMRs had
193 with no DMR gene associations (24%), and the DMRs
were intergenic and not associated with genes. From the
612 DMR with gene associations (76%), there were 493
DMR that overlapped with annotated genes. There were
17 DMR in the 1-1000 bp and 62 DMR in the 1-5 kb
proximal promoter regions. There were 40 DMRs in the
5-10 kb distal promoter region. Therefore, approximately
20% of the DMR are in the proximal and distal promoter
region and 80% overlapping the gene annotation regions.
There were 193 DMRs that were intergenic. These DMRs
are intergenic and not proximal to genes, but can influ-
ence gene expression events for megabase distances
through ncRNA and chromatin structure alterations, as
previously described [19, 20]. Genes within 10 kb of a
DMR were identified, which has previously been shown
to be optimal for both proximal and distal promoter
regions and epigenetic associations [21]. The functional
categories corresponding to each DMR-associated gene
are summarized in Fig. 2a. The signaling, transcription
and metabolism functional categories are predominant.
This reflects that these gene functional categories have
the highest number of genes within them. A compari-
son of previously identified genes associated with neu-
rodegeneration, neurodevelopment and autism with the
DMR-associated genes of this study is summarized in
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Fig. 1 a DMR identifications. Autism case versus control sperm DMR analysis. The number of DMRs found using different p value cutoff thresholds.
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Fig. 2b. These autism-associated genes have previously  Additional file 5: Table S2. The DMR-associated genes
been shown to be regulated or involve genetic muta- were also used in a gene pathway or gene set analysis to
tions within autism patients, and the gene symbols, identify associated pathways. Interestingly, the top path-
descriptions and associated references are presented in  way or gene set identified was autism, and the majority
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(See figure on next page.)

Fig. 2 a DMR-associated gene categories. DMRs at a p value threshold p < 1e—05 are shown. b Autism case versus control DMR PCA. PCA for DMRs
at p < 1e—05. The first two principal components used and samples color code index indicated. The underlying data are the RPKM read depth for
all DMRs. € DMR-associated genes and autism. The paternal offspring autism-susceptible DMRs previously shown to correlate with autism and
associated neurodegenerative disease are presented. DMR-associated genes from the current study were compared to genes associated with
autism in the published literature using Pathway Studio software (Elsevier, Inc.). Those that were in common are depicted

of the subsequent pathways with greater than three
genes were all neurodevelopmental- or neurobiology-
associated pathways, as given in Table 2. All those gene
sets were found to be significant, and a list of the specific
DMR-associated genes is provided, as given in Table 2.
As shown with all the DMR-associated genes, Additional
file 5: Table S2, the associated genes in Table 2 also had
approximately a 50% mixture of genes with an increase or
decrease in DNA methylation. Therefore, the DMR-asso-
ciated genes did correlate well with previously identified
autism- and neurodevelopment-associated genes. Since
the sperm DMRs will impact the embryo epigenomes
and transcriptomes of all subsequent somatic cells, this
dynamic cascade of developmental epigenetics needs to
be considered in potential links in sperm epigenetics and
potential neurological impacts on autism.

The final analysis examined the statistical significance
and validation of the DMRs identified. A permuta-
tion analysis was performed on the DMRs to determine
whether the DMRs were due to background variation
in the data or randomly generated. The permutation
analysis shows the number of DMRs generated from the
control versus autism case comparison was significantly
greater than the DMRs generated from random sub-
set analysis, Additional file 3: Figure S2. The red line to
the right indicates the comparison DMRs versus the low
numbers from the random subset comparison. Another
analysis involved a cross-validation of the DMRs and
demonstrated approximately 80% accuracy in the con-
firmation of the DMRs to assess autism susceptibil-
ity [22]. A principal component analysis (PCA) of the
control male sperm without an autistic child versus the
male sperm with an autistic child is presented in Fig. 2c.
A clear separation of the DMR principal components is
seen between the groups. This demonstrates a distinction
between the DMR principal components.

The final validation involved using blinded test sets of
samples for analysis to identify and assess the accuracy
to determine actual case or control samples. Three dif-
ferent molecular analyses of the original 13 cases and 13
controls were performed and combined for this test set
analysis. The test set analysis involved four independent
analyses that were combined for the final analysis. The
first test set involved eight blinded samples selected from
the main analysis samples and reanalyzed (BS1-BS8)
and identified as actual case or control sample, as given

in Table 1b. All were accurately identified, except one
false negative which was identified as a control, but actu-
ally was a case sample. A second set of ten blinded test
samples (BS9-BS18) was provided by IVI-RMA clinical
collaborators and was also identified in an independent
analysis as case or control, as given in Table 1c. All were
accurately identified, except one false negative which was
identified as a control, but was actually a case sample.
Therefore, the blinded test set analysis indicated all but
one in each test set were accurately identified for approx-
imately a 90% accuracy in the analysis. Since multiple
analysis was used for this blinded test set analysis, ran-
dom batch effect outlier DMRs identified were removed
to optimize the analysis. Although significantly more
validation with larger clinical test sets is needed, the cur-
rent study provides the proof of concept that epigenetic
biomarkers potentially exist and may be used to diagnose
that a father may potentially have a child with a suscepti-
bility for autism.

Discussion

The frequency of autism in the population has dramati-
cally increased over tenfold the past several decades.
This increase appears to be due in part to increased diag-
nosis efficiency from 1975 to the early 2000s, as well as
greater public awareness of the disease [3]. The more
recent increase in the last couple of decades suggests
environmental factors, and exposures also have a criti-
cal role in autism prevalence. Although many suggestions
have been made on specific toxicants and factors being
involved, more extensive analysis and better understand-
ing of autism etiology are needed to understand this
increase in autism frequency [8]. An example is the sug-
gestion-assisted reproduction and in vitro fertilization is
involved, but follow-up studies demonstrated no risk of
ASD in children born after assisted reproduction [23, 24].
One factor that has been correlated with autism is pater-
nal age [4, 9, 15] and sperm DNA methylation alterations
[11, 25]. Previous studies have shown a hypermethylation
of sperm DNA is associated with male infertility, abnor-
mal sperm parameters and increasing age [13, 26, 27].
Therefore, the majority of DMR involve an increase in
DNA methylation when associated with infertility or age.
The current study demonstrated 60% of the DMRs have
a decrease in DNA methylation, and 40% of DMRs an
increase in DNA methylation, Additional file 4: Table S1.
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Therefore, a mixture of an increase and decrease in meth-
ylation is observed, which is distinct from the sperm
hypermethylation observed in male infertility and aging
[13, 26, 27]. Since all the paternal subjects were similar in
age and fertile (Table 1), the current study observations
appear to be distinct from infertility and aging-related
DNA hypermethylation. Although some participants
from both control and case populations were involved
in in vitro fertilization upon sperm collection, male fac-
tor infertility was not involved. No differences in demo-
graphics or clinical variables were observed. The age
upon sperm collection between the case and control was
not statistically different, as given in Table 1. In addi-
tion, the age at conception of child was also not statis-
tically different between case and control participants.
The comparison was biased on age of sperm collection
to control for age differences to minimize DNA methyla-
tion variation. However, similar observations were also
obtained considering age of conception of child. There-
fore, the current study was designed to identify sperm
epigenetic alterations (i.e., biomarkers) to assess a father’s
potential ability to transmit autism susceptibility to his
offspring.

Altered germline epigenetics has been shown to impact
offspring health later in life, and if permanently pro-
grammed, to promote the epigenetic transgenerational
inheritance of disease and pathology to subsequent gen-
erations [15, 16]. Since sperm or egg epigenetics can
impact the zygote epigenetics and transcription following
fertilization, as well as the subsequent stem cell popula-
tion in the early embryo epigenome and transcriptome,
all subsequently derived somatic cells also have the
potential to have an altered cell-type specific epigenomes
and transcriptomes later in development [15, 28]. This
molecular alteration has been shown to be associated
with adult somatic cell epigenetics, transcriptomes and
associated diseases [29-31]. The ability of an ancestral
or early-life exposure to impact the germline epigenet-
ics to subsequently impact the offspring epigenetics and
susceptibility to develop pathology and disease has been
established [15-17, 28-31] and is anticipated to be a
component of autism etiology as well. The current study
observations support the concept that similar events may
contribute to autism etiology.

The application of a sperm molecular diagnostic is
optimally used in an assisted reproduction setting. Rou-
tine semen analysis and genetic testing are used in most
in vitro fertilization clinical settings. Although epigenetic
analysis is not as routine, the proposal for such analysis
has been made [18]. The analysis of male infertility using
sperm DNA methylation alterations has been developed
[32]. Epigenetic alterations (DNA methylation) in sperm
have been shown to associate in fathers of families with
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autistic children [33]. That study used a targeted array-
based approach that focused on high-density CpG islands
that constitutes approximately 1% of the genome, but
does demonstrate such an analysis is feasible. The current
study was designed to use a genome-wide approach to
identify altered DNA methylation for paternal sperm and
offspring autism susceptibility.

Although genetics will be involved in autism etiology,
genome-wide association studies (GWAS) have demon-
strated generally less than 1% of the patients with a spe-
cific disease, such as neurodegenerative disease that has
a correlated genetic mutation [34]. ASD is similar to only
a few percent correlation with associated genetic muta-
tions [35]. An additional molecular mechanism to con-
sider for ASD disease etiology involves epigenetics. The
current study uses a more epigenome-wide association
study approach to investigate sperm DNA methylation in
fathers with or without autistic children. A procedure to
assess DNA methylation alterations in low-density CpG
regions, that constitute over 95% of the human genome,
was used in comparison with the high-density CpG pro-
cedures previously used. A significant signature of differ-
ential DNA methylation regions (DMRs) was identified
comparing the sperm from fathers with or without autis-
tic children. The genomic features of the DMRs were
identified and demonstrated generally 1-kb lengths and
low-density CpG regions. The DMR-associated genes
were identified, and a number of previously identified
autism-linked genes were present (Fig. 2b, Additional
file 5: Table S2 and Table 2). In regard to the autism
sperm DMR biomarkers, a separation in a principal com-
ponent analysis (PCA) was observed. In addition to this
validation, the permutation and cross-validation analy-
ses help demonstrate the robustness and sensitivity of
the analysis. The validation studies with blinded sample
sets accurately identified the majority of case and control
samples, but potential false-negative identification of case
samples was observed. The observations demonstrate the
paternal sperm epigenetic analysis is potentially effective
at identifying offspring susceptibility for autism, but the
current analysis needs to be improved with expanded
clinical trials.

Although an epigenetic signature was identified for
paternal transmission of susceptibility of autism chil-
dren, which was identified and statistically significant,
a limitation of the current study is the low number of
samples used for the analysis. Although epigenetic
alterations occur at a significantly higher frequency
than genetics, expanded clinical trials are required with
increased numbers, greater ethnic diversity, and more
thorough assessment of the impacts of paternal age.
The impacts of these variables need to be elucidated
to improve and expand the accuracy of the analysis.
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The expanded clinical trial with greater numbers and
diverse subpopulations is essential to develop a useful
diagnostic. However, the current study does provide the
proof of concept; such a diagnostic can be developed.

Applications of the paternal offspring autism suscep-
tibility biomarker/diagnostic will potentially improve
the health care for ASD patients. This would allow IVF
patients to assess risk and determine management pro-
cedures. Importantly, this would allow clinicians to
plan the offspring’s clinical management options more
efficiently. Potential preventative treatments could be
considered to reduce the severity of the autism spec-
trum disorder. The availability of the assay could also
be used in a research setting to facilitate the identifi-
cation of environmental factors potentially involved in
the ASD etiology. Therefore, potential therapeutic and
preventative options not previously considered could
be taken.

The current study identified a genome-wide signature
of DNA methylation sites that are associated with the
paternal transmission of offspring autism susceptibil-
ity. Although a large clinical trial is needed to further
validate the biomarkers and potential diagnostic, the
current study provides the proof of concept for the assay
and biomarkers. Therefore, the identification of offspring
susceptibility can be assessed, allowing better clinical
management of ASD. The potential for therapy options
can be expanded to improve health care for ASD. Such
epigenetic biomarkers are anticipated to exist for many
disease and pathology conditions, which will facilitate the
future preventative medicine strategies for health care.
In addition, the current study suggests epigenetic inher-
itance may play a role in ASD etiology and explain the
paternal transmission prevalence of the disease.

Methods summary

Clinical sample collection

A single-center (IVIRMA Valencia, Spain) prospective
and open clinical study was performed. The participant
approval and informed consent were obtained from
all participants prior to the clinical sample collection.
The study protocols were approved by the Institutional
Review Board Ethics Committee of Valencian Infertility
Institute—Reproductive Medicine Associates (IVIRMA)
Valencia, Spain, with code, #1311-VLC-136-FC. All
research was performed in accordance with relevant
guidelines/regulations. The study was not designed for,
nor did the IRB involve, the ability to correlate autism
child clinical information to be correlated. The semen
was analyzed as described in Additional file 1. Samples
were immersed in liquid nitrogen and then stored at
—20 °C prior to analysis.
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Epigenetic analysis, statistics and bioinformatics

Somatic cell contamination was removed by sonica-
tion, and the sperm DNA was isolated as previously
described [16]. Methylated DNA immunoprecipita-
tion (MeDIP), followed by next-generation sequencing
(MeDIP-Seq), was performed. MeDIP-Seq, sequencing
libraries, next-generation sequencing, and bioinfor-
matics analysis were performed as described [16] and
are found in Additional file 1. The statistical analysis
and validation protocols were performed as previously
described [16] and are found in Additional file 1. All
molecular data has been deposited into the public data-
base at NCBI (GEO # GSE157417), and R code com-
putational tools are available at GitHub (https://githu
b.com/skinnerlab/MeDIP-seq) and www.skinner.wsu.
edu.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513148-020-00995-2.

Additional file 1: Supplemental methods.

Additional file 2: Figure S1. Clinical group statistic comparison. The
various sperm/semen characteristics in the Study case and control group
were compared with the Blind group. The n-value, mean, standard devia-
tion, and standard error mean are presented. The blind groups are within
the mean = SD of the case and control study.

Additional file 3: Figure S2. Permutation analysis. The number of DMR
for autism case versus control patient comparison for all permutation
analyses. The vertical red line shows the number of DMR found in the
original analysis. All DMRs are defined using an edgeR p value threshold
of p< 1e—05.

Additional file 4: Table S1. DMR lists at p < 1e—05 with presentation of
name, chromosomal location, DMR start and stop nucleotide number for
chromosome, length (bp), number of 1 kb significant windows, minimum
p value, CpG number and density, DMR maximum, log-fold change (max-
LFC) (+ increase DNA methylation and — decrease DNA methylation), and
gene association within 10 kb and gene functional categories.

Additional file 5: Table S2. Gene and protein regulators of autism. The
DMR-associated autism-related genes with symbol, description, and
relevant references PubMed ID (PMID) numbers.
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