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Abstract
Background
The methylation of the genes in Autism Spectrum Disorder (ASD) is now the most

controversial topic. A large cohort of ASD individuals was genetically intact. This fact
was a hallmark of the epigenetic regulation of ASD, especially the promoter region of the
genes. DNA methylation is a challenging subject to study, as it is influenced by multiple
factors. The brain is not a touchable tissue; postmortem brain tissue could give false
positives because of apoptosis bias. Therefore, the study selected the ectodermal brain
memory by collecting buccal swabs.

Methods
Pre-diagnosed ten individuals with ASD and two neurotypical controls were selected for

buccal swab collection, DNA extraction, and NGS-based whole genome bisulfite
sequencing. To avoid sex bias, we separated male ASD as A2 and female ASD as A3,
while A1 represents all ASD. All ASD cohorts were compared with neurotypical controls.
To avoid sex bias and germline bias, we made comparisons between two neurotypical
controls, male and female A4 (negative control).
Results
The study screened about 8209 differentially methylated regions (DMRs), 4,234
genes, and 1,121 DMR-anchored promoter region genes in the Al cohort. 12,353 DMRs,
5,247 genes, and 1,564 DMR-anchored promoter region genes in the A2 cohort.
7,761DMRs, 4,195 genes, and 1,329 DMR-anchored promoter region genes in the A3
cohort. 10,676 DMRs, 4,820 genes, and 1485 DMR-anchored promoter region genes in
A4. SFARI overlap is consistently higher in the broader GO lists than in the promoter
subsets, while A3 (female cohort) shows the highest promoter SFARI overlap at the
descriptive count level. The study suggested that the following genes showed aberrant
methylation overlaps in the SFARI database: high confidence like CACNA2D3, ATRX,
MECP2, SKI, CASK, GRIA2; strong candidates ADORA2A, CHARNA7, RPS6KA3,
CACNAI1B, MAOB, PIK3CG, LHX2, PITX1; suggestive evidence NPFFR2, PDHALI,
POLR2A, KDM2A, TCEALT1; syndromic genes ZBTB18, HUWE1, HCFC1, RALA
and the paralogs of SFARI genes PLCB1 (PLCB2) and WNT1 (WNT3). These genes,
CALML3, GNG4, MYL9, WNT10B, MSHS5, are biomarkers in DNA methylation in
ASD. About 2511 genes were shared between A1, A2, and A3, which were not recorded
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in the SFARI database. These genes were candidates for ASD biomarkers, including
ADAMS, ASIC2, ASIC4; unclassified genes such as Chromosome Open Reading Frame
C19orf44, Clorf159, C9orf3, Long Intergenic Non-Protein Coding RNA LINC00299,
LINCO01056; and FAM genes FAM19AS and
FAM171Al.

Conclusion

Individuals with ASD have a distinct epigenetic signature from NT. A large number of
genes were differentially methylated and overlapped with the SFARI database. The
mutation and methylation are critical to developing ASD. Most of the genes and their
paralogs were involved in synaptic differentiation. The aberrant methylation is of
embryonic origin, and other environmental factors influenced the severity of the cases.

Keywords: Ectodermal brain memory, autism spectrum disorder (ASD), DNA
methylation (DNAm), NGS-based whole genome bisulfite sequencing, differentially
methylated regions (DMRs).

1 Introduction

Autism spectrum disorder (ASD) is a complex syndrome that can be viewed as a
collection of early-onset neuroevolutionary disorders that appear to be caused by an
alteration in brain connectivity, which has a domino effect on other neuropsychological
processes [1, 83, 84, 107]. The majority of ASD cases result from a combination of
environmental risk factors and genetic predisposition, which can be investigated using
epigenetic mechanisms like DNA methylation [85, 92, 93, 116]. DNA methylation is a
critical epigenetic mechanism that modifies DNA by adding a methyl group, usually at
cytosine bases in CpG dinucleotides, to regulate gene expression without changing the
underlying genetic sequence. In general, it works to preserve chromatin structure,
suppress transposable elements, and silence genes. Normal development and
differentiation depend on this process, which is controlled by DNA methyltransferases
(DNMTs) [2, 59, 66].

DNA methylation and transcriptional regulation are significantly influenced by the
methyl-CpG binding protein 2 (MECP2) gene, which can either activate or repress genes
like brain-derived neurotrophic factor (BDNF) [3, 90, 114]. In autism spectrum disorder
(ASD), decreased production of the MeCP2 protein is linked to increased methylation of
the MECP2 promoter, especially in the frontal cortex of the brain. In male ASD brains,
there is a correlation between elevated DNA methylation and decreased MECP2
expression, which is caused by this epigenetic dysregulation. It has been demonstrated
that increased promoter methylation, particularly at specific CpG sites, causes autism-like
characteristics, such as a reduction in social contact [4, 108, 109, 110].

ASD is thought to have its roots in abnormalities in neural stem cell niche regions
of the developing brain that occur during pregnancy. Coordinating normal brain growth
requires dynamic epigenetic mechanisms, such as DNA methylation. The degree and
effects of changes in DNA methylation states in neural stem cell compartments in ASD
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are unknown [5]. The WNT signaling pathway is a long-standing, extremely conserved
system of signal transduction proteins that controls important biological functions such as
organogenesis, migration, polarity, cell fate determination, and embryonic development
[97, 98]. Dysregulation of the WNT signaling system, which frequently results in altered
methylation of associated genes, impacts synaptic plasticity, neural development, and
proliferation, all of which are factors in autism spectrum disorder (ASD) [7, 99, 100, 101,
102].

Oxytocin is a neuropeptide that has been conserved throughout evolution and is
involved in a variety of social and reproductive behaviors. Its function in complex
behavioral features and the pathophysiology of mental health issues has garnered
significant interest [12]. The three primary genes in the oxytocin (OT) signaling
pathway—OXTR (Oxytocin Receptor), OXT (the ligand or prepropeptide), and CD38
(which controls oxytocin secretion)—are often investigated in human social behavior and
neuroscience [13, 94, 95, 96].

Through the activation of Gag/l1 or Gai proteins, Ca** influx, and cAMP
pathways, oxytocin (OXT) signaling regulates brain connectivity and synaptic function to
control plasticity in dopaminergic, cholinergic, and GABAergic synapses. OXT frequently
improves social behaviors by enhancing glutamatergic signaling and disinhibiting
amygdala GABAergic interneurons [8, 9]. ASD is caused by dysregulated oxytocin (OT)
signaling that disrupts synapse formation and E/I balance (GABA/glutamate) by
combining with calcium and CAMK4-mediated cAMP pathways. Social deficiencies are
correlated with decreased OT as well as impaired dopamine and cholinergic synapse
function [10, 11, 112, 113].

Numerous malignancies are caused by dysregulation of the Ras/Raf/MAPK
pathway, a crucial signaling cascade that controls cell division, survival, and proliferation
(RAS-RAF-MEK-ERK). A similar GTPase called Rap1 controls metastasis and adhesion.
Pathways, including MAPK and WNT, which are frequently stimulated by UV, are
involved in melanogenesis in cancer. Although MAPK contributes to advanced disease
progression, Hedgehog signaling is primarily responsible for basal cell carcinoma (BCC).
RASopathies, which are hereditary conditions caused by mutations in the Ras-MAPK
pathway and often result in neurodevelopmental, craniofacial, and cardiovascular
abnormalities, are linked to ASD [14, 15].

Nucleotide excision repair (NER) and base excision repair (BER) are two important but
different DNA repair processes. NER corrects large, helix-distorting damage (like UV-
induced dimers), whereas BER corrects minor, non-helix-distorting base lesions (like
oxidation and deamination). Autism spectrum disease (ASD) is increasingly associated
with defective repair, which results in the accumulation of oxidative DNA damage [16,
17,18, 19].

Circadian rhythms are intrinsic biological clocks that run around the clock and
control mental, behavioral, and physical functions, including the sleep-wake cycle. The
suprachiasmatic nucleus (SCN), a collection of nerve cells in the hypothalamus, serves as
the body's master clock, coordinating peripheral clocks [20, 117, 118, 119]. With 50-80%
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of children with autism spectrum disorder (ASD) experiencing sleep disturbances,
circadian rhythm disturbance is very common in ASD. These disturbances, which have
their origins in genetic, hormonal, and environmental variables, frequently show up as
irregular sleep patterns and elevated melatonin/cortisol levels, which affect social,
behavioral, and cognitive development [21].

ASD is closely linked to ABC (ATP-Binding Cassette) transporters, especially
subfamily A (e.g., ABCA13 and ABCA7), because of their functions in blood-brain barrier
maintenance, cholesterol trafficking, and neuronal development. These genes' mutations
and deletions impair network function and neuronal maturation, making them possible risk
factors for neurodevelopmental disorders [22, 23, 120].

Autism Spectrum Disorder (ASD) is closely associated with altered cell cycle
regulation during fetal development, especially when early brain expansion is involved.
Increased neural progenitor proliferation, which results in a greater number of cortical
neurons, is caused by dysregulation of cell cycle genes, which are frequently downstream
of genes linked to ASD, such as CHD8 and PTEN. Early juvenile brain growth is boosted
in part by this aberrant cell proliferation [24, 25].

2 Materials and methods
2.1 Participants

The inclusion criteria for cases were as follows: Ten ASD samples were previously
diagnosed with ASD based on the DSM-5, CARS, and M-CHAT. Two siblings, the first
pair being both male and the other a male and a female. Two pairs of identical twins: one
pair of identical males and one pair of identical females. Provided that one of the siblings
is in a more severe condition. In addition, we selected three males and one female without
siblings. Sex-matched individuals (one male and one female) with neurotypical
development were included as controls. To rule out autistic symptomatology, a psychiatric
assessment called the Social Responsiveness Scale (SRS) was used, along with the
requirement that there be no psychiatric background. The study received official ethical
and academic approval from the Institutional Scientific and Ethical Committee and Faculty
Board of the affiliated special needs education centers at the University of Kirkuk
(approval No: 9431-40-7, 9432-40-7, 9433-40-7). All methods and sample collection
procedures were performed in strict accordance with the relevant guidelines and
regulations. Informed consent was obtained from all participants' legal guardians. The
sampling was done under the supervision of special needs carers and psychologists and
sometimes in the presence of the parents. Some of the ASD participants were eliminated
from sampling because they were incapable, and to avoid Post-Traumatic Stress Disorder
(PTSD), according to the Helsinki Declaration, all the sampling steps were approved.

2.2 Sample collection and DNA extraction

The study adheres to human ethics; as we deal with a special needs community,
we decided to collect non-invasive samples by scraping sterile buccal swabs to extract

epithelial cells. The ectoderm is the source of both postmortem brain tissue and the
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epithelial cells obtained from the mouth lining using a buccal swab. The buccal epithelium
is a component of the oral epithelial lining that arises from the surface ectoderm. As the
DNA extraction from buccal swabs was struggling, we used preserved buccal swabs and
non-preserved samples, both of which were extracted until we reached the required
concentration. The Canvax Buccal Swab Collection & Stabilization Kit is used for
preserving buccal swabs. The kit kept the collected swab in a tube containing preservation
solution; thus, the buccal cells can be transported and stabilized for 1 year at room
temperature and indefinitely at -20°C or -80°C. For DNA extraction, we used the Canvax
HigherPurity™ Buccal Swab Genomic DNA Extraction Kit and HigherPurity™ Swab
DNA Extraction Mini Spin Kit. The Qubit Fluorometer was used to measure the
concentration of the DNA. The total amount of the DNA should be >500 ng. The quality
of all samples fulfilled all requirements for library preparation, and they were sent to
Biomarker Technologies (Hong Kong) for sequencing.

2.3 Library Preparation and Sequencing Workflow
2.3.1 Library Preparation

DNA samples underwent quality control. Every eligible sample was
subjected to methylation liquid-phase capture library preparation and panel sequencing.
The bisulfite conversion rate was evaluated using identified CHH loci in the genome as
internal controls, with a criterion of > 99%, to guarantee the effectiveness of sequencing
and analysis.

2.3.2 Sequencing

The Illumina sequencing platform was used to sequence qualified libraries once
they had been pooled based on effective concentration and target data volume
requirements. Sequencing by Synthesis (SBS) is the foundation of the sequencing
principle. DNA polymerase, adapter primers, and four fluorescently labeled dNTPs were
introduced to the flow cell for amplification. A matching fluorescence signal was released
when a fluorescently labeled dNTP was incorporated during the complementary strand's
extension in each sequencing cluster. These signals were recorded by the sequencer, and
software transformed them into sequencing peaks to determine the fragment's sequence.

2.4 Methylome-seq library construction and sequencing

Whole genome bisulfite sequencing (WGBS) libraries were constructed using
the Acegen Methylome-seq Library Prep Kit (Acegen, Cat. No. AG1209) according to
the manufacturer’s protocol. Briefly, > 0.5 pg of genomic DNA spiked with 1%o
unmethylated lambda DNA was fragmented by sonication to an average size of 100—
500 bp and subsequently treated with bisulfite. The heat-denatured, single-stranded
DNA was then ligated to 3'-dA-tailed adapters. Next, the single-stranded DNA linked
to the 3' adapter was extended to double-stranded DNA, followed by ligation of 5-
methylcytosine-modified adapters. Finally, the DNA was amplified via ~10 cycles of
PCR using Illumina 8-bp dual-index primers. This was followed by capture with the
Acegen MethylDesign panel and subsequent PCR amplification of the captured

library. The constructed WGBS libraries were analyzed using an Agilent 2100
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Bioanalyzer for quality control and were ultimately sequenced with a 150%2 paired-end
sequencing protocol. Following sequencing, the original data were uploaded to the NCBI
SRA database (PRINA1397483) for additional analysis and scientific community
sharing. The SRA records can be accessed at
(https://www.ncbi.nlm.nih.gov/sra/PRINA1397483).

2.4.1 Library structure
5’-
AATGATACGGCGACCACCGAGATCTACACIIIIIITCGTCGGCAGCGTCAGA

TGTGT ATAAGAGACAG-NNNNNN-
~~~CTGTCTCTTATACACATCTCCGAGCCCACGAGACIIIIIIA

TCTCGTATGCCGTCTTCTGCTTG-3’

[IIHIIL: Index 2 (i5), 8 bases
[HIIII: Index 1 (i7), 8 bases

-NNNNNN-: Insert sequence
~~~: tail

2.5 Bioinformatics Analysis Workflow
Species: hsa
Genome Information: hg38

Upon obtaining raw sequencing reads (Sequenced Reads), the analysis
typically involves the following steps:

2.5.1 Sequencing Data Quality Assessment

Raw data was produced by high-throughput sequencing (such as the Illumina
PE150) and stored in FASTQ (fq) format. Each read in the FASTQ text format, which
:stores biological sequences and the associated quality scores, consists of four lines

@ACEGENO01:289:C3Y96ACXX: 6:1101:1704:2425 1: N:0: GGCTAC

GCTCTTTGCCCTTCTCGTCGAAAATTGTCTCCTCATTCGAAACTTCTCTGT
+

@@CFFFDEHHHHFIJ1J@FHGIIEHIIIBHHHIJJEGIIJIGHIGHCCF

Based on the ASCII code, each base's quality score was extracted from the matching

character in Line 4. The sequence's quality score, QPhred, was defined as Q Phred =-10
log 10 (e).

Raw Data Quality Assessment: FastQC, a commonly used quality assessment tool,
was applied to raw reads. Raw Data Filtering: The goal of data filtering is to guarantee
clean data quality by eliminating low-quality reads. Trimming was done with
Trimmomatic. Data Mapping Analysis: To map bisulfite-converted methylation
sequencing data to the reference genome, we used the BSMAP software. BSMAP achieved
quick and precise alignment of bisulfite-converted sequences by combining a bitwise

6


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1397483
https://www.ncbi.nlm.nih.gov/sra/PRJNA1397483).

masking algorithm with a genomic hash table. It allowed for quick comparison between
bisulfite-converted reads and the native genome by avoiding genome sequence conversion.
BSMAP is quicker, more sensitive, and more adaptable than current bisulfite alignment
techniques.

Methylation Locus Detection: The methylation locus detection was carried out
utilizing the BSMAP software's built-in detection and statistical tools after read alignment.
The methylation levels' chromosomal distribution was shown using the Circos program.
Genome-Wide Methylation Level Correlation Analysis: Pearson correlation analysis was
performed after methylation levels were computed for 20 Kbp bins across sequence
contexts. Genome-Wide Methylation Level Principal Component Analysis (PCA) was
applied. In Genome-wide Methylation Level Clustering Analysis, the pairwise distance
was estimated using the Pearson correlation coefficient, and the clustering technique used
was the  unweighted  pair-group  approach  with  arithmetic = means
(UPGMA).

Differentially Methylated Region (DMR) Detection: In order to quickly and
precisely identify de novo DMRs between matched or group samples, the metilene
software was utilized for DMR analysis. It used a binary segmentation algorithm in
conjunction with dual statistical tests (MWU test and 2D KS test). DMRs were obtained
utilizing CG loci for detection following multiple testing corrections. IGV Visualization
of DMR Regions: For display in genomic data browsers, DMR data were stored in BED
format. Circos plots, which show statistically significant levels (corrected p-values) of
DMRs, were used to depict the genomic distribution and significance of DMRs. GO
Enrichment Analysis of DMR-Related Genes, done based on the Gene Ontology
(GO, http://www.geneontology.org/) database. The Kyoto Encyclopedia of Genes and
Genomes (KEGGQG) is a primary public database for pathway analysis [82]. KEGG
Enrichment Analysis of DMR-Related Genes Based on DMR annotation results was
performed for genes overlapping with DMRs.

2.6 Statistical analysis

The data were analyzed with IBM SPSS Statistics (version 31.0.2.0),

for descriptive and inferential statistical analysis. Categorical variables were presented as
frequencies and percentages, and continuous variables were presented as mean + standard
deviation. Group comparisons were done with Welch's t-test, one-sample t-test, Mann-
Whitney U test, exact permutation test and Fisher's exact test as per the test case. For
SFARI gene analysis, Fisher's exact test was run to test whether the overlap between each
gene list and the reference SFARI gene list was higher or lower than expected due to
chance within a fixed background gene universe. Odds ratio values above 1 indicated
enrichment, and odds ratio values below 1 indicated depletion. Multiple testing was
controlled using the Benjamini-Hochberg false discovery rate (FDR) method, and P <0.05
was used as the threshold for statistical significance. In some analyses, robust ANCOVA
(HC3) was applied after logit transformation of methylation
percentages.
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3 Results
3.1 Differential Methylation Analysis

Differentially methylated regions (DMRs) are believed to have a role in
transcriptional control, and the methylation status can change among the genomes of
various samples (tissues, cells, and individuals). Finding DMRs makes it possible to
thoroughly examine the variations in epigenetics between tissues. Cell differentiation
and proliferation are known to be correlated with DNA methylation, and several DMRs
have been found throughout the developmental stages, including embryonic
reprogramming.

Cancers show local hypermethylation in areas such as tumor suppressor gene
promoter CpG islands and global methylation loss in comparison to normal samples. This
is a presentation of DMR analysis between comparable groups. The four groups we chose
for differential comparison were as follows:

1-A1l: Represents all ASD samples (male, female) vs. controls (male, female).
(8,209 DMRs), 4,234 genes, and 1,121 DMR-anchored promoter region genes.
2- A2: Represents all male ASD samples vs. male control.

(12,353DMRs), 5,247 genes, and 1,564 DMR-anchored promoter region genes.
3- A3: Represents all female ASD samples vs. female control.

(7,761DMRs), 4,195 genes, 1,329 DMR-anchored promoter region genes

4- A4: Represents male control vs. female control.

(10,676 DMRs), 4,820 genes, 1,485 DMR-anchored promoter region genes

Another comparison was done between ASD twins and siblings, and further
against controls. All results were filtered from the A4 group to avoid tissue-specific bias,
sex bias, and neurodevelopmental bias. Regional categories (e.g., promoter, exon, intron,
gene body, upstream, and downstream) were used to annotate DMRs, and regional data
were appended to each DMR. DMR Length Distribution, DMR Methylation Level
Distribution, DMR Methylation Level Clustering Heatmap, DMR Anchored Region
Distribution, and DMR Significance Circos Plots were performed.

(A)
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Figure (1): (A)DMR Length Distribution;(B) Average Methylation Level Distribution of DMRs;(C) Clustering
Heatmap of DMR Methylation Levels;(D) Proportional Distribution of DMRs in Anchored Regions.
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3.2 GO Enrichment Analysis of DMR-Related Genes

This analysis is based on the Gene Ontology database; the Gene Ontology
Consortium was founded to develop a species-universal semantic language standard for
characterizing and specifying the activities of genes and proteins. It thoroughly
characterizes the characteristics of genes and gene products in organisms by describing
the functions of proteins and genes within cells using dynamically controlled vocabularies.
Biological Process (BP), Cellular Component (CC), and Molecular Function (MF), which
describe molecular functions, subcellular locations, and biological processes of gene
products, respectively, are the three primary categories of the GO database. Gene
annotation data from the GO database, including GO functional categorization and
enrichment outcomes, were used to conduct gene enrichment analysis. While enrichment
finds functional categories that are noticeably overrepresented in comparison to a
reference gene set, functional categorization counts genes at a certain functional level.

Functional enrichment analysis was performed for genes that overlapped

with DMRs in the gene body and upstream/downstream areas (upstream 2k, downstream
2k, and gene body) based on the results of DMR annotation. The criteria for selecting the
gene ontology entries to be studied and to make comparisons between groups should be
compatible with the following features: adjP < 0.05, Fold Change > 2, and observed > 2.
Then, the common entries across all groups, significant or not, were selected to understand
the differences in methylated genes between groups by filtering all genes that appear in
A4,

In addition, entries that show specific significance in the female or male
group were selected. Entries related to the spectrum have priority. The entries were
shown in Figure 3. The DNA-binding GO were selected to be studied between cohorts.

10



(A)

the most endcned GO term in SampeS & § 10-vs-Sample12

sz iz g |
iy Chibodg s plencty sy
Hé-cirdig fiarecic:on astor agiviy
aamim iy WP dng:
417 b
[ becrg e e adi Dbty

DA irgirg:
[ il enkignge
mealien indirg
rErinzng freizntidng
piote i

ey

negd et o psma s
runplesn
Gl

ozl

L

| g

et Ly
| [y a

ey copanart of rerbare:

g4 e s

oplasm
g

dase Terhiare:
hemey 1685
s
1ur gl [LELE S
i negalie wqualion f arecrigron by FYA polyTesz |
ererpbrclbaeriionty P e | W I O T 5 A 2 e e
, requlezon of renserplizn, DHA-ferpizc
e gy sgndond s i DGt
P—— veaserplizn, DMS-teriplzted
et g

st o Dbt

4 2 B

Al A2 A3
(B)

the most enriched GO ferm in SampleS & 9 10-vs-Samglel2

the most enriehed GO term in Sample_1 2 3_4 5 6_7_8 9_10-¥s-Sample_ the most enriched GO ‘e in SampleS 1.2 3 4 5 7 B-vs-Sample 1
i
e Erciny '
rermerpion, DWA-iamglated - . Farvaiplan, 2 4 |
Franseiaian, Lo ald- .
requlitian of toreariziion, DNA-Emplsed . maltinaf el 2 L]
tequae el oo T el .
ot v+ @ ey [ ]
Y
i mosetend ® Al TRl b R poy el i .
PR— . Santpies
moois: @ Observad pones A mebate .
e [ - .
et @ 0 e . 0w
*w LS el 0
g i Wi by IV ey . M gm0
: ; Sinfros T PRI O e .
T . it e e sy pirkcte
= . o . o g .
gl omponentof b @ i wam e b
(R EA TR ]
DN i osergion o iy . 2 e ol o-ta 0
s [ ———— .
s ! ot e & Lt
R L .
oopesn! @ UKy . = &
caleam on g . a4 sk 8
o iR . s ' weliplsr L]
APty . v i Pt '
20 2%

RS
fold envichrent

10 5 2 24 2
fold enrichment fold zrrichmart

Al A2 A3

Figure (3): (A) Bar Chart of Enriched GO Terms. Horizontal bar chart of GO-related gene classifications: Y-axis =

enriched GO term; X-axis = —log;o(adjP-value). Longer bars indicate more significant statistical differences.

Numbers on the right of bars denote the number of enriched genes and enrichment fold. (B) Scatter Plot of GO

Enrichment. Note: Y-axis: pathway name; X-axis: fold change. Dot size indicates the number of DMR-related

genes, and color corresponds to Q-value range (redder = more
significant).
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Table (1) GO Enrichment Analysis of DMR-Related Genes for all cohorts (DNA binding GO)

Term Name rawpP Fold Change Expected Observed | Category
Molecular function: DNA binding adjp

GO0:0003677 A3 7.32E-33 | 7.76E-36 2.484499 115.1138 286 1548

A2 9.21E-38 7.84E-41 2.438985 142.6823 348 1548

A3 9.32E-34 1.01E-36 2.516365 114.0534 287 1548

A4 4.05E-35 | 4.06E-38 2.441386 131.0731 330 1548

All gene cohorts were filtered from A4 (negative control).
Al unique: DUX4L7, EBF2, POLR2E, SOX15, STAT3, STATSA, ZBTB18

A2 unique: CDKN2A, DFFB, EMX1, FOXL1, FOXO3, GMEB2, HISTIH2AA,
HIST1H2BA, HIST2H3PS2, HOXD12, HOXD4, KDM2A, MEIS3P2, MLX, NR2F6,
PCBP4, SCX, UBTF, ZFP36, ZKSCAN4, ZNF132, ZNF232, ZNF366, ZNF782

A3 unique: AIFM1, ATRX, BHLHE23, DNASE1L1, FOXF2, FOX04, HOXB1, HUWEI,
KLF8, LHX2, NEUROD®6, PHF6, PITX1, SP§, SP9, TCEA1, ZMAT1, ZNF208, ZNF354B,
ZNF41, ZNF449, ZNF81

Shared A1, A2, andA3: AKAPS, ASCL4, EEF1D, EGR3, EME2, HNF1A, LZTS1, SAFB2,
SP6, TCF7L1, ZBTB32, ZNF296, ZNF701

In cohort A1l

ZBTBI18 zinc finger and BTB domain containing 18. Is syndromic in the SFARI GENE
score S. Genes involved in neural development are transcriptionally repressed by the C2H2-
type zinc finger protein that this gene produces. The encoded protein targets genes by
identifying a particular sequence motif and enlisting chromatin components [32]. EBF2 is the
paralog of EBF3 (early B-cell factor 3), classified as High Confidence, Syndromic in the
SFARI GENE Score 1S. POLR2E is the paralog of the gene POLR2A RNA polymerase I
subunit A. It is suggestive evidence in the SFARI GENE score 3

[32].

In cohort A2

KDM2A (lysine demethylase 2A) is suggestive evidence in the SFARI GENE
score3. This gene produces a member of the F-box protein family, which is
distinguished by the F-box, a motif of about 40 amino acids [32].

In cohort A3

HUWE1 HECT, UBA and WWE domain containing 1, E3 ubiquitin protein
ligase, is syndromic in the SFARI GENE score S. E3 ubiquitin-protein ligase, which
facilitates target protein ubiquitination and subsequent proteasomal destruction.
catalyzes the polyubiquitination and degradation of MYCN, which controls neuronal
proliferation and development [32]. LHX2 LIM homeobox 2 is a strong candidate in
the SFARI GENE Score 2. This gene produces a protein that is part of a broad family
of proteins that have the LIM domain, a special zinc-binding domain rich in cysteines.
The encoded protein may serve as a transcriptional regulator [32].
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TCEALT1 transcription elongation factor A like 1 is suggestive evidence in the
SFARI GENE score 3. This gene produces a member of the family of genes known as
transcription elongation factor A (SII)-like (TCEAL) [32]. PITX1 paired-like
homeodomain is a strong candidate in SFARI GENE Score 2. It acts as a transcription
factor [32].

HOXBI1 is the paralog of HOXA1 homeobox Al, considered
syndromic in the SFARI GENE score S. The encoded protein is a transcription factor
that is important for the development of the brainstem and skull [32]. KLF8 is the
paralog of the KLF7 Kruppel like factor 7. Is suggestive evidence in the SFARI GENE score
3 [32] that belongs to the peptidase C19 family and produces a protein that matches ubiquitin-
specific proteases. Despite being on the X chromosome, this gene avoids X-inactivation [32].
Other gene paralogs were identified, including LZTS2(LZTS1), NR2F1(NR2F6),
TCF7L2(TCF7L1). The results showed that the ASD female cohort has a high enrichment in
the SFARI GENE, consistent with the female protective effect

hypothesis.

3.3 KEGG Enrichment Analysis of DMR-Related Genes

Functional enrichment analysis was conducted for genes that overlapped with
DMRs in gene body and flanking regions (upstream2k, gene body, and downstream?2k)
based on DMR annotation results. One of the most important public databases for pathway
analysis is the Kyoto Encyclopedia of Genes and Genomes (KEGG) [82]. KEGG
enrichment data are visualized using scatter plots, which quantify enrichment by fold
change, Q-value, and gene count. The ratio of DMR-related genes to annotated genes in
the pathway is known as fold change; a higher fold change indicates greater enrichment.
The multiple testing corrected p-value (range [0,1]; closer to 0 = more significant) is
known as the Q-value. A bar chart of enriched KEGG pathways is shown below:
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Below is a scatter plot of enriched KEGG pathways:
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Figure (4): (A) Bar Chart of Enriched KEGG pathways. Horizontal bar chart of KEGG pathway classifications:
Y-axis = enriched KEGG pathway; X-axis = -log10(adjP). Longer bars indicate more significant statistical
differences. Numbers on the right of bars denote the number of enriched genes and enrichment fold. (B) Scatter
Plot of Enriched KEGG Pathways. Note: Y-axis: pathway name; X-axis: fold change. Dot size indicates the

number of DMR-related genes, and color corresponds to the Q-value range (redder = more
significant).

According to the results obtained from the KEGG analysis of DMR-related
genes, it is noticeable that the oxytocin signaling pathway was common between

groups and represents a connection between other pathways, like the calcium signaling
pathway. And plays a key role in controlling plasticity in dopaminergic, cholinergic,

and GABAergic synapses. All cohorts' gene results were filtered from A4.

Table (2) KEGG Enrichment Analysis of DMR-Related Genes in all cohorts (oxytocin signaling
pathway)

Oxytocin signaling pathway
AT1(All ASD samples vs control)
Term Category Observed Expected Fold Change rawP adjP
hsa04921 158 40  11.74934 3.404447 9.73E-10 2.12E-08
A2 (Male ASD samples vs. male control)
Term Category Observed Expected Fold Change rawP adjP
hsa04921 158 46 14.563184 3.15865 7.45E-10 1.53E-08
A3 (female ASD samples vs. female control)
Term Category  Observed Expected Fold Change rawP adjP
hsa04921 158 41 11.641112  3.522 2.53E-10 1.59E-08

Al: RYR2; PLCB2; MYL9; KCNJ12; ELK1; CALML3; CACNA2D3; MYLK4; CAMK2G;
A2: RYR2; KCNJ12; ELK1; CALML3; CACNA2D3; MYLK4; CAMK2G; KCNIJ3
A3: KCNJ12; CACNA2D3; RYR2; MYLK4; ELK1; PLA2G4C; CACNG7; MYL9
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Al, A2, A3: RYR2—KCNJ12—ELK1—CACNA2D3—MYLK4

Unique Genes (Appearing in Only One List):

Al only: PLCB2

A2 only: KCNJ3

A3 only: PLA2G4C—CACNG7

CACNAZ2D3 Calcium channel, voltage-dependent, alpha 2/delta subunit 3

was shared between all cohorts and has a high confidence SFARI Gene Score. This gene
was found to be highly enriched for variants likely to impact ASD risk with a false
discovery rate (FDR) of less than 0.1 in ASD whole-exome sequencing research and
subsequent TADA (transmission and de novo association) analysis [31]. This gene
produces a protein in the voltage-dependent calcium channel complex that belongs to the
alpha-2/delta subunit family. The calcium current density and activation/inactivation
kinetics of voltage-dependent calcium channels are controlled by the alpha-2/delta subunit.
It functions as a regulatory subunit for the L-type (CACNAI1C or CACNA1D), N-type
(CACNAI1B), and P/Q-type calcium channels (CACNAI1A), but not the T-type
(CACNAI1G) [32]. The paralogs of these genes were PLCB1 (PLCB2) and CACNG2
(CACNG7).

Table (3) KEGG Enrichment Analysis of DMR-Related Genes in all cohorts (calcium
signaling pathway)

Calcium signaling pathway
A1l Term Category Observed Expected Fold Change  rawP adjP
hsa04020 180 47 13.385321 3.511309 1.49E-11 5.27E-10

A2 Term Category  Observed Expected Fold Change  rawP adjP
hsa04020 180 56 16.590969  3.37533 1.36E-12 6.53E-11
A3 Term Category  Observed Expected Fold Change  rawP adjP

hsa04020 180 42 13.262026 3.166937  2.36E-09 8.34E-08

All cohorts' gene results were filtered from A4.

Al: ADORA2A; ADRB1; CALML3; CAMK2G; GNA15; HTRS5A; ITPKB; MYLK4;
ORAI3; PDGFRB; PLCB2; RYR2

A2: ADORA2A; ADRAIA; ADRAIB; ADRBI1; CALML3; CAMK2G; CHRNATY;
GNAI1S5; HTRSA; ITPKB; MYLK4; ORAI2; ORAI3; PDGFRB; RYR2

A3: ADRBI; CHRNA7; GNA15; HRH2; MYLK4; ORAI2; RYR2; VDACI1
Al, A2, and A3: ADRBI, GNA1S5, MYLK4, RYR2.

Unique to A3: HRH2, VDACI.

Unique to A2: ADRA1A, ADRAIB

Unique to A1: PLCB2
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The ADORA2A adenosine A2a receptor was shared between Al and A2. A strong candidate in
the SFARI GENE score is 2. In a Caucasian population, a genetic correlation between autism and
the ADORAZ2A gene was discovered. The encoded protein is an adenosine receptor subtype [32].

CHRNA7, cholinergic receptor, nicotinic, alpha 7

is shared by A2 and A3, is classified as a strong candidate in the SFARI GENE score of 2.
Developmental delay and intellectual disability have been linked to an extremely rare deletion in
the CHRNA?7 gene [34]. Furthermore, two patients with autism and intellectual disability have an
uncommon CHRNA?7 duplication [35]. Nicotinic acetylcholine receptors (nAChRs), a superfamily
of ligand-gated ion channels, facilitate quick signal transmission at synapses. It is believed that the
nAChRs are heteropentamers made up of homologous subunits. This gene codes for a protein that
forms a homo-oligomeric channel, has significant permeability to calcium ions, and is a key part
of brain nicotinic receptors that are highly sensitive to and inhibited by alpha-bungarotoxin. After
this receptor binds acetylcholine, all of its subunits experience a significant conformational shift
that opens an ion-conducting channel across the plasma membrane [32]. The paralogs of these
genes were ADRB2 (ADRBI1) and PLCBI1
(PLCB2).

3.4 GO Enrichment Analysis of DMR-Anchored Promoter Genes

Functional enrichment analysis was conducted for genes that overlapped with
promoter regions (1.5K upstream to 0.5K downstream of TSS) based on DMR genomic
distribution. Then, the common entries across all groups, significant or not, should be
selected to understand the differences in genes between groups by filtering all genes that
appear in A4. In addition, entries that show specific significance in the female or male
group were selected. Entries related to the spectrum have priority. The distribution of gene
counts across enriched GO terms in BP, CC, and MF is visually represented by bar charts
showing GO enrichment for DMR-related genes. Plots display GO-related gene
classifications in horizontal bar charts, selecting entries with adjP < 0.05, observed > 2,
and fold change > 2. The enriched GO terms are presented in the bar charts
below.
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Figure 5: (A) Bar Chart of Enriched GO Terms. Note: Horizontal bar chart of GO-related gene classifications: Y-axis =
enriched GO term; X-axis = -log10(adjP). Longer bars indicate more significant statistical differences. Numbers on the
right of the bars denote the number of enriched genes and the enrichment fold. (B) Scatter Plot of GO Enrichment.
Note: Y-axis: pathway name; X-axis: fold change. Dot size indicates the number of DMR-related genes, and color
corresponds to Q-value range (redder = more significant).

The GO terms were below in the table.

Table (4) GO enrichment results for DMR-anchored promoter region genes for all cohorts.

Term Name Gene List
Biological process: pi RNA adjP rawP Fold Change Expected Observed Category Term
metabolic process GO:0034587 0.002029344 E-064.27 12.697814 0.551276 7 28 GO0:0034587
Al: TDRD12;PIWIL2;DDX4;TDRD9;ASZ1;MOV10L1;FKBP6
adjP rawP Fold Change Expected Observed Category
0.003495105 E-064.12 10.401349 0.769131 8 28
Oy ENCES@) A2: MOV10L1;DDX4:FKBP6;TDRD12;TDRD9;ASZ 1;PIWIL2;PIWIL1
> adjP rawP Fold Change Expected Observed Category
0.028210517 0.000110705 9.180432 0.653564 6 28
A3: PIWIL1;MOV10L1;TDRD9;FKBP6;PIWIL2;TDRD12
adjP rawP Fold Change Expected Observed
0.038541329 0.00019874 8.216015 0.730281 6
A4:
TDRD9;TDRD12;FKBP6;MOV10L1;PIWIL1;PIWIL2
Biological process: gene silencing adjP rawP Fold Change Expected Observed Category Term
by RNA GO:0031047 0.044628659 0.000258 10.158245 0.492211 5 25 G0:0031047
A1:FKBP6;TDRD12;PIWIL2;ASZ1;TDRD9
Gene Differences (1) adjP rawP Fold Change Expected Observed Category
;ASZ1 0.043242056 0.000152739 8.737135 0.686724 6 25
A2: PIWIL1;PIWIL2;ASZ1;TDRD12;TDRD9;FKBP6
adjP rawP Fold Change Expected Observed Category
0.028210517 E-056.43 10.282071  0.58354 6 25
A3: PIWIL1;TDRD12;TDRD9;FKBP6;ERI1;PTWIL2
adjP rawP Fold Change Expected Observed
0.037381524 0.000116168 9.201946 0.652036 6
A4:
PIWIL1;PIWIL2;TDRD9;ERI1;TDRD12;FKBP6
Cellular component: adjP rawP Fold Change Expected Observed Category TerM
0.07557 0.000529  12.6978 0.315015 4 16 GO0:0000795
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synaptonemal complex

Al: MSHS;FKBP6;MSH4;SYCE1

GO:0000795 adjP rawP Fold Change Expected Observed Category
0.049867867 0.000195714 11.376487 0.439503 5 16
GENE DIFFERENCES(1) A2: MSH4;SYCE1;MSHS5;FKBP6;SYCP2
MSHS adjP rawP Fold Change Expected Observed Category
0.02821051 E-059.34 13.388135 0.373465 5 16
A3: FKBP6;SYCEL;SYCP2;MSH5;MSH4
adjP rawP Fold Change Expected Observed
0.038221895 0.000154859 11.981702  0.417303 5
A4: MSH4;SYCP2;HORMAD2;SYCE1;FKBP6
Biological process: chiasma adjP rawP Fold Change Expected Observed Category Term
assembly GO:0051026 0.099307998 0.000784 21.767681 0.137819 3 7 G0:0051026
Al: MSH5;RNF212;MSH4
GENE DIFFERENCES(2)
MSHS5;RNF212 adjP rawP Fold Change Expected Observed Category
0.427877108 0.022743955 10.401336  0.192283 2 7
A2: MSH5;MSH4
adjP rawP Fold Change Expected Observed Category
0.332448992 0.016868226 12.240576 0.163391 2 7
A3: MSH5;MSH4
adjP rawP Fold Change Expected Observed
0.416187259 0.186249547 5.477351  0.18257 1
A4:MSH4
Biological process: adjP rawP Fold Change Expected Observed Category Term
mismatch repair GO:0006298 0.318865114 0.005034 6.348904  0.63003 4 32 GO0:0006298
Al: MSHS;LIG1;MSH5-SAPCD1;TDG
GENE DIFFERENCES(4)
MSHS5-SAPCD1;MSH5;MSH3;
TDG
adjP rawP Fold Change Expected Observed Category
0.325393706 0.002937227 5.688237 0.879007 5 32
A2: MSHS5-SAPCDI1;MSHS;TP73;LIG1;TDG
adjP rawP Fold Change Expected Observed Category
0.332448992 0.045314217 4.016435 0.746931 3 32
A3: MSHS-SAPCD1;MSH5;MSH3
adjP rawP Fold Change Expected Observed
0.442210252 0.214019989 2.396337 0.834607 2
A4: LIGIL;TP73
Biological process: detection of adjP rawP Fold Change Expected Observed Category Term
chemical stimulus involved in 0.339245425 0.006180835 0.120932  8.26914 1 420 GO:0050911
sensory perception of smell
GO0:0050911 A1:ORIMI
adjP rawP Fold Change Expected Observed
GENE DIFFERENCES(3) 0.427877108 0.022059568 0.346712 11.536962 4
OR10H2;0R2BI11; OR2L13 A2: OR10ACI;0R1IM1;0R10H2;0R2B11
adjP rawP Fold Change Expected Observed
0.142567178 0.001411201 0.102005 9.803467 1
A3: OR2L13
adjP rawP Fold Change Expected Observed
0.236272779 0.002697774 0.182578 10.954213 2

A4: OR10AC1;0R1IM1

Molecular function: nucleosome
binding GO:0031491

GENE DIFFERENCES(1)
L3MBTLI

adjP rawP Fold Change Expected Observed
0.399096 0.0291468 8.465214 0.236261 2 12
Al: LAMBTL1;NOC2L

Category Term
GO0:0031491

adjP rawP Fold Change Expected Observed
0.226993776 0.00441225 10.710499 0.280099 3

A3:;L3MBTLI;NOC2L;SMARCA1
adjP rawP Fold Change Expected Observed
0.380612499 0.048087929 6.390226 0.312978 2

A4: SMARCAI;NOC2L

Biological process: dopaminergic adjP rawP Fold Change Expected Observed Category Term
neuron differentiation 0.399096 0.041931 6.772177 0.295326 2 15 GO:0071542

GO:0071542

GENE DIFFERENCES(1)
LMXIA

Al: LMX1A;DMRTA2

adjP rawP Fold Change Expected Observed Category
0.561186995 0.35195322 2.426984 0.412034 1 15
A2: DMRTA2
adjP rawP Fold Change Expected Observed Category
0.332448992 0.056502 5.712262 0.350124 2 15
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A3: DMRTA2;LMXIA

adjP rawP Fold Change Expected Observed
0.514648319 0.337791273 2.556093 0.391222 1
A4: DMRTA2
Molecular function: chromatin adjP rawP Expected Fold Change Observed Category Term
binding GO:0003682
E-126.07 E-143.38 2.86118 27.96044 80 376 GO0:0003682

GENE DIFFERENCES(16)
MECP2; TOX; L3MBTLI;
TCF7; HOXDI13; STAG2;
NKAP; ELK1; HCFCI;
ATRX;SKI; NKX6-1; ANKRD2;
KAT2A; ATR;CEBPB;

A1:AIRE;MBD1;RBPJL;NOC2L;TOX;BHMG1;CEBPB;L3MBTL1;MEIOB;TCF7,CTBP2;POLE;

adjP rawP Fold Change Expected Observed Category
0.427877108 0.007262474 1.936422 10.328328 20 376
A2: CEBPB;HMGAI1;AIRE;MTA3;GATA6;NKX6-
1;ARX;TCF7;NSD1;MEIOB;TP73;BHMG;HHEX;MBD1;TOX;CTBP2;KAT2A;POLE;ANKRD2;NKX2-
;5

adjP rawP Fold Change Expected Observed Category
0.135825101 0.001094738 2.278829 8.776437 20 376
A3:
NSD1;HOXD13;MECP2;RBPJL;POLE;STAG2;NKAP;BHMG1;ELK1;POLA1
;NOC2L;L3MBTL1;MBD1;MEIOB;MTA3;CTBP2;HCFC1;UXT;ATRX;SKI;
adjP rawP Fold Change Expected Observed
0.205459042 0.001967564 2.141409 9.806628 21

A4:
MBDI1; NONO; ARX; TWIST2; TP73; NKX2-5; GATA6; AIRE; BHMGI1; POLE; CTBP2; HMGAI;
MTA3; HHEX; RBMX; NSD1; MEIOB; NOC2L; RBPJL; UXT, POLA1;

Cellular component: actin
cytoskeleton GO:0015629

GENE DIFFERENCES(3)
DMTN;NPFFR2;SEPT9;

adjP rawP
0.615349  0.441655
Al: LSP1;DMTN;NPFFR2;SEPT9;KLHL17

Fold Change Expected Observed Category Term
1.309053 3.819555 5 194G0:0015629

adjP rawP Fold Change Expected Observed Category
0.933354349 0.823461765 0.750613 5.328978 4 194
A2: SEPT9;ACTL7B;DMTN;CORO6

A3:LSP1;DMTN;NPFFR2;SEPT9;KLHL17;
adjP rawP Fold Change Expected Observed
0.767738177 0.648406497 1.185817 5.059803 6

A4: COROG6;LSP1;FLNA;ACTL7B;KLHL17;ARHGAP6

The accumulated genes from the table are MSHS (Frequency = 3); ASZ1 (Frequency =
2); L3MBTLI1 (Frequency = 2); DDX4; RNF212; MSH5-SAPCDI1; MSH3; TDG;
OR10H2; OR2B11; OR2L13; LMX1A; MECP2; TOX; TCF7; HOXD13; STAG2; NKAP;
ELK1; HCFCI1; ATRX; SKI; NKX6-1; KAT2A; ANKRD2; CEBPB; DMTN; NPFFR2;

and SEPTO.

ATRX alpha thalassemia/mental retardation syndrome X-linked. Has high confidence in the
SFARI GENE score 1. This gene encodes a protein that is a member of the SWI/SNF family of
chromatin remodeling proteins because it has an ATPase/helicase domain. Alpha-thalassemia
(ATRX) syndrome frequently coexists with X-linked mental retardation (XLMR) syndrome, which

is linked to mutations in this gene. It has been demonstrated that these mutations result in a variety

of alterations to the DNA methylation pattern, which may establish a connection between
chromatin remodeling, DNA methylation, and gene expression throughout developmental
processes. There have been several reports of alternatively spliced transcript variants that encode
different isoforms [32]. HCFC1, host cell factor C1, has a syndromic SFARI GENE score of S.
involved in cell cycle regulation [32].

MECP2 Methyl CpG binding protein 2. Has high confidence and is syndromic in the SFARI
GENE score 1S. Rett syndrome is an autistic spectrum illness caused by mutations in the MECP2
gene. While some research has linked autism to uncommon changes in the MECP2 gene, other
investigations have found no alterations in individuals with autism. EGR2 and MECP2 seem to be
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able to control each other's expression [36]. The encoded protein exhibits transcriptional repressor
activity that is reliant on methylation. Additionally, it has a role in controlling RNA splicing [32].
SKI proto-oncogene. Has a high confidence in the SFARI GENE Score 1. The avian sarcoma viral
(v-ski) oncogene's nuclear proto-oncogene protein homolog is encoded by this gene. It suppresses
TGF-beta signaling and may be involved in muscle differentiation and neural tube formation [37,
32].

NPFFR2 neuropeptide FF receptor 2. Considered as suggestive evidence in the SFARI
GENE score3. A member of the G-protein-coupled neuropeptide receptor subfamily is encoded
by this gene. The neuropeptides A-18-amide (NPAF) and F-8-amide (NPFF) activate this protein,
which may be involved in opioid system regulation and pain modulation [32]. The paralogs of
these genes KAT2B (KAT2A), STAG1 (STAG2), TCFL7L2 (TCFL7), LMXI1B (LMX1A), and
NKX2-2 (NKX6-1) were appeared.

Female-specific GO entries were selected according to p-value and unique appearance in the
female cohort.

Table (5) GO Enrichment Results for DMR-Anchored Promoter Region Genes for Female
Cohort A3.

Term Category | Observed | Expected Fold Change rawP adjP Term Name Gene List
Molecular function: dopamine
G0:0035240 9 3 0.210074 14.28068 | 0.002246 | 0.180645 | binding DRD4; GPR143; DRDS
Molecular function: histone
G0O:0046811 2 2 0.046683 42.84215 | 0.003034 | 0.214853 | deacetylase inhibitor activity UCN; SKI
Biological process: dopamine
G0O:0042417 11 3 0.256757 11.6842 | 0.003591 | 0.223188 | metabolic process DRD4; ATP7A;HPRTI
ARHGEF3;FGF6;ABR;IRA
K1
:ELK1;ARHGEF18;NRG1;
FGDI;RPS6KA3;FOX04;
NTRK2;FGF16;NDN;BCL2
Biological process: neurotrophin L11
G0:0048011 272 15 6.348912 2.36261 | 0.004139 | 0.226994 | TRK receptor signaling pathway ;AP2A2
Biological process: brain-derived
neurotrophic factor receptor
G0O:0031547 3 2 0.070025 28.56123 0.00498 | 0.226994 | signaling pathway NTRK2; SLCIA6
Biological process: positive
regulation of dopamine metabolic
G0O:0045964 3 2 0.070025 28.56123 0.00498 | 0.226994 | process HPRTI1; MAOB
Biological process: histone H4-K16
G0O:0043984 13 3 0.303441 9.886601 | 0.005339 | 0.237498 | acetylation HCFCI1; MSL3; OGT
Biological process: histone H4-K5
G0O:0043981 15 3 0.350124 8.568393 | 0.007519 0.2572 | acetylation JADE3; OGT; HCFC1
Biological process: histone H4-K8
G0:0043982 15 3 0.350124 8.568393 | 0.007519 0.2572 | acetylation JADE3; HCFCI1; OGT

Female gene cohort A3: (2) DRD4; GPR143; DRDS5; SKI; UCN; ATP7A; HPRTI;
ARHGEF3; FGF6; ABR; ELK1; ARHGEF18; NRG1; RPS6KA3; FOX04; FGF16; AP2A2;
SLC9A6; MAOB; MSL3; OGT; JADE3; HCFCI.

RPS6KA3 Ribosomal protein S6 kinase, 90 kDa, polypeptide 3, has a strong candidate,
syndromic in the SFARI GENE score 2S. A member of the RSK (ribosomal S6 kinase) family of
serine/threonine kinases is encoded by this gene. Members of the mitogen-activated kinase
(MAPK) signaling pathway are among the substrates phosphorylated by this kinase, which has
two distinct kinase catalytic domains. This protein's function has been linked to regulating cell
division and proliferation. X-linked 19 (MRX19) [MIM:300844], a non-syndromic form of mild-
to-moderate mental retardation, and Coffin-Lowry syndrome (CLS) [MIM:303600], an X-linked
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mental retardation linked to facial and digital dysmorphisms, progressive skeletal malformations,
growth retardation, hearing impairment, and paroxysmal movement disorders [32].

The paralog of these genes also appears in female cohorts. DRD1,2,3 (DRD4,5), FGF14
(FGF6), ARHGEF2 (ARHGEF3).

Male specific GO entries were selected according to p-value and unique appearance in this
cohort.

Table (6) GO Enrichment Results for DMR-Anchored Promoter Region Genes for male cohort

A2,
Term Categor | Observe | Expecte | Fold rawP adjP Term Name Gene List
y d d Change
GO:002152 | 3 2 0.08 243 0.00678479 | 0 Biological process: TBX20; ISL2
4 visceral motor neuron
differentiation
GO:000445 | 5 2 0.14 14.6 0.01374778 | 0 Molecular function: LDHALG6B;
9 L-lactate LDHAL6A
dehydrogenase
activity
GO:004831 | 5 2 0.14 14.6 0.01374778 | O Biological process: BHLHA1S5; KAT2A;
2 intracellular
distribution of
mitochondria
GO:007259 | 32 4 0.88 4.55 0.01528708 | O Biological process: NDUFA13; GLS2;
3 reactive oxygen SFTPD; PDK4
species metabolic
process
GO:004429 | 12 2 0.33 6.07 0.05263846 | 0 Cellular component: AATK; FKBP4
5 axonal growth cone
GO:004884 | 9 2 0.24722 | 8.08992 | 0.03353898 | 0.42787710 | Biological process: SEMA3F; WNT3
3 1 8 2 8 negative regulation of
axon extension
involved in axon
guidance
GO:003051 | 12 2 0.32962 | 6.06746 0.42787710 | Biological process: NTNI1; AATK
7 7 4 0.052638 | 8 negative regulation of
axon extension

Male cohort genes A2: TBX20, ISL2, LDHAL6B, KAT2A, GLS2, SFTPD, PDK4,
(2) AATK, SEMA3F, WNT3, NTN1. Male cohorts contain only the paralog of these genes:
WNT1 (WNT3), TBX22 (TBX20), PDK2 (PDK4).

A1 cohort specific GO entries were selected according to p-value and unique appearance in this
cohort.

Table (7) GO Enrichment Results for DMR-Anchored Promoter Region Genes for Cohort Al.

Term Categor | Observe | Expecte | Fold rawP adjP Term Name Gene
y d d Change List
G0O:0003908 1 1 0.01968 50.79236 0.03827 0.39909 Molecular function: methylated- | MGMT
8 7 7 D.NA-[protein]-cysteine S-
methyltransferase activity

Al cohort gene was MGMT, O-6-Methylguanine-DNA Methyltransferase, which is a
protein coding gene. Enzymes known as protein arginine methyltransferases facilitate the
movement of methyl groups from S-adenosylmethionine (SAM) to the arginine residues on

histones and other proteins. Certain tumors emerge as a result of this methylation's dysregulation
[38, 103, 104, 105, 106].
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3.5 KEGG Enrichment Analysis of DMR-Anchored Promoter Genes

Based on DMR genomic distribution, functional enrichment analysis was performed for

genes overlapping with promoter regions (1.5K upstream to 0.5K downstream of TSS). KEGG
pathway significance enrichment identifies primary biochemical and signal transduction
pathways of DMR-related genes [82]. A bar chart of enriched KEGG pathways is shown below:
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Figure (6): (A) Bar Chart of Enriched KEGG Pathways for A1, A2, and A3. Horizontal bar chart of KEGG pathway
classifications: Y-axis = enriched KEGG pathway; X-axis = -logl0(adjP). Longer bars indicate more significant
statistical differences. Numbers on the right of bars denote the number of enriched genes and enrichment fold. (B) Scatter
Plot of Enriched KEGG Pathways. Note: Y-axis: pathway name; X-axis: fold change. Dot size indicates the number of
DMR-related and color corresponds to Q-value range (redder = more

significant).

genes,
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Methylation in the promoter region is crucial in determining whether the gene is expressed
or silenced. Because the KEGG pathways were highly divergent between the cohorts, the
selection criteria for the KEGGs were based on their importance in the development of autism in
individuals, as supported by prior studies, and on the biological and molecular functions of the
related genes. The pathways are presented below:

Table (8) KEGG Enrichment List of DMR-Anchored Promoter Region-Related Genes for all

cohorts.
Term name Term Cat | Obs rawP adjP List of genes
ego | erve
ry d
Al WNT signaling pathway hsa04310 | 139 6 | 0.063662 1 WNT10A;CTBP2;WIF1;PRKACG;
;APC;TCF7
A2 139 7 0.1173988 | 0.9046853 | TCF7;PRKACG;WNT10A;WNT10
Gene differences 76 ;B;CTBP2;WIF1;WNT3
APC;TCF7,WNT10B;PORC
N;WNT3
A3 3 1 1 ;PORCN;GPC4;CTBP2
A4 6 0.189689 0.887323 | CTBP2;GPC4;WIF1;FZD9;PRKA
CG;WNTI10A
Al | Hedgehog signaling pathway hsa04340 | 51 3 0.086767 1 ;HHIP;WNT10A;PRKACG
A2 | GENEDIFFERENCE 5 0.0169677 | 0.7703462 | WNT10B;PRKACG;HHIP;WNTS3;
WNT10B;HHIP;WNT3; 8 ;WNT10A
A3 - - - - - - -
A4 2 0.39162 0.904781 | WNT10A;PRKACG
Al Hippo signaling pathway hsa04390 | 153 4 0.549757 1 ;TCF7;RASSF1;APC;WNT10A
A2 152 5 0.6166231 1 TCF7;WNT10A;TP73;WNT10B;W
GENE DIFFERENCES 15 ;NT3
TCF7; WNT10B;WNT3;
CALML3;RALA;FARP2;PFN
3;LAT;CALMLS;PDGFA;AP
C
A3 1 0.2718956 | 0.8719808 | CALML3;RALA;FARP2;PFN3;LA
76 81 ; T,CALMLS5;PDGFA
A4 5 0.604752 0.987456 | FZD9;TP73;RASSF1;WNT10A;D
LG3
Al | Ras signaling pathway hsa04014 | 224 8 0.0942337 1 RASSF1;LAT;FGF16;GNG4;PDGF
34 ;A;CALML3;PRKACG;CALMLS
A2 | GENE DIFFERENCES 7 0.6804083 1 CALMLS;LAT;GNG4;RALA;CAL
GNG4;RALA;CALML3;FOX 37 ;ML3;PRKACG;PDGFA
0O4; ;ELK1; FGF6; PIK3CG
A3 7 0.3777607 | 0.9129670 | PIK3CG;FOX04;CALMLS;LAT;E
78 01 ;LK1;FGF16;FGF6
A4 8 0.904781 0.396696 | RASGRP1;FGF16;RASSF1;CALM
L5;PDGFA;LAT;PRKACG;PIK3RS
Al | Rapl signaling pathway hsa04015 | 209 8 0.0762066 1 CALMLS;PDGFA;CALML3;FGF1
9 ;6;PFN3;LAT;FARP2;LCP2
A2 | GENE DIFFERENCES 7 0.5254968 1 CALML3;RALA;FARP2;PFN3;LA
CALML3 ;FGF6; RALA; 79 ;T;CALMLS5;PDGFA
PIK3CG; LCP2
A3 6 0.6421325 1 PIK3CG;PFN3;CALMLS;LAT;FG
16 ;F16;FGF6
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A4 0.1311 0.81299 | FGF16;GNAS;PDGFA;CALMLS;L
AT;PFN1;FARP2;PFN3;PIK3RS
Al cGMP-PKG signaling hsa04022 | 166 0.5742897 1 MYL9;SLC25A31;CALMLS5;CAL
pathway 03 ;ML3
A2 | GENE DIFFERENCES 0.8095464 1 CALMLS5;CACNAIF;SLC25A31;
PIK3CG;SLC25A5;MYL9;IR 58 :CALML3;ADRA2B
S4; ADRB3;CALML3
A3 0.1215040 | 0.8266748 | ATP2B3;ADRB3;CALMLS5;PIK3C
62 45 ;G;SLC25A5;MYL9;IRS4
A4 0.217544 0.887323 | ATP2B3;ADRAID;ADRA2B;SLC
25A31;CACNAIF;PIK3RpS;CAL
MLS5
Al | AMPK signaling pathway hsa04152 | 123 0.7361697 1 ;CPT1C
4
A2 | GENE DIFFERENCES 0.2686686 1 ;CPT1C
PIK3CG;IRS4; CPT1C 1
A3 2 1 ;PIK3CG;IRS4
A4 0.382136 0.904781 | PIK3R5
Al | cAMP signaling pathway hsa04024 | 199 0.2992136 1 DRD5;MYL9;HHIP;CALMLS5;PR
3 ; KACG;CALML3
A2 | GENE DIFFERENCE 0.8260350 1 HHIP;CALML3;CACNAI1F;CAL
25 :ML5;PRKACG;GRIA2
A3 | HHIP;CALMLS3; GRIAZ2; 0.8119453 1 PIK3CG;DRD5;MYL9;CALMLS;
DRD5;MYL9; PIK3CG 42 ;ATP2B3
A4 0.654152 0.987456 | CALMLS5;GNAS;ATP2B3;PIK3R5
;CACNAIF;PRKACG
Al | Neurotrophin signaling hsa04722 | 119 1 1 ;CALML3;CALMLS
pathway
A2 | GENE DIFFERENCE 1 1 ;CALML3;TP73;CALMLS
CALMLS3;PIK3CG;
;RPS6KA6;RPS6KA3
A3 0.0678048 | 0.8266748 | IRAK1;NTRK2;PIK3CG;CALMLS
13 45 ;;RPS6KA6;RPSO6KA3
A4 0.250219 0.887323 | NTRK2;TP73;IRAK1;CALMLS;PI
K3R5
Al | Estrogen signaling pathway hsa04915 | 100 0.1430498 1 CALMLS;PRKACG;FKBP4;CAL
68 ;ML3
A2 | GENE DIFFERENCES 0.0658024 | 0.9046853 | PRKACG;KCNJ3;FKBP4;HSPAG;
CALML3;PIK3CG; KCNJ3 58 76 ;CALMLS5;CALML3
A3 0.3047288 | 0.9081674 | FKBP4;HSPA6;CALMLS5;PIK3CG
75 89
A4 0.054212 0.710776 | FKBP4;GNAS;PRKACG;CALML
5;PIK3R5;HSPA6
Al | Dopaminergic synapse hsa04728 | 130 0.1934311 1 DRD5;GNG4;PRKACG;CALMLS;
43 ;CALML3
A2 | GENE DIFFERENCES 0.0329740 | 0.9046853 | GNG4;CALML3;PRKACG;KCNJ
DRD5;GNG4;CALMLS3; 6 76 3;DRD4;CALMLS5;GRIA2;CACN
KCNIJ3;DRD4;GRIA2;CACN ;AIB
A1B;ATP2B3;ADRB3;PIK3C
G;SLC25A5;MYL9;IRS4
A3 0.1355856 | 0.8266748 | ATP2B3;ADRB3;CALMLS;PIK3C
3 45 ;G;SLC25A5;MYL9;IRS4
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A4 0.586724 0.982034 | PRKACG;GNAS;MAOA;CALML
5
Al | GABAergic synapse hsa04727 | 89 0.6961065 1 ;PRKACG;GNG4
98
A2 | GENE DIFFERENCES 0.1082126 | 0.9046853 | GNG4;CACNAI1B;CACNAIF;PR
CACNAIB; GNG4; 12 76 ;KACG;GLS2
GABRQ;GABRE
A3 0.4699788 | 0.9688827 | ;GABRQ;CACNAI1B;GABRE
21 03
A4 0.508958 0.925708 | GLS2;PRKACG;CACNAIF
Al | Cholinergic synapse hsa04725 | 112 0.4896317 1 ;KCNJ12;GNG4;PRKACG
38
A2 | GENE DIFFERENCE 0.2467719 1 GNG4;CACNAI1F;PRKACG;KCN
KCNJ12;GNG4; KCNJ3; 79 ;J3;CACNAI1B
CACNAI1B;PIK3CG
A3 1 1 ;CACNAI1B;PIK3CG
A4 0.769075 0.998825 | PIK3R5;CACNAIF;PRKACG
Al Circadian entrainment hsa04713 | 96 0.1292441 1 GNG4;PRKACG;CALMLS5;CALM
72 ;L3
A2 GENE DIFFERENCES 0.0566875 | 0.9046853 | GNG4,CALML3;KCNIJ3;PRKAC
GNG4; ;CALML3;KCNJ3; 29 76 ;G;GRIA2;CALML5
GRIA2
A3 0.7291810 1 ;CALMLS5
67
A4 0.250219 0.887323 | PRKACG;CACNAI1G;GNAS;CAL
ML5
Al | Base excision repair hsa03410 | 33 0.0321284 1 ;TDG;LIG1;POLE
85
A2 | GENE DIFFERENCES 0.0711726 | 0.9046853 | ;LIG1;TDG;POLE
TDG 2 76
A3 0.5438129 1 ;POLE
01
Ad 0.223417 0.887323 | POLE;LIG1
Al Nucleotide excision repair hsa03420 | 47 0.2445362 1 ;LIG1;POLE
06
A2 | GENE DIFFERENCES 0.3784405 1 ;POLE;LIG1
A4: 3 genes while A1,A2,A3 04
have 2 genes
A3 0.3082016 | 0.9081674 | ;POLE;CETN2
36 89
A4 0.13435 0.81299 LIG1;POLE;CETN2
Al | Mismatch repair hsa03430 | 23 0.3739033 1 LIG1
6
A2 | Gene differences 0.4782900 1 LIG1
MSH3 61
A3 0.4253886 | 0.9683460 | MSH3
78 96
A4 0.461097 0.909726 | LIG1
Al | Glucagon signaling pathway hsa04922 | 100 0.0173735 1 CALML3;PRKACG;CALMLS;CP
28 ;T1C;LDHAL6B;LDHAL6GA
A2 | Gene difference 0.0658024 | 0.9046853 | LDHAL6B;PRKACG;CPTI1C;CAL
58 76 :ML5;LDHAL6A;CALML3
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CALML3;PDHATL;CPTIC;L
DHAL6B

A3 3 0.5110093 | 0.9822214 | ;PHKA2;PDHA1;CALMLS
97 44
A4 7 0.01992 0.672552 | PHKA2;PRKACG;PHKA1;GNAS;
LDHAL6A;PGAM2;CALMLS
Al | Alcoholism| hsa05034 | 179 7 0.0973641 H2AFBI1;H3F3C;CALML3;HIST1
15 :H3E;CALML5;GNG4;HIST1H4G
A2 | GENE DIFFERENCES 14 | 0.0007932 | 0.0900380 | H2AFB1;HISTIH2AA;HIST1H4G
;CALML3; HIST1HA4G; 87 98 ;HIST1H4LHIST1H2BK;HIST3H3
H2AFBI; HISTIH2AA; ;CALMLS;HISTIH2AH;HIST1H2
HIST1H2BA; MAOB; ;GNG4 BA;CALML3;H3F3C;HIST1H3E;
;GNG4;H2BFWT
A3 8 0.0799133 | 0.8266748 | H2BFWT;CALML5;ARAF;NTRK
96 45 2;HIST3H3;H3F3C;MAOA;MAO
;B
A4 16 4.81E-05 0.011363 | H2AFB3;HIST1H4I;NTRK2;H3F3
C;HIST1H2AH;H2BFM;HIST1H2
BK;HIST3H3;H2AFB2;HDAC6;G
NAS;ARAF;HISTIH3E;MAOA;C
ALMLS5;H2BFWT
Al Systemic lupus erythematosus | hsa05322 | 134 5 0.1993143 HIST1H3E;H3F3C;H2AFB1;C8G;
67 ;HIST1H4G
A2 | GENE DIFFERENCES 0.0001822 | 0.0413792 | H3F3C;HISTIH3E;HISTIH2BA;H
H2AFBI; HISTIH4G; 87 34 2BFWT;HLA-
HIST1H2BA; HLA-DPAL; DPA1;HISTIH4I;HIST1H2BK;HIS
HIST1H2AA; T3H3;HIST1H2AH;HIST1H2AA;
;HIST1H4G;H2AFB1;C8G
A3 4 0.5608785 1 ;H2ZBFWT;C8G;H3F3C;HIST3H3
44
A4 11 0.001309 0.154474 | HIST1H4L;H3F3C;HIST3H3;H2AF
B3;H2AFB2;HIST1H2AH;H2BFM
;HIST1H2BK;C8G;H2BFWT;HIST
1H3E
Al | Toll-like receptor signaling hsa04620 | 105 1 0.7266373 ;IRF7
pathway 02
A2 | GENE DIFFERENCES 2 1 1 ;IRF7;TOLLIP
TOLLIP; PIK3CG
A3 2 1 1 ;PIK3CG;IRAK
A4 3 0.756243 0.997058 | IRF7;PIK3RS5;IRAK1
Al | ABC transporters hsa02010 | 44 2 0.2230877 ;ABCAT;ABCC9
51
A2 | GENE DIFFERENCES 3 0.1309436 | 0.9046853 | ;ABCD1;ABCA3;ABCC9
ABCA3; ABCAI, 51 76
A3 2 0.2828191 | 0.8803244 | ;ABCDI;ABCALl
52 04
A4 0.327272 0.904781 | ABCD1;ABCC9
Al | Propanoate metabolism hsa00640 | 28 2 0.1139625 ;LDHALG6B;LDHALGA
85
A2 | GENE DIFFERENCES 2 0.1911435 1 ;LDHAL6A;LDHALG6B
LDHALG6B 8
A3 - - - - - -
A4 1 0.526206 0.933718 | LDHAL6A
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Al Tight junction hsa04530 | 153 0.7512907 ;CLDN4;CLDN10;MYL9
46
A2 | Gene differences 1 1 ;CLDN4;CLDN3;CLDN10
CLDNI10;MYL9;
CASK; ;SHROOM?2
A3 0.0453832 | 0.8266748 | CLDN23;CASK;CLDN4;SHROO
45 :M4;CLDN10;MYL9;SHROOM?2
A4 0.782977 0.998825 | SHROOM4;CLDN4;CLDN23;CL
DN3

Accumulated genes from the table after filtering A4 from all cohorts; the number before the
gene means its frequency of appearance:

(2)APC; (2)TCF7; (3)WNT10B; (1)PORCN; (3)WNT3; (2)HHIP; (11)CALMLS3; (10)PIK3CG;
(6)GNG4; (3)RALA; (1)FARP2; (1)LCP2; (2)SLC25A5; (4MYL9; (3)IRS4; (3)ADRB3;
(2)CPTIC; (3)GRIA2; (2)DRD5; (1)RPS6KA6; (1)RPS6KA3; (4)KCNJ3; (1)DRD4;
(2)CACNAIB; (1)ATP2B3; (1)GABRQ; (1)GABRE; (1)KCNJ12; (1)TDG; (1)MSH3;
()PDHAI; (1)LDHAL6B; (2)H2AFBI; (2)HISTIH2AA; (2)HISTIH2BA; (1)MAOB:;
(2)HISTIH4G; (1)HLA-DPA1; (1)TOLLIP; (1)ABCA3; (1)ABCA1; (1)CLDN10; (1)CASK;
(1)SHROOM?2; (1)PFN3; (1)LAT; (1)CALMLS; (1)PDGFA; (1)FOXO04; (2)FGF6; (2)IRSI;
()ELKI.

CASK is a calcium/calmodulin-dependent serine protein kinase and has high confidence in
the SFARI Gene Score 1. The encoded protein belongs to the membrane-associated guanylate
kinase (MAGUK) protein family. These proteins are scaffold proteins, and the brain's synapses
include the encoded protein. FG syndrome 4 (OMIM 300422) and mental retardation and
microcephaly with pontine and cerebellar hypoplasia (OMIM 300749) are linked to mutations in
this gene [32]. CACNAI1B calcium voltage-gated channel subunit alphal B, is a strong candidate
in the SFARI Gene Score 2. This gene encodes the pore-forming subunit of an N-type voltage-
dependent calcium channel, which regulates the release of neurotransmitters from neurons. The
high-voltage-activated channel is created when the encoded protein combines with beta, delta, and
alpha-2 subunits. This channel is insensitive to dihydropyridines but responsive to omega-
conotoxin-GVIA and omega-agatoxin-II1A [32].

MAOB (monoamine oxidase B) is a strong candidate in the SFARI Gene Score2. This gene
codes for a protein that is a member of the flavin monoamine oxidase family. It is an enzyme found
in the outer membrane of the mitochondria. It is involved in the metabolism of neuroactive and
vasoactive amines in the central nervous system and peripheral tissues, and it catalyzes the
oxidative deamination of biogenic and xenobiotic amines. Benzylamine and phenylethylamine are
preferentially broken down by this protein [32]. RALA (RAS like proto-oncogene) is considered
syndromic in the SFARI Gene score S. Gene expression, cell migration, cell proliferation,
neoplastic transformation, and membrane trafficking are among the biological processes in which
this multifunctional GTPase is engaged [32].

GRIA2 (glutamate ionotropic receptor AMPA type subunit 2) has a high confidence in the
SFARI Gene Score 1. This gene produces a glutamate receptor that serves as a ligand-gated ion
channel in the central nervous system and is crucial for excitatory synaptic transmission. In the
central nervous system, L-glutamate functions as an excitatory neurotransmitter at several
synapses. When the excitatory neurotransmitter L-glutamate is bound, a conformational shift
occurs that opens the cation channel, converting the chemical signal into an electrical impulse.
After that, the receptor quickly becomes desensitized and goes into a brief inactive state even in
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the presence of a bound agonist. The glutamate receptors that are responsive to alpha-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) include this gene product
[32].

PDHAI1 (pyruvate dehydrogenase E1 subunit alpha 1). It is Considered as suggestive evidence
in SFARI Gene Score 3. The nuclear-encoded mitochondrial multienzyme complex known as the
pyruvate dehydrogenase (PDH) complex serves as the main connection between glycolysis and
the tricarboxylic acid (TCA) cycle. It catalyzes the complete conversion of pyruvate to acetyl-CoA
and CO.. Pyruvate dehydrogenase (E1), dihydrolipoamide acetyltransferase (E2), and lipoamide
dehydrogenase (E3) are the three enzyme components that make up the PDH complex in multiple
copies. Two alpha and two beta subunits make up the heterotetramer that is the E1 enzyme. This
gene is essential for the PDH complex's operation and codes for the E1 alpha 1 subunit, which
contains the E1 active site. X-linked Leigh syndrome and pyruvate dehydrogenase El-alpha
impairment are connected to mutations in this gene [32].

PIK3CG (phosphoinositide-3-kinase, catalytic, gamma polypeptide), which is classified as
a Strong Candidate in the SFARI Gene Score 2. The protein that is encoded exhibits
phosphatidylinositol 3-kinase activity [32]. Additionally, this list includes the second appearance
of RPS6KA3.

Furthermore, paralogs of these genes were identified, ATP2B2 (ATP2B3), ADRB2 (ADRB3),
FGF13, FGF14 (FGF6, FGF1), KCNJ10, KCNJ15 (KCNJ3, KCNJ12), PRKCA, PRKCB
(PRKCG), HLA-DPB1 (HLA-DPA1), WNT1 (WNT3), SLC25A12, SLC25A39, SLC25A27
(SLC25A5).

According to all results we obtained, there are about six high-confidence genes, eight strong
candidates, five suggestive evidence and four syndromic. These genes were recorded in the SFARI
Genes database. Also, we notice a high frequency for CALML3 in ASD cohorts compared to
CALMLS in neurotypicals. This makes it the candidate gene of the recent study, followed by
WNT10B as appearing in ASD towards WNT10A in neurotypicals. Also, GNG4, MYL9 and
WNT3 frequently appeared in this
study.

3.6 The overlap between the SFARI GENE database and the study genes within all cohorts

Cohort A1 comprises 1,121 promoter genes, of which 20 are SFARI-matched, and 4,234 GO
genes, of which 273 are SFARI-matched. Cohort A2 comprises 1,564 promoter genes with 24
SFARI-matched genes, and 5,247 GO genes with 323 SFARI-matched genes. Cohort 3 comprises
1,329 promoter genes with 57 SFARI-matched genes and 4,195 GO genes with 297 SFARI-
matched genes. Cohort A3 exhibits the highest Promoter-SFARI overlap at the absolute count
level, although SFARI overlap is consistently larger in the GO lists than in the Promoter subsets
across all cohorts.

Using Fisher's exact test (two-sided) under a consistent background gene universe, determine if
the observed SFARI overlap is larger or smaller than would be predicted by chance. The universe
is the union of GO genes across the three cohorts (Universe n = 6,441), It has 403 SFARI genes
that can be tested for enrichment. In cohort A1, the Promoter list exhibits considerable depletion
(OR =0.234, p = 1.745e-14), whereas the GO list is not significantly enriched (OR = 1.101, p =
0.4162). In cohort A2, the Promoter list exhibits considerable depletion (OR = 0.185, p = 1.231e-
23), whereas the GO list is not significantly enriched (OR = 0.913, p = 0.467). Group 3 exhibits
statistically significant depletion (OR =0.617, p =0.0007257) in the Promoter list and statistically
significant enrichment (OR = 1.538, p = 0.0001543) in the GO list. Overall, the GO list in Group
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3 exhibits the strongest SFARI enrichment signal, although promoter lists for SFARI genes with
the same background definition are underrepresented in all cohorts.

The remaining genes from all cohorts were filtered from the A4 gene cohorts. The identified
genes between cohorts were ADAMS, ASIC2, ASIC4, ANOI1, ANKI1, APBB1IP, BHLHE40,
ASCL4, ATP13A2, AFAP1L2, ANAPC2, GRM3 , GRM4 , GRM6, GABRB1 , GABRAS,
CHRNA4, CHRNB2, KCNQ1 , KCNQS5, ASIC1 ,ASIC2, CDH4 , CDH18, JAK2 , JAK3, GSTPI,
AK3, ANK1with unclassified genes like Chromosome Open reading Frame C19orf44, Clorf159,
C9orf3 and Cl60rf74 and Long Intergenic Non-Protein Coding RNA LINC00299 , LINC01056
and FAM genes FAM19AS , FAM171Al.

4 Discussion

The study is based on the ectodermal memory as a developmental mirror, depending
on the fact that during fetal development, the promoters were activated to synthesize the
epithelial tissue in the oral cavity and the nervous tissue. The aim is to identify the
methylated genes in all ASD cohorts and define them as biomarkers.

These genes, CACNA2D3, ATRX, MECP2, SKI, CASK, GRIA2 overlap with DMRs and have
a high confidence score in SFARI.

The study revealed an aberrant methylation in the MECP2 promoter within the female cohort,
while another study concluded that male brain samples from autistic individuals have higher
levels of MECP2 promoter methylation, suggesting a possible abnormal spreading of
methylation into the MECP2 promoter [39, 87, 88, 89, 91]. Other studies suggested that MECP2
expressed in the fetal brain and in the blood of ASD was found to be female-specific [111, 115].

CACNAZ2D3 was screened in DMRs of the current study, consistent with the findings of
previous research that indicates an interesting possibility in the investigation of autism spectrum
disorder (ASD) is the CACNA2D3 gene, which codes for a regulatory subunit of voltage-gated
calcium channels. Although Numerous studies have concentrated on its genetic alterations, data
also suggest that the disorder may be influenced by its epigenetic regulation, particularly through
DNA methylation [40]. A prior study concluded that site-specific DNA methylation was
substantially enriched in genes associated with ASD risk. CACNA2D3 is a member of a larger
group of calcium signaling genes whose methylation levels may affect neurodevelopmental
outcomes [41].

GRIA2 is also among high confidence genes in the study with a differential methylation
pattern in consistency with prior study which demonstrated that GRIA?2 is a crucial component of
the "Excitatory/Inhibitory (E/I) imbalance" paradigm of ASD. A reduced expression of GRIA2
(typically through epigenetic silencing) leads to the development of calcium-permeable AMPA
receptors, which might result in neuronal hyperexcitability [42].

The genes ADORA2A, CHRNA7, RPS6KA3, CACNA1B, MAOB, PIK3CG, LHX2,
PITX1 were strong candidates in SFARI score overlaps with the DMRs in the current study.

Heterozygous variations in CACNAI1B have been linked to ASD and other
neurodevelopmental problems. Children with autism and developmental delays have been found
to have genomic duplications affecting the CACNA1B gene on the 9934 region. Dysfunction of
CACNALI1B, a voltage-gated calcium channel that aids in controlling neurotransmitter release, can
result in abnormal synaptic connections and neuronal transmission, according to previous studies
[32, 52, 53]. PIK3CG (Phosphoinositide-3-Kinase Catalytic Subunit Gamma) is a component of
the PI3K signaling pathway that is involved in synapse formation, plasticity, and
neurodevelopmental disorders. It is genetically linked to autism spectrum disorder (ASD). The
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genetic vulnerability and heterogeneity of ASD have been linked to variations in PIK3CG, which
have been identified as possible risk factors, according to prior studies [32, 54,
55].

MAORB is associated with autism spectrum disorder (ASD) due to genetic variations that
impact dopamine metabolism and serotonin levels, especially affecting the behavioral severity in
males. The MAOB gene, which is located on the X chromosome (Xp11.3), is thought to be a
candidate for ASD susceptibility because of its function in controlling neurotransmitters. Certain
polymorphisms (such as rs10521432 and rs1799836) are linked to an elevated risk of ASD and
behavioral characteristics, according to prior studies [56,57,58].

The genes NPFFR2, PDHA1, POLR2A, KDM2A, TCEALI1 were suggestive evidence
in the SFARI gene score overlaps with the DMRs in the current study.

Studies showed that Functional screens of de novo mutations have shown NPFFR2 as a
putative, rare Loss-of-Function (LoF) gene variant linked to autism spectrum disorder (ASD).
Along with other possible genes, the gene is a component of a system that controls neuropeptides
in the central nervous system. Mutations in this gene may contribute to the neurodevelopmental
and behavioral abnormalities associated with ASD [38, 60, 61].

A germline missense variant in the KDM2A gene was found in brain tissue from an ASD
brain donor from the Harvard Brain Tissue Resource Center [32, 67]. De novo variants in the
KDM2A gene have been found in ASD probands, including a de novo missense variant (p.
Arg449Lys) in a proband from the Simons Simplex Collection [32, 62, 63, 64, 65]. Functional
evaluation linked the p. Argd449Lys variant to ASD. Another study evaluated humanized flies
carrying the Arg449Lys missense variant in Drosophila using a rescue-based approach. In a
behavioral scenario, the Arg449Lys mutation demonstrated shorter copulation times than the
humanized reference [32,60]. Recent studies concluded that autism spectrum disorder (ASD) is
associated with mutations in and dysregulation of PDHA1 (pyruvate dehydrogenase E1 subunit
alpha 1 subunit) due to altered energy metabolism and mitochondrial malfunction. PDHA1
variants, including splicing and frameshift mutations, have been found in ASD cases. Some
children with autism exhibit reduced PDH activity, elevated plasma pyruvate, and mitochondrial
inhibition [32, 68, 69].

Also, the study reveals the presence of ASD related syndromic genes ZBTB18, HUWE]1,
HCFC1, and RALA.

Prior studies demonstrated that ZBTB18, a transcription repressor essential for brain
development, is found on chromosome 1q43-q44. ZBTBI18-related disorder, a rare
neurodevelopmental illness that frequently manifests as intellectual disability, speech delay,
abnormalities of the corpus callosum, epilepsy, and occasionally autism spectrum disorder (ASD),
is caused by de novo mutations [70, 71, 72].

According to a study done on a cohort of ten cases with de novo protein-altering variants in
the RALA gene presented with a neurodevelopmental disorder marked by developmental
delay/intellectual disability, delayed or absent speech, hypotonia, incapacity to walk, facial
dysmorphism, short stature, decreased body weight, and abnormal brain MRI; 3/3 individuals in
this cohort for whom information was available also presented with ASD [73, 32]. Later, a study
done on a Japanese patient with autism spectrum disorder who presented with a Noonan syndrome-
like phenotype also had the identical de novo missense mutation (c.73G>A; p.Val25Met) that was
found in all three ASD instances in the first study
[74,73].
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Mental retardation and macrocephaly syndrome, commonly known as mental retardation
syndromic X-linked Turner type (MRXST) [MIM:300706], is caused by defects in HUWEI.
Macrocephaly and varied contractures are two characteristics linked to MRXST's clinical
variability. Mental retardation X-linked type 17 (MRX17) [MIM:300705], also known as mental
retardation X-linked type 31 (MRX31), is caused by a chromosomal microduplication involving
HUWE]1 and HSD17B10 [32]. According to another study, a male ASD proband had a de novo
missense mutation in HUWEI, although the proband's brother, who was less seriously afflicted,
did not have it [75].

In the MRX3 pedigree, a variant in the 5'-UTR of the HCFC1 gene was found to fully
segregate with intellectual impairment. This variation, which was located in the transcription factor
YY1's binding site , prevented YY1 binding and increased HCFC1 expression. Follow-up exome
sequencing of probands from unresolved families with intellectual impairment revealed two more
distinct HCFC1 mutations, one of which was demonstrated to segregate with ID according to a
prior study [76, 86].

The current study showed the presence of the paralog of genes were recorded in

SFARI database theses were KAT2B (KAT2A), STAGI(STAG2),2TCFL7L2(TCFL7),
LMX1B(LMX1A), NKX2-2(NKX6-1), POLR2A(POLR2E), HOXB1(HOXA1), KLF7(KLF8),
EBF3(EBF2), LZTS2(LZTS1), NR2FI(NR2F6), 2 PLCBI1(PLCB2), CACNG2(CACNG7),
ADRB2(ADRB1), DRDI1,2,3 (DRD4,5), FGF14 (FGF6), ARHGEF2 (ARHGEF3),
2WNTI(WNT3), TBX22(TBX20), PDK2(PDK4), ATP2B2(ATP2B3), ADRB2(ADRB3),
FGF13,14(FGF6,1), KCNJ10,15(KCNJ3,12), PRKCA, B(PRKCG), HLA-DPBI(HLA-DPA1),
SLC25A12,39,27(SLC25A5).

Because of its involvement in the WNT/B-catenin signaling pathway, which controls
neurodevelopment, brain growth, and synaptic plasticity, the WNT3 gene is linked to autism
spectrum disorder (ASD). Individuals with ASD have been found to have rare variations in WNT3,
and the pathophysiology of the illness is linked to its overactivation (elevated expression) in the
prefrontal cortex [45, 46, 47].

The current study concluded that these genes, CALML3, GNG4, MYL9, WNT10B,
MSHS5, ELK1 as biomarkers in DNA methylation in ASD, as they have not previously been
recorded in SFARI before.

CALML3 (Calmodulin Like 3) is a Protein- Coding gene. Because of its capacity to bind
calcium ions and control downstream signaling, CALML3 is recognized as a participant in the
Alzheimer's disease pathway [38, 79, 80]. Involvement in calcineurin-mediated signaling and
localization in the distal axon, two crucial regions impacted by synaptic loss in Alzheimer's, are
predicted roles for CALML3 in the nervous system [77, 78].

Due to their involvement in neurotransmitter pathways, common genetic variants in the
GNG4 gene, which codes for G-protein subunit gamma-4, are linked to cognitive decline and the
risk of Alzheimer's disease (AD). GNG4 is highly expressed in the hippocampus, however its
expression declines with age and is downregulated in AD models [43, 44].

The WNT/B-catenin signaling cascade is triggered by WNT10B, a secreted glycoprotein
belonging to the WNT family, which regulates cell fate, proliferation, stemness, and pluripotency.
Bone, adipocytes, skin, hair, muscle, the placenta, and the immune system are among the tissues
in which WNT10B is involved. Numerous disorders, including osteoporosis, obesity, split-
hand/foot malformation (SHFM), fibrosis, dental abnormalities, and cancer, are driven by aberrant
WNT10B signaling [48].
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The CD69 molecule is known to bind to myosin light chains 9 and 12a and 12b (MyL9/12).
They produce "MyL9 nets," which are frequently found in inflammatory sites and are essential for
controlling the recruitment and retention of effector cells that express CD69 in inflammatory
tissues [49,50]. The cytoplasmic protein encoded by the IRS4 gene has several possible
phosphorylation sites, including tyrosine and serine/threonine. The cytoplasmic signaling
molecules with SH2 domains interact with the tyrosine-phosphorylated IRS4 protein. When the
insulin receptor is stimulated, the insulin receptor tyrosine kinase phosphorylates IRS4. IRS4
serves as a link between intracellular signaling molecules with SH2 domains and other growth
factor receptors, such as the insulin receptor, IGF1R, and FGFR1 [51]. The MSHS gene is involved
in meiotic recombination and DNA mismatch repair. Making it easier for homologs to cross over
during meiosis (by similarity) [38].

The study showed that about 2,511 genes were shared between Al, A2, and A3, which were
not recorded in the SFARI database. All these were filtered by removing the similar genes in the
A4 cohort. These genes were candidates to be ASD biomarkers. Including ADAMS, ASIC2,
ASIC4, ANO1, ANK1, APBB1IP, BHLHE40, ASCL4, ATP13A2, AFAP1L2, ANAPC2,
GRM3, GRM4 , GRM6, GABRB1 , GABRAS, CHRNA4 , CHRNB2, KCNQ1 , KCNQS5,
ASIC1 , ASIC2, CDH4 , CDH18, JAK2 , JAK3, GSTP1, AK3, ANK1with unclassified genes
like Chromosome Open Reading Frame C19orf44, Clorfl59, C9orf3, Cl6orf74 and Long
Intergenic Non-Protein Coding RNA LINC00299, LINC01056 and FAM genes FAM19AS5,
FAM171A1.

The long intergenic noncoding RNA LINC00299 has been identified as a multifunctional
regulator in human biology and disease. Evidence indicates that LINC00299 is highly expressed
in the brain and is necessary for typical neural development, and its disruption has been
connected to neurodevelopmental disorders [81].

According to studies, the brain-specific secretory protein and chemokine FAM19A5 (Family
with sequence similarity 19 member AS5), often referred to as TAFAS, is essential for controlling
synapse function, neuroinflammation, and nervous system development. It functions as a new
adipokine connected to metabolic syndrome, obesity, and cardiovascular diseases, and is closely
linked to neurological conditions such as Alzheimer's disease [26, 27, 28, 29, 30]. Limitations of
the study: Because of the high costs of WGBS, the sample size was limited. Further studies should
consider expanding brain banks supporting the ASD research worldwide so the application can be
done directly on postmortem brain tissue, and then subsequent comparisons with buccal swabs
results to avoid tissue-specific bias and any other complications in the results analysis. No database
supported the methylated genes for ASD as a reference for researchers, and SFARI supported the
mutation and copy number variants.

5 Conclusion

Decline towards oxidative stress genes was observed across the NER, BER and
mismatch repair pathways in the ASD cohorts in the study. The clear appearance of cancer-
related genes suggests a genetic overlap between ASD and cancer, enhancing the
pleiotropic function of the genes. The female cohort showed aberrant methylation in the
MECP2 promoter region, while other studies suggested male ASD. X-inactivation in
females is protected by MECP2 activity. The aberrant methylation in the MECP?2 is crucial
for females to develop ASD, besides the genetic overload damaging the female protective
effect. The same SFARI genes appeared in the study and the paralogs of these genes
confirms the role of these genes in ASD, methylated or mutated. The pleiotropy of genes
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and the high presence of the paralogs of SFARI genes in the results could be antagonistic
pleiotropy, increasing ASD cases.

Evolution in human brains creates more paralogs for higher cognitive abilities,
increasing the possibility of mutations. The epigenetic divergence plays a role in silencing
one paralog and activating another irregularly, causing synaptic noise. The variations in
the severity of ASD cases are further influenced by methylation caused by environmental
factors. The methylated genes matrix was a combination of epigenetic regulators,
transcriptional regulators, cell cycle regulators, synapse formation and transmission,
neurotransmitter regulators, cellular oxidative stress and DNA damage. Utilizing
ectodermal memory provides strong evidence that this aberrant methylation is embryonic
in origin or occurs during gestation.

6 The ASD Hexamer Gene Matrix Hypothesis (AHGM):

Based on all the findings derived from the research, for an individual to develop or
to be diagnosed with autism spectrum disorder (ASD), they must possess a differentially
methylated pattern in at least 273 genes (including paralogs), accompanied by at least 20
differentially methylated genes (including paralogs) within the promoter region. The
severity and divergence in mental and social skills depend on the number and function of
these genes, which supports the umbrella effect of autism. The methylated genes should
be according to the following gene
matrix:

epigenetic
regulators
genes

cellular
oxidative transcriptiona
stress and | regulators
DNA damage genes
genes

neurotransmit cell cycle
ter regulators regulators
genes genes

synapse

formation and

transmission
genes

Figure (7): Schematic diagram of the AHGM hypothesis
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