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Abstract

Autism Spectrum Disorder (ASD) is a complex neurodevelopmental disorder characterized by
persistent challenges in social communication, repetitive behaviors, and restricted interests. Despite the
strong heritability observed in ASD, genetic factors alone do not fully explain the disorder’s
heterogeneous nature and the rising prevalence in global populations. Epigenetics, which refers to
heritable changes in gene expression that do not involve alterations in the DNA sequence itself, has
emerged as a critical framework for understanding ASD. This paper explores the role of epigenetic
mechanisms in the pathogenesis of ASD, with a focus on DNA methylation, histone modifications,
non-coding RNAs, and gene-environment interactions.

Recent studies have identified key epigenetic alterations in genes critical to neurodevelopment, such as
OXTR (oxytocin receptor), SHANK3 (a synaptic scaffolding protein), and MECP2 (methyl-CpG
binding protein 2). DNA methylation changes in these and other genes have been observed in
individuals with ASD, indicating a potential mechanism through which environmental factors may
influence ASD onset and progression. The role of prenatal and perinatal factors, such as maternal
immune activation, stress, and exposure to environmental toxins, in mediating epigenetic changes that
predispose individuals to ASD is also critically examined. Additionally, advances in high-throughput
sequencing technologies, including whole-genome bisulfite sequencing and single-cell RNA-seq, have
enabled a deeper understanding of the epigenetic landscape of ASD, allowing for the identification of
novel biomarkers and therapeutic targets.

Despite the significant strides in understanding the epigenetic underpinnings of ASD, numerous
challenges remain. The field grapples with the complexity of epigenetic regulation, the need for more
reproducible studies, and the difficulty of translating findings into clinical applications. This review
concludes by emphasizing the need for large-scale, longitudinal studies to further elucidate the causal
relationship between epigenetic modifications and ASD. It also calls for the integration of multi-omics
approaches and machine learning to enhance our understanding and improve diagnostic and therapeutic
strategies for ASD.

Keywords: Autism spectrum disorder, epigenetics, DNA methylation, histone modification, non-
coding RNA, neurodevelopment, gene-environment interaction.

1. Introduction

Autism Spectrum Disorder (ASD) is a multifaceted neurodevelopmental disorder that is
typically diagnosed in early childhood. It is characterized by a range of symptoms, which
include deficits in social interaction, difficulties with verbal and non-verbal communication,
and the presence of restricted and repetitive behaviors. The onset of ASD symptoms is
generally observed before the age of three, and these symptoms persist throughout the
individual's life. The manifestations of ASD can vary widely, with some individuals
displaying mild symptoms, while others may experience severe cognitive and behavioral
impairments. The global prevalence of ASD has increased dramatically in recent decades,
leading to a growing public health concern. According to the Centers for Disease Control
and Prevention (CDC), the prevalence of ASD in the United States is estimated to be 1 in 54
children, with similar trends observed globally. Although the reasons for this increase are not
entirely understood, it is likely due to a combination of improved diagnostic methods and
environmental factors. This rising prevalence has intensified the search for the underlying
causes of ASD, which remain elusive despite decades of research.

Genetic Factors in ASD

While the exact etiology of ASD is not fully understood, genetic factors are believed to play
a significant role. Twin studies have consistently shown a high heritability for ASD, with
concordance rates of up to 90% in identical twins, compared to 10-20% in non-identical
twins.
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The high heritability suggests that genetic factors are crucial
in the development of ASD, but the specific genetic
underpinnings remain complex and multifactorial. Genome-
wide association studies (GWAS) have identified several
genes associated with ASD, including SHANK3, NRXNL1,
MECP2, and FMR1. These genes are involved in synaptic
function, neural connectivity, and the regulation of gene
expression, which are all critical for normal brain
development.

Despite these findings, no single gene has been identified as
a definitive cause of ASD. The disorder's heterogeneous
nature means that multiple genetic variations may contribute
to the condition, and their effects are likely modulated by
environmental factors. This complexity has led to a growing
interest in epigenetics, a field that explores how
environmental factors can influence gene expression
without altering the DNA sequence itself.

Epigenetics: A bridge between genetics and environment
Epigenetics refers to changes in gene expression that do not
involve alterations to the underlying DNA sequence. These
changes can be inherited through cell division or can be
induced by environmental factors. The most well-known
epigenetic mechanisms include DNA methylation, histone
modification, and the action of non-coding RNAs. These
mechanisms can influence gene expression in a reversible
manner, making them a critical focus of research in ASD, as
they offer potential pathways through which environmental
exposures can impact neurodevelopment.

DNA Methylation and Autism

DNA methylation involves the addition of a methyl group (-
CH3) to the cytosine base of DNA, typically occurring in
CpG dinucleotides in gene promoters. Methylation of gene
promoters generally leads to gene silencing, while the
removal of methyl groups can activate gene expression.
Several studies have shown that altered DNA methylation is
associated with ASD. For example, OXTR, the gene
encoding the oxytocin receptor, has been shown to exhibit
hypomethylation in individuals with ASD, potentially
contributing to social and emotional dysregulation observed
in the disorder.

Similarly, MECP2-a gene that is crucial for synaptic
function-has been implicated in ASD through both DNA
methylation and mutations. Studies have shown that
MECP2 hypermethylation in certain brain regions is
associated with more severe manifestations of ASD,
highlighting the potential role of DNA methylation in
shaping the severity of symptoms.

Histone Modifications and Autism

Histone modifications are another important aspect of
epigenetic regulation. Histones are proteins that help
package DNA into a compact structure known as chromatin.
Chemical modifications to histones, such as acetylation,
methylation, phosphorylation, and ubiquitination, can
influence the accessibility of DNA for transcription. For
instance, H3K27me3 (a repressive histone mark) has been
found to be increased in specific genes in ASD, potentially
limiting the expression of key neurodevelopmental genes
involved in synaptic plasticity.

Histone modifications are dynamic and can be influenced by
external stimuli, including prenatal exposure to toxins or
stress, further emphasizing the interaction between genetic
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predisposition and environmental factors in ASD.

Non-Coding RNAs and Autism

Non-coding RNAs (ncRNAs), including microRNAs
(miRNAs) and long non-coding RNAs (IncRNAs), play a
critical role in regulating gene expression and are emerging
as important regulators of neurodevelopment. MiRNAs are
small RNA molecules that can bind to messenger RNAs
(mRNAs), leading to their degradation or preventing their
translation into proteins. Dysregulation of miRNAs has been

observed in several neurodevelopmental disorders,
including ASD.
For example, miR-146a, a miRNA involved in

inflammation, has been shown to be dysregulated in
individuals with ASD, potentially linking immune system
dysfunction to epigenetic regulation in the brain. Similarly,
IncRNAs, which are involved in regulating chromatin
structure and gene expression, have also been implicated in
ASD. These molecules are increasingly being recognized
for their potential to influence brain development and
function, making them an important area of study in ASD
epigenetics.

Environmental Influences on Epigenetics

In addition to genetic predisposition, environmental factors
play a crucial role in shaping the epigenome. Prenatal
exposures, such as maternal stress, infections, and toxin
exposure, can induce epigenetic modifications that influence
neurodevelopment and may increase the risk of ASD.
Maternal immune activation during pregnancy, for example,
has been shown to alter the methylation status of genes
involved in neuronal development, leading to increased risk
of ASD in offspring.

Other environmental factors, such as exposure to endocrine
disruptors, pollutants, and nutritional deficiencies (e.g.,
folate, vitamin D), have also been linked to epigenetic
changes in the fetus, which may predispose individuals to
ASD later in life.

A holistic view of ASD: Genetic,
environmental interactions

One of the key strengths of epigenetic research in ASD is its
ability to integrate genetic and environmental factors,
providing a more holistic understanding of the disorder.
Epigenetics offers a potential explanation for how
environmental exposures can influence gene expression and
contribute to the development of ASD in genetically
predisposed individuals. This gene-environment interaction
model is critical for understanding the complexity of ASD
and could inform both prevention strategies and therapeutic
approaches.

Recent advances in technologies such as whole-genome
bisulfite sequencing, single-cell RNA sequencing, and
epigenome-wide association studies (EWAS) have
significantly enhanced our ability to study the epigenome in
ASD. These tools allow researchers to examine the
epigenetic landscape of ASD in unprecedented detail,
enabling the identification of novel biomarkers and
therapeutic targets.

epigenetic, and

2. Literature Review

Overview of Autism Spectrum Disorder (ASD)
Autism Spectrum Disorder (ASD) is a neurodevelopmental
condition that affects approximately 1 in 54 children
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globally, according to the Centers for Disease Control and
Prevention (CDC). The spectrum of autism includes a
variety of symptoms and severity levels, ranging from mild
social impairments to severe disabilities, including
intellectual and language deficits. ASD is characterized by
persistent  challenges in  social interaction and
communication, along with repetitive behaviors and
restricted interests. While these symptoms typically
manifest during early childhood, their degree and
presentation can vary widely across individuals.

The etiology of ASD is complex and multifactorial,
involving both genetic and environmental factors.
Historically, the disorder has been linked to genetic
mutations, but the precise genetic factors responsible for
ASD remain unclear. Studies suggest that ASD is highly
heritable, with twin studies showing a concordance rate of
up to 90% in identical twins. However, despite the
identification of certain genetic variations, these explain
only a fraction of the observed cases. As such, there has
been an increasing recognition of the role of environmental
factors in the development of ASD, prompting research into
epigenetic mechanisms that could mediate the gene-
environment interactions associated with the disorder.

e  Genetic Factors in Autism

While genetic mutations are strongly implicated in the
development of ASD, no single gene or mutation can
account for all cases. Several studies have pointed to copy
number variations (CNVs) as one of the key contributors to
ASD. CNVs refer to deletions or duplications of segments
of DNA that can affect the expression of multiple genes,
including those involved in synaptic signaling and neural
development. For instance, SHANK3 (a gene encoding a
scaffolding protein in the synapse) and NRXNL1 (involved in
synaptic transmission) are both frequently disrupted in
individuals with ASD. These findings suggest that ASD is a
genetically heterogeneous disorder, where multiple genes
may act in concert to disrupt neural development.

In addition to CNVSs, single nucleotide polymorphisms
(SNPs) have been identified as risk factors for ASD.
MECP2, which plays a critical role in synaptic function and
neuronal maturation, has been implicated in both Rett
syndrome and ASD. Similarly, FMR1, the gene responsible
for fragile X syndrome, is another important genetic
contributor to ASD. Although these genes provide valuable
insight into the genetic landscape of ASD, they do not
account for the disorder's full spectrum of symptoms and
variability.

Thus, while genetic predisposition is a significant factor in
the development of ASD, epigenetic mechanisms are likely
to play an essential role in mediating the expression of these
genetic risks and their interaction with environmental
factors.

e Epigenetics: Definition and Mechanisms

Epigenetics refers to changes in gene expression that occur

without altering the underlying DNA sequence. These

changes can be stable over generations and can influence

various biological processes, including development,

differentiation, and disease. The main epigenetic

mechanisms include:

= DNA Methylation: The addition of a methyl group to
the cytosine base of DNA, often within CpG islands in
gene promoters, leading to gene silencing.
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= Histone Modifications: Post-translational
modifications to histone proteins, which help package
DNA into chromatin. These modifications, such as
acetylation, methylation, and phosphorylation, can
affect gene expression by altering chromatin structure
and accessibility.

= Non-coding RNAs (ncRNAs): Small RNA molecules,
including microRNAs (miRNAs) and long non-coding
RNAs (IncRNAs), that regulate gene expression by
interfering with messenger RNA (mRNA) translation or
promoting chromatin remodeling.

These mechanisms are dynamic and can be influenced by
environmental factors such as diet, stress, toxins, and
prenatal exposures, which can modify gene expression
patterns and contribute to neurodevelopmental disorders like
ASD.

e DNA Methylation in Autism

DNA methylation is one of the most extensively studied
epigenetic modifications in ASD. Methylation typically
occurs at cytosine residues within CpG dinucleotides, often
in gene promoter regions. When methyl groups are added to
the promoter region of a gene, they can inhibit transcription
by preventing the binding of transcription factors or
recruiting repressive proteins.

A study by Ladd-Acosta et al. (2014) ! found that genes
related to neurodevelopmental processes, such as OXTR
(oxytocin receptor), MECP2, and SHANKS, exhibited
altered DNA methylation patterns in individuals with ASD.
Specifically, OXTR hypomethylation was associated with
altered social behavior and emotional regulation, which are
hallmark symptoms of ASD. Similarly, changes in MECP2
methylation have been shown to correlate with the severity
of ASD symptoms, particularly in individuals with
intellectual disabilities.

Moreover, the environmental exposure to stress, toxins, or
nutritional deficiencies during pregnancy has been shown to
induce DNA methylation changes in the fetal brain, further
supporting the gene-environment interaction hypothesis in
ASD. Maternal immune activation, for example, has been
associated with methylation changes in genes involved in
neurodevelopment, suggesting that early-life environmental
factors may influence the epigenetic regulation of brain
function.

e Histone Modifications in Autism

Histone modifications play a crucial role in regulating the
structure and function of chromatin, thereby influencing
gene expression. These modifications can be activating
(such as acetylation of histones) or repressive (such as
methylation of histones). Changes in histone modifications
can have profound effects on neural development, as these
modifications regulate the expression of genes involved in
synaptic plasticity, neuronal differentiation, and synaptic
signaling.

In ASD, H3K27me3 (a repressive histone mark) has been
found to be increased in certain genes involved in synaptic
function and neural connectivity. For example, the
SHANKS3 gene, which is crucial for synaptic function, has
been shown to exhibit altered histone modifications in
individuals with ASD. These modifications could limit the
expression of key neurodevelopmental genes, leading to
impaired synaptic formation and communication between
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neurons.
Histone modifications are dynamic and can be influenced by
environmental factors, such as prenatal exposure to stress,
toxins, and nutritional deficits. Studies have demonstrated
that maternal stress during pregnancy can induce changes in
histone acetylation in the developing brain, potentially
influencing the expression of genes associated with ASD.

e Non-Coding RNAs in Autism

Non-coding RNAs (ncRNAs), including microRNAs
(miRNAs) and long non-coding RNAs (IncRNAs), are
emerging as important regulators of gene expression in
ASD. MiRNAs are small RNA molecules that bind to
MRNA, preventing its translation into protein or promoting
its degradation. MiRNAs regulate a wide range of biological
processes, including neuronal development and synaptic
plasticity.

miR-146a, for example, has been shown to be dysregulated
in individuals with ASD. This miRNA is involved in the
immune response and inflammation, suggesting that
immune system dysfunction may play a role in the
epigenetic regulation of ASD. IncRNAs, which are larger
RNA molecules that do not code for proteins, have also
been implicated in regulating gene expression during
neurodevelopment. LncRNAs such as MALAT1 and MEG3
have been shown to influence the expression of synaptic
genes, with alterations in these IncRNAs observed in
individuals with ASD.

The dysregulation of miRNAs and IncRNAs in ASD
highlights the importance of ncRNAs in neurodevelopment
and suggests that these molecules may serve as valuable
biomarkers for diagnosing and monitoring ASD.

e Environmental influences on epigenetic regulation
in autism

While genetics play a foundational role in the development
of ASD, environmental exposures during critical windows
of brain development are also crucial. Prenatal exposures to
toxins, stress, infections, and nutritional deficiencies can
induce epigenetic changes that influence neurodevelopment
and increase the risk of ASD.

For instance, maternal immune activation-a condition in
which the mother’s immune system is activated during
pregnancy, often due to infections or inflammation-has been
shown to increase the risk of ASD in offspring. This
immune activation is thought to lead to epigenetic changes
in the fetal brain, including alterations in DNA methylation
and histone modifications in key neurodevelopmental genes.
Similarly, maternal stress and endocrine disruptors, such as
phthalates and bisphenol A (BPA), have been linked to
altered DNA methylation in genes involved in synaptic
function and neuronal connectivity.

These findings underscore the importance of studying
epigenetic mechanisms in ASD, as they offer a potential
explanation for how environmental factors can influence the
development of ASD in genetically predisposed individuals.

e Current Gaps and Future Directions

Despite significant progress in understanding the role of
epigenetics in ASD, several challenges remain. First, the
field is hindered by the heterogeneity of ASD, which makes
it difficult to identify universal epigenetic markers.
Additionally, many studies suffer from small sample sizes
and methodological inconsistencies, making it challenging
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to replicate findings across different cohorts. Finally, the
question of causality remains largely unanswered. While
epigenetic modifications have been linked to ASD, it is
unclear whether these changes are a cause or a consequence
of the disorder.

Future research should aim to integrate multi-omics
approaches, combining genomic, epigenomic, and
environmental data to build a more comprehensive
understanding of ASD. Large-scale, longitudinal studies that
follow individuals over time will be critical for identifying
causal epigenetic changes and understanding how they
contribute to ASD. Moreover, machine learning techniques
could be used to identify complex patterns in multi-omics
data, providing new insights into the pathogenesis of ASD
and enabling the development of personalized diagnostic
and therapeutic strategies.

3. Materials and Methods

e  Study Design and Overview

This review paper is based on an extensive synthesis of
existing research on the epigenetics of Autism Spectrum
Disorder (ASD). The goal of this paper is to critically
analyze the current state of the field, focusing on key
epigenetic mechanisms-such as DNA methylation, histone
modifications, and non-coding RNA regulation-and their
contributions to the pathophysiology of ASD. In order to
maintain a rigorous scientific approach, this section outlines
the methods employed for selecting and analyzing relevant
studies, data sources, and tools used for synthesis.

The research findings discussed in this paper were primarily
derived from peer-reviewed journal articles, systematic
reviews, and meta-analyses published from 2000 to 2025.
These sources were identified through comprehensive
searches in well-established scientific databases. Below, the
methodology is broken down into specific sections,
detailing the inclusion criteria, data sources, and analysis
tools.

e Data Sources and Literature Search

A systematic search of the scientific literature was

conducted using well-established databases, such as:

= PubMed: A repository for biomedical and life sciences
literature, particularly focusing on genetic and
epigenetic research in ASD.

= Web of Science: A multidisciplinary database that
includes a wide array of journals in genetics,
epigenetics, and neurodevelopmental disorders.

= Scopus: Another comprehensive database offering
access to peer-reviewed literature, including articles on
molecular genetics, epigenetics, and neurobiology.

= Google Scholar: Used to supplement the main
databases, especially for articles from conferences,
books, and grey literature that may not appear in more
traditional research databases.

The primary search terms used in the database queries
included combinations of the following keywords:

=  Epigenetics.

= Autism Spectrum Disorder.

=  DNA methylation.

= Histone modifications.

= Non-coding RNAs.

= Gene-environment interaction.

= Neurodevelopment.
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Search queries were refined by applying the filters for peer-
reviewed publications, English language, and articles
published between 2000 and 2025. These filters ensured that
the most current and relevant studies were included,
providing a comprehensive view of the topic. Research
articles not directly related to epigenetics, ASD, or
neurodevelopment were excluded. Moreover, studies
focused on adult-onset neurodevelopmental disorders or
non-human species (unless relevant animal models were
used) were also excluded.

e Inclusion and Exclusion Criteria

Inclusion criteria for the studies reviewed were as

follows:-

= Human studies: Research conducted on human
populations, particularly studies involving individuals
diagnosed with ASD.

= Epigenetic focus: Studies examining epigenetic
mechanisms such as DNA methylation, histone
modifications, or non-coding RNA expression changes.

= Neurodevelopmental focus: Studies that explore
neurodevelopmental changes in the context of ASD,
whether in terms of brain structure, function, or gene
expression regulation.

= Peer-reviewed: Only studies published in peer-
reviewed journals or reputable academic publishers,
ensuring scientific rigor and quality of research.

= Quantitative studies:  Studies that provided
quantitative data, particularly those that analyzed
changes in gene expression levels, methylation profiles,
or histone modifications using validated methodologies.

Exclusion criteria included:-

= Non-epigenetic studies: Research that did not focus on
epigenetic mechanisms  or  gene-environment
interactions.

= Animal studies: Unless specifically relevant to human
epigenetics in ASD, studies on animal models were
excluded from the analysis.

= Editorials, commentaries, and opinion pieces: These
were excluded to ensure the review remained data-
driven and scientific in nature.

= Studies with inadequate data: Research that lacked
detailed analysis or provided limited data on epigenetic
markers was excluded.

= Non-English studies: Articles published in languages
other than English were excluded, as translation
challenges could introduce bias.

e Data Extraction and Analysis

From the selected studies, the following data were

systematically extracted for each article:

= Study design: Including whether the research was an
observational cohort study, case-control study, or
epigenome-wide association study (EWAS).

= Sample size: The number of participants involved in
each study, as sample size plays a crucial role in the
reliability of findings.

= Genetic or epigenetic markers studied: Details of the
specific genes, loci, or pathways investigated, including
OXTR, SHANKS3, MECP2, and others related to
neurodevelopment.

https://www.rehabilitationjournals.com/autism-journal

= Epigenetic modification examined: Whether the study
focused on DNA methylation, histone modifications,
non-coding RNAs, or other epigenetic mechanisms.

= Environmental factors analyzed: The study’s
exploration of prenatal exposures to toxins, stress,
immune activation, or other environmental factors
influencing ASD development.

= Key findings and conclusions: A summary of the main
results, especially those related to epigenetic alterations
linked to ASD.

The data extraction process ensured that all relevant
information was compiled into a structured format, making
it easier to compare and contrast the findings across studies.
Extracted data were also used to evaluate the consistency
and reliability of the findings across different research
groups, as well as the potential biases or gaps in the
literature.

Tools and software for data analysis

The following tools and software were employed to

facilitate the synthesis and analysis of the data:

= R Statistical Software: Used for data visualization,
statistical analysis, and meta-analysis of the extracted
data. Specific R packages such as Bioconductor,
ggplot2, and dplyr were utilized to analyze large
datasets, especially those related to gene expression and
methylation data.

= EndNote: Used for managing citations and references,
ensuring consistent formatting according to the
Vancouver style. EndNote also facilitated the
organization of articles and references for ease of
access.

= VOSviewer: A software tool used to generate co-
citation networks and visualize relationships between
different research studies. This was particularly useful
for mapping key themes and areas of focus within the
field of epigenetics in ASD.

= Meta-Epigenetic Tool: A specialized meta-analysis
software that enabled the integration of epigenome-
wide association studies (EWAS) data from multiple
sources. This tool helped to identify common epigenetic
alterations across different ASD cohorts.

= Excel and Google Sheets: Used for initial data
collection, sorting, and organizing results into tables for
easier comparison and further analysis.

e Statistical Analysis Methods

The statistical analysis in this paper involved meta-analysis

techniques, as well as standard descriptive statistics (mean,

standard deviation) to summarize the findings of the

individual studies. Meta-analysis was performed to combine

results from different studies and estimate the overall effect

size for specific epigenetic markers in ASD. The following

steps were taken:

= Effect Size Calculation: The effect size (e.g., Cohen’s
d, odds ratio) was calculated for each study to
determine the strength of association between
epigenetic changes and ASD. This involved comparing
the methylation levels, histone modifications, or non-
coding RNA expression in ASD samples with those of
control groups.

= Heterogeneity Assessment: I2 statistics were used to
assess the heterogeneity across studies. If significant
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heterogeneity was found, sub-group analyses based on
study design, sample size, or epigenetic mechanisms
were conducted to identify potential sources of
variability.

= Publication Bias: Funnel plots and Egger’s test were
employed to assess the potential for publication bias in
the included studies, ensuring that the results were not
skewed by selective reporting.

e Ethical Considerations

Since this is a review paper synthesizing previously
published studies, there were no direct ethical concerns
associated with the research process. However, the studies
included in this review adhered to ethical guidelines for
human research, ensuring that informed consent was
obtained from all participants, and that confidentiality and
data protection standards were followed.

In addition, studies involving sensitive data, such as genetic
and epigenetic information, were reviewed for ethical
considerations regarding privacy and disclosure. In
particular, studies examining the genetic basis of ASD
ensured that participants were fully informed of the
potential risks and benefits of participating in research
related to sensitive genetic information.

4. Results

The findings presented in this section are derived from a
comprehensive review of the literature on the epigenetic
mechanisms implicated in Autism Spectrum Disorder
(ASD). The primary focus is on changes in DNA
methylation, histone modifications, and non-coding RNA
expression in relation to ASD. We also highlight the
environmental factors influencing these epigenetic changes
and discuss their potential implications for understanding
ASD's etiology. The results are organized into sub-sections
based on the different epigenetic mechanisms explored.

https://www.rehabilitationjournals.com/autism-journal

e DNA Methylation in Autism Spectrum Disorder
DNA methylation is one of the most widely studied
epigenetic  modifications in  ASD research. This
modification typically occurs at CpG sites in the promoter
regions of genes, which can result in gene silencing or
altered gene expression. Changes in DNA methylation have
been linked to several ASD-associated genes, including
OXTR, MECP2, SHANKS, and NRXNL1.

o Differential Methylation of ASD-Related Genes
Several studies have shown that ASD individuals exhibit
significant hypomethylation or hypermethylation in key
neurodevelopmental genes. One of the most frequently
studied genes is OXTR, which encodes the oxytocin
receptor, a protein involved in social bonding and emotional
regulation. Studies have found that individuals with ASD
exhibit hypomethylation of the OXTR promoter region,
which is associated with altered oxytocin signaling,
potentially contributing to the social and emotional
impairments observed in ASD (Ladd-Acosta et al., 2014) &1,
Similarly, MECP2, a gene critical for synaptic function,
shows altered DNA methylation patterns in ASD.
Hypermethylation of MECP2 has been associated with more
severe manifestations of ASD, particularly in individuals
with intellectual disabilities. In a study by Yuen et al.
(2017) @, individuals with MECP2 hypermethylation
exhibited greater deficits in language and motor skills
compared to those without the methylation alterations.
Another important gene, SHANKS3, a synaptic scaffolding
protein involved in neural connectivity, has been shown to
have altered methylation patterns in individuals with ASD.
Hypomethylation of SHANK3 was found in some ASD
cohorts, indicating a disruption in synaptic function that
may contribute to the social and cognitive impairments
commonly observed in ASD.

Table 1: Summary of Key Methylation Findings in ASD

Gene Methylation Association with ASD Study Findings
Change
- I8 in signaling i
OXTR | Hypomethylation Impaired social bonding Ladd-Acosta et al. (2014) Ll: Reduced oxytocin signaling in

ASD individuals.

MECP2 | Hypermethylation |Intellectual disability, language deficits

Yuen et al. (2017) I Severe ASD symptoms linked with
MECP2 hypermethylation.

SHANK3| Hypomethylation

Social and cognitive impairments

Nardone et al. (2014) [¥1: Methylation changes associated with
ASD severity.

The differential methylation of these genes suggests that
epigenetic modifications play a critical role in the
development of ASD, influencing gene expression and
contributing to the disorder’s varied clinical presentations.

e Histone modifications and autism spectrum disorder
Histone modifications are another significant form of
epigenetic regulation that impact gene expression. Changes
in histone acetylation, methylation, and phosphorylation
have been shown to affect neural development and
contribute to ASD. Histone modifications can be activating
or repressive, depending on the specific modification and
the gene affected.

¢ Histone Modifications in ASD
One of the most studied histone marks in the context of

ASD is H3K27me3, a repressive mark that is associated
with gene silencing. Studies have shown that certain
neurodevelopmental genes involved in synaptic plasticity,
such as SHANK3 and NRXN1, exhibit increased
H3K27me3 levels in individuals with ASD, potentially
leading to gene silencing and impairing synaptic
communication. For instance, SHANKS, which is vital for
synaptic signaling, has been shown to have increased
H3K27me3 levels in the brains of ASD individuals,
suggesting a repressive effect on its expression.

The graph above represents the histone modification
changes (H3K27me3) in ASD-associated genes. The Y-axis
shows the histone modification levels, measured as ChlP-
seq signal intensity, while the X-axis represents the genes
studied, including SHANK3, NRXN1, and OXTR.
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Histone Modification Levels (ChIP-seq Signal Intensity)

Histone Modification Changes in ASD-Related Genes (H3K27me3)

ASD Samples
Control Samples

SHANK3

NRXN1 OXTR
ASD-Associated Genes

Fig 1: Histone Modification Changes in ASD-Related Genes

The data demonstrates that ASD samples exhibit
significantly higher levels of H3K27me3 at the SHANK3
and NRXNL1 loci compared to control samples, suggesting
that these synaptic genes are potentially silenced in

individuals with ASD. This pattern of increased H3K27me3
indicates a possible epigenetic regulation that could impair
synaptic communication and contribute to the
neurodevelopmental deficits observed in ASD.

Table 2: Histone modification changes in ASD-Related Genes

Gene |Histone Modification| Change Study Findings
SHANK3 H3K27me3 Increased Nardone et al. (2014) I: Silencing of SHANK3 gene in ASD brain samples.
NRXN1 H3K27me3 Increased LaSalle (2013) “: Histone repressive mark leads to synaptic dysfunction in ASD.
MECP2 H3K4me3 Decreased|Yuen et al. (2017) 2I: Decreased acety lation in MECP2 related to intellectual impairments.

The data suggests that histone modifications, particularly
H3K27me3, are integral to the regulation of genes involved
in synaptic formation and function. The silencing of these
genes could explain some of the neurodevelopmental
abnormalities observed in ASD.

e Non-Coding RNAs and Autism Spectrum Disorder
Non-coding RNAs (ncRNAs), including microRNAs
(miRNAs) and long non-coding RNAs (IncRNAs), have
emerged as crucial regulators of gene expression in ASD.
These molecules do not encode proteins but instead regulate
gene expression at the transcriptional or post-transcriptional
level. mMiRNAs, for example, can bind to mRNA and inhibit
its translation, while IncRNAs can influence chromatin
remodeling or gene silencing.

e MIiRNA Dysregulation in ASD

miR-146a is one of the most studied miRNAs in relation to
ASD. This miRNA plays a role in regulating inflammation
and immune responses. Studies have found dysregulation of
miR-146a in individuals with ASD, with higher levels
observed in the blood of ASD children compared to
controls. This suggests that immune system dysfunction,
potentially caused by altered miRNA regulation, may play a
role in the development of ASD.

The bar graph above illustrates the expression levels of key
miRNAs and IncRNAs in ASD samples versus control
samples. The Y-axis shows the expression levels on a log2
scale, while the X-axis represents the miRNA/INCRNA
targets, including miR-146a, MALAT1, and MEG3.

Table 3: Non-coding RNA Dysregulation in ASD

RNA Type RNA Name|Dysregulation

Study Findings

miRNA | miR-146a | Upregulated

Nardone et al. (2014) l: Increased miR-146a expression linked to immune dysregulation in ASD.

INcRNA | MALAT1 |Downregulated

Sun et al. (2016) (8: Reduced MALAT1 expression impairs synaptic gene regulation in ASD.

INcRNA MEG3

Downregulated| Ladd-Acosta et al. (2014) [ MEG3 suppression linked to neurodevelopmental defects in ASD.
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Fig 2: Dysregulation of Non-Coding RNAs in ASD

Key observations

e miR-146a is upregulated in ASD samples, which is
associated with immune dysfunction and inflammation,
contributing to the neurodevelopmental aspects of
ASD.

e MALAT1 is downregulated in ASD samples,
suggesting that this IncRNA plays a role in synaptic
abnormalities and could be involved in regulating genes
essential for synaptic plasticity and neurodevelopment.

e MEGS3 expression does not show as dramatic a change,
but further exploration is necessary to understand its
role in ASD.

These results underscore the importance of non-coding
RNAs in immune dysregulation and synaptic dysfunction in
ASD.

4.1 Environmental Influence on Epigenetic Regulation in
ASD

Environmental factors are known to affect epigenetic
modifications and are thought to interact with genetic
predispositions to increase the risk of developing ASD.
Prenatal exposures to immune activation, toxins, and
maternal stress have been shown to induce epigenetic
changes that affect neurodevelopment.

4.2 Maternal immune activation and epigenetic changes
Studies have shown that maternal immune activation (MI1A),
often caused by infections or inflammation during
pregnancy, is associated with altered DNA methylation in
fetal brain development. Research by Boulanger et al.
(2016) ! found that MIA-induced epigenetic changes led to
the upregulation of pro-inflammatory genes in the
developing brain, contributing to ASD-like behaviors in
animal models.

4.3 Exposure to toxins and epigenetic dysregulation
Exposure to environmental toxins, such as endocrine
disruptors (e.g., phthalates and bisphenol A (BPA)), during
pregnancy has been linked to epigenetic alterations in
neurodevelopmental genes. These exposures are thought to
increase the risk of ASD by disrupting DNA methylation
patterns and influencing histone modifications in critical
genes involved in synaptic signaling.

5. Summary of Findings

In conclusion, the results from the studies reviewed here
suggest that epigenetic mechanisms play a significant role in
the development of ASD. Differential DNA methylation of
genes such as OXTR, MECP2, and SHANK3 has been
linked to social, emotional, and cognitive impairments in
ASD. Additionally, histone maodifications, particularly
increased H3K27me3 at critical loci, suggest gene silencing
of synaptic genes in individuals with ASD. Furthermore,
non-coding RNAs, such as miR-146a and MALATL, are
involved in immune dysregulation and synaptic gene
regulation in ASD.

These findings highlight the complex gene-environment
interactions that contribute to the epigenetic regulation of
ASD, further supporting the need for an integrated approach
to studying the disorder. The data presented here underscore
the importance of understanding how prenatal exposures
and environmental factors can induce epigenetic changes,
which may increase the risk of ASD in genetically
predisposed individuals.

Comparative Analysis

e Comparing epigenetic mechanisms across studies
The study of epigenetic mechanisms in Autism Spectrum
Disorder (ASD) has rapidly expanded over the past decade,
with a growing body of research examining the role of DNA
methylation, histone modifications, and non-coding RNAs.
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However, the findings from different studies are often
varied, making it crucial to compare these results to identify
commonalities, discrepancies, and methodological factors
that may account for these differences. This section will
focus on comparing epigenetic findings across various
studies, particularly with regard to DNA methylation,
histone modifications, and non-coding RNAs, and will
highlight factors such as study design, sample size, tissue
types, and environmental exposures.

e DNA methylation in ASD: A cross-study comparison
DNA methylation has been one of the most studied
epigenetic mechanisms in ASD research, with several
epigenome-wide association studies (EWAS) examining
methylation changes in ASD-related genes. However,
results from these studies have shown both consistent
findings and some notable inconsistencies.

e Consistent Findings in DNA Methylation Studies
The most consistent findings in the study of DNA
methylation in ASD involve genes related to social behavior
and synaptic function, such as OXTR, SHANKS, and
MECP2. Multiple studies, including those by Ladd-Acosta
et al. (2014) ™ and Yuen et al. (2017) @, found
hypomethylation of the OXTR promoter, which is
associated with altered oxytocin signaling and emotional
regulation in individuals with ASD. This hypomethylation
has been linked to difficulties in social bonding and
empathy, which are hallmark symptoms of the disorder.
Similarly, studies examining MECP2, a gene associated
with synaptic plasticity, have found hypermethylation in
ASD, particularly in individuals with more severe
symptoms. The work of Yuen et al. (2017) ! found MECP2
hypermethylation to be significantly correlated with more
severe impairments in communication skills and social
interaction in children with ASD.

e Inconsistencies in DNA Methylation Studies

While the aforementioned studies provide strong evidence
for methylation changes in key genes like OXTR and
MECP2, other research findings have been less consistent.
For example, some studies examining SHANKS3 have
reported hypomethylation of the gene in ASD samples,
whereas others, such as LaSalle et al. (2013) ™, found no
significant methylation changes in this gene.

Additionally, studies on the role of NRXN1 (neurexin 1)
have also shown mixed results. While some studies have
reported methylation changes in NRXN1 associated with
ASD (LaSalle, 2013) ), others have found no significant
difference in methylation levels between ASD and control
groups. These discrepancies may be attributed to differences
in sample size, methodologies (e.g., DNA methylation
arrays vs. whole-genome sequencing), or tissue types used
in the studies.

e Tissue Types in DNA Methylation Studies

A critical factor in the variability of DNA methylation
results is the tissue type analyzed. Many studies examining
DNA methylation in ASD use peripheral tissues, such as
blood or buccal cells, rather than brain tissue, which is often
difficult to obtain. For example, blood-based studies have
shown altered methylation in genes like OXTR and MECP2,
but whether these peripheral changes accurately reflect
changes in the brain is unclear. Postmortem brain tissue
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studies provide more direct insights into the
neurodevelopmental mechanisms of ASD, yet these are
often limited by small sample sizes and postmortem interval
concerns.

Moreover, the cellular heterogeneity in brain tissue can also
affect methylation studies. For example, different neuron
types (e.g., excitatory vs. inhibitory neurons) may exhibit
different methylation patterns, further complicating the
interpretation of findings.

e Histone Modifications in ASD: A Cross-Study
Comparison

Histone modifications are another important epigenetic
mechanism that has been studied in the context of ASD.
These modifications regulate chromatin structure and
influence gene expression. While histone modifications such
as H3K27me3 (repressive) and H3K4me3 (activating) have
been found to be altered in genes related to synaptic
function, there are discrepancies in the findings between
studies.

e Consistent Histone Modification Findings
H3K27me3, a repressive histone modification, has been
consistently associated with gene silencing in ASD. The
study by Nardone et al. (2014) ! showed increased
H3K27me3 levels at the SHANK3 and NRXNL1 loci in the
brains of individuals with ASD. This finding was
corroborated by LaSalle (2013) ¥, who observed reduced
synaptic plasticity and impaired neuronal communication
due to the silencing of these genes.

Similarly, H3K4me3 (an activating histone mark) has been
found to be decreased in certain genes in ASD, including
MECP2. This reduction in activating marks is thought to
contribute to the hypoexpression of synaptic genes involved
in neural communication, possibly leading to the social and
cognitive deficits seen in ASD individuals.

¢ Inconsistencies in Histone Modification Studies
Despite the consistency in findings for H3K27me3 and
H3K4me3, other histone modifications have shown more
variability in results. For example, acetylation marks such as
H3K9ac have been found to be reduced in some studies of
ASD (Yuen et al., 2017) @, while others have reported
increased acetylation levels in the same genes.

These discrepancies could be due to various methodological
factors, including differences in histone modification assays
(e.g., ChlP-seq vs. Western blotting) and the brain regions
or cell types examined. Additionally, environmental factors
such as prenatal exposure to toxins or stress may modulate
histone modifications, adding another layer of complexity to
the interpretation of results.

¢ Non-Coding RNAs in ASD: A cross-study comparison
Non-coding RNAs, including microRNAs (miRNAs) and
long non-coding RNAs (IncRNAs), have become central to
the understanding of gene regulation in ASD. These
molecules do not code for proteins but instead regulate gene
expression through post-transcriptional and transcriptional
mechanisms. Dysregulation of miRNAs and IncRNAs has
been observed in ASD, particularly in relation to immune
function and synaptic regulation.

e Consistent Findings for miRNA Dysregulation
Among miRNAs, miR-146a has consistently been found to
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be upregulated in ASD. Nardone et al. (2014) ! observed
increased miR-146a expression in peripheral blood samples
from children with ASD. This upregulation was associated
with immune dysfunction and inflammation, both of which
have been implicated in the development of ASD. miR-146a
plays a role in regulating inflammatory pathways, and its
dysregulation in ASD suggests that immune system
activation may contribute to the epigenetic regulation of the
disorder.

e Inconsistencies in INcRNA Findings

The role of IncRNAs in ASD is still not fully understood,
and the findings across studies have been more varied. For
example, MALAT1, a well-known IncRNA involved in
synaptic gene regulation, has been shown to be
downregulated in some ASD cohorts (Sun et al., 2016) [,
while other studies have found no significant change in its
expression. Similarly, MEG3, a IncRNA involved in
regulating  neurodevelopmental genes, has shown
inconsistent regulation in different studies. Some studies,
such as LaSalle (2013) ™, found reduced expression of
MEG3 in ASD individuals, while others reported no
significant differences. These discrepancies may arise from
differences in tissue types (e.g., blood vs. brain),
methodological approaches (e.g., gPCR vs. RNA-seq), and
sample sizes. Additionally, the functional role of IncRNAs
in ASD is still being investigated, and much more research
is needed to determine their precise contribution to the
disorder.

6. Gene-Environment Interactions: A
comparison

The interaction between genetic predispositions and
environmental exposures is a key theme in ASD research.
Epigenetic mechanisms serve as the link between these two
factors, mediating how environmental influences, such as
maternal immune activation, toxins, and stress, can affect
gene expression and contribute to ASD.

cross-study

6.1 Consistent findings in gene-environment interactions
Research has consistently shown that maternal immune
activation (MIA) during pregnancy is a significant risk
factor for ASD. Studies have shown that MIA leads to
epigenetic  modifications in  genes involved in
neurodevelopment, including increased DNA methylation
and histone modifications at loci like MECP2 and
SHANKS3. MIA-induced changes have been shown to
disrupt synaptic function and neural connectivity, which are
critical for social and cognitive development. These findings
underscore the role of prenatal environments in shaping the
epigenetic landscape of ASD.

6.2 Inconsistencies in gene-environment interaction
studies

Despite the growing evidence for gene-environment
interactions, the findings in the field are still inconsistent.
Some studies suggest that maternal smoking and endocrine
disruptor exposure can influence DNA methylation in genes
related to ASD, while other studies have not found
significant associations. These discrepancies could be due to
differences in exposure levels, timing, and population
heterogeneity, underscoring the complexity of studying
gene-environment interactions in ASD.

https://www.rehabilitationjournals.com/autism-journal

7. Discussion

The findings presented in this paper suggest that epigenetic
mechanisms play a crucial role in the development of
Autism  Spectrum  Disorder  (ASD).  Epigenetic
modifications, including DNA methylation, histone
modifications, and the regulation of non-coding RNAs, can
significantly impact neurodevelopment, synaptic function,
and behavior. However, while the field has made
considerable strides in understanding the epigenetic
landscape of ASD, several challenges remain, including
inconsistencies in findings, methodological limitations, and
lack of translational impact. This discussion will provide an
in-depth interpretation of the results, address the
implications of these findings, and explore the potential
directions for future research. It will also examine how the
epigenetic understanding of ASD could lead to new
diagnostic and therapeutic strategies.

e Interpretation of Epigenetic Findings in ASD
Epigenetic alterations in DNA methylation, histone
modifications, and non-coding RNA expression have been
consistently observed in studies of Autism Spectrum
Disorder (ASD). However, the specific role these
modifications play in the pathophysiology of the disorder is
not fully understood. The discussion will focus on how
these epigenetic changes contribute to the clinical features
of ASD, particularly in the context of social behavior,
communication impairments, cognitive deficits, and sensory
sensitivities.

e DNA Methylation and Gene Expression: Changes in

DNA methylation are among the most studied
epigenetic modifications in ASD. Hypomethylation of
the OXTR gene, encoding the oxytocin receptor, has
been linked to altered social behavior and emotional
dysregulation in individuals with ASD. Oxytocin plays
a key role in social bonding, empathy, and repetitive
behaviors, which are often impaired in individuals with
ASD. The hypomethylation of OXTR in ASD
populations suggests a disruption in oxytocin signaling,
potentially leading to the characteristic social deficits
seen in the disorder. Additionally, MECP2, which is
involved in synaptic function, has been shown to
exhibit hypermethylation in individuals with severe
ASD symptoms, particularly those with intellectual
disabilities. The hypermethylation of MECP2 results in
reduced expression of this gene, which is critical for
synaptic plasticity and neural connectivity, further
implicating epigenetic regulation in the cognitive and
behavioral challenges of ASD.
The methylation of SHANK3 and NRXN1, genes
critical for synaptic function, has also been linked to
ASD. SHANK3 mutations and deletions are known to
cause Phelan-McDermid syndrome, a disorder with
features of ASD, and methylation changes in SHANKS3
may contribute to synaptic dysfunction and impaired
neuronal communication in individuals with ASD. The
disruption of these synaptic genes through DNA
methylation provides a mechanism through which
neurodevelopmental alterations could contribute to the
characteristic social and communication deficits
observed in ASD.

e Histone Modifications in Gene Regulation: Histone
modifications regulate chromatin structure and gene
expression by altering the accessibility of DNA for
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transcription. In  ASD, increased H3K27me3 (a
repressive mark) at specific loci, such as SHANK3 and
NRXN1, has been associated with gene silencing. The
silencing of SHANKS3, in particular, could impair
synaptic signaling and neural communication, both of
which are essential for social behavior and cognitive
functions. The H3K27me3 mark in these genes suggests
that the  epigenetic  silencing of  critical
neurodevelopmental genes may be a central mechanism
in the pathophysiology of ASD.

Histone acetylation marks, such as H3K4me3, typically
promote gene expression, yet studies have found
reduced levels of acetylation at key loci in MECP2 and
other ASD-related genes. The decrease in histone
acetylation could lead to the underexpression of these
genes, which are involved in synaptic plasticity and
neurodevelopment. This is particularly concerning as
synaptic dysfunction is a hallmark of ASD. Therefore,
altered histone acetylation in genes like MECP2 may
contribute to the  cognitive  deficits and
neurodevelopmental delays observed in ASD
individuals.

e Non-Coding RNAs and Gene Regulation in ASD:

Non-coding RNAs (ncRNAs), including microRNAs
(miRNAs) and long non-coding RNAs (IncRNAs), are
increasingly recognized for their role in regulating gene
expression and modulating synaptic function. The
dysregulation of miR-146a in ASD has been associated
with immune dysfunction and inflammatory responses,
which are often observed in ASD individuals. miR-
146a is involved in regulating inflammatory pathways,
and its upregulation in ASD samples suggests that
neuroinflammation may contribute to the disorder's
etiology. This finding supports the theory that immune
system dysregulation may play a key role in the
development of ASD, and that miRNA-based therapies
may hold promise in treating the disorder.
IncRNAs, such as MALAT1 and MEGS3, are involved
in regulating chromatin structure and gene expression
in neurodevelopment. In the case of ASD, MALAT1
has been found to be downregulated, which could
impair the expression of genes related to synaptic
development and neuroplasticity. Similarly, MEG3, a
IncRNA involved in regulating neurodevelopmental
genes, is also downregulated in some ASD cohorts.
These changes in INCRNA expression suggest that long
non-coding RNAs may play an important role in
modulating the gene networks that govern synaptic
function and neuronal communication.

e Environmental contributions to epigenetic changes
in ASD

While genetic factors play a critical role in the development
of ASD, environmental factors such as prenatal exposures to
toxins, stress, and immune activation can also influence the
epigenome and contribute to the disorder's etiology. The
interaction  between  genetic  predisposition  and
environmental exposures is mediated through epigenetic
modifications, making it crucial to examine the role of
environmental influences in the development of ASD.

e Maternal Immune Activation (MIA) and Epigenetic
Modifications: Maternal immune activation (MIA)
during pregnancy has been linked to epigenetic changes
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that affect neurodevelopment and increase the risk of
ASD in offspring. MIA-induced changes in DNA
methylation and histone modifications have been shown
to disrupt the expression of genes involved in synaptic
function and neuronal connectivity, such as MECP2
and SHANKS3. This suggests that immune activation
during pregnancy can affect the epigenetic regulation of
genes critical for neurodevelopment, providing a
mechanism by which environmental stressors can
increase the risk of ASD in genetically predisposed
individuals.

e Prenatal toxin  exposure and  epigenetic
dysregulation: Exposure to environmental toxins, such
as endocrine disruptors and heavy metals, during
pregnancy has also been linked to epigenetic changes in
neurodevelopmental genes. Phthalates, commonly
found in plastics, and bisphenol A (BPA), an endocrine
disruptor, have been shown to alter DNA methylation
patterns in genes involved in synaptic signaling and
neurodevelopment. These findings suggest that toxins
may contribute to epigenetic alterations that increase
the risk of ASD. Additionally, maternal smoking during
pregnancy has been associated with altered histone
modifications and DNA methylation in genes critical
for brain development, further supporting the role of
environmental exposures in modulating the epigenetic
landscape of ASD.

e Implications for Future Research

While significant progress has been made in understanding
the epigenetic underpinnings of ASD, several challenges
remain. First, study heterogeneity-in terms of sample sizes,
tissue types, and methodologies-limits the ability to draw
definitive conclusions about the role of epigenetic
modifications in ASD. The use of peripheral tissues such as
blood or buccal swabs in many studies raises questions
about the generalizability of findings to brain tissue, where
the most relevant epigenetic changes would occur. Future
studies should prioritize the use of postmortem brain
samples or neuroimaging to better understand the
relationship between epigenetic changes and
neurodevelopment. Another challenge is the lack of
longitudinal studies in the field of epigenetics and ASD.
Most studies examining epigenetic changes in ASD are
cross-sectional, making it difficult to establish causal
relationships between epigenetic modifications and the
development of the disorder. Longitudinal studies that track
epigenetic changes over time, starting from prenatal
exposures and continuing through childhood, are necessary
to better understand the temporal dynamics of epigenetic
regulation in ASD.

e Translational Implications: toward

therapeutic interventions

Understanding the epigenetic basis of ASD opens the door
for potential therapeutic interventions that target epigenetic
mechanisms. The reversibility of epigenetic modifications
provides hope for the development of epigenetic therapies
that could potentially restore normal gene expression in
individuals with ASD. For instance, DNA methylation
inhibitors or histone deacetylase inhibitors could be used to
reactivate silenced neurodevelopmental genes, such as
SHANK3 and MECP2, which may improve synaptic
function and cognitive performance. Furthermore, the
modulation of non-coding RNAs, such as miR-146a,

moving

~108 ~


https://www.rehabilitationjournals.com/autism-journal/

International Journal of Autism

through  miRNA-based therapies may help reduce
neuroinflammation and improve social behavior in ASD
individuals. As research continues to uncover the specific
epigenetic changes involved in ASD, targeted therapies
based on these findings may lead to more effective
treatments for the disorder.

7. Conclusion

Autism Spectrum Disorder (ASD) is a multifactorial,
complex neurodevelopmental disorder that affects a
significant proportion of the global population. While
substantial research has focused on the genetic
underpinnings of ASD, it has become increasingly clear that
genetic factors alone cannot account for the full spectrum of
symptoms observed. Epigenetic mechanisms, including
DNA methylation, histone modifications, and non-coding
RNAs, have emerged as critical regulatory factors
influencing gene expression and neurodevelopment in ASD.
This review has synthesized existing studies, providing a
comprehensive analysis of the current understanding of
epigenetic alterations in ASD and their implications for
diagnosis, treatment, and prevention.

e Epigenetic mechanisms in autism spectrum disorder
The results of this review underscore the pivotal role of
epigenetic mechanisms in mediating the interaction between
genetic predisposition and environmental exposures in the
development of ASD. Epigenetic modifications do not alter
the underlying DNA sequence but instead influence gene
expression, contributing to the dynamic regulation of
neurodevelopmental processes.

e DNA Methylation: A  key regulator of
neurodevelopment in ASD: DNA methylation has
been one of the most extensively studied epigenetic
mechanisms in ASD. The hypomethylation of OXTR
(oxytocin receptor) has been consistently observed
across multiple studies and is thought to contribute to
the social and emotional deficits characteristic of ASD.
Oxytocin, a neuropeptide involved in social bonding
and emotional regulation, is believed to be dysregulated
due to these epigenetic alterations. This finding has
profound implications for understanding the social
impairments in individuals with ASD, suggesting that
epigenetic changes in genes regulating neuropeptide
signaling could underlie social behavior dysregulation.
Similarly, the hypermethylation of MECP2 has been
associated with more severe forms of ASD, particularly
in individuals with intellectual disabilities. The
underexpression of MECP2 due to methylation
alterations can disrupt synaptic plasticity and neural
connectivity, leading to cognitive and developmental
impairments.

e Histone Modifications: Modulating Gene Expression
in ASD: Histone modifications are crucial in regulating
the accessibility of DNA for transcription, thus
influencing gene expression. The increase in repressive
marks like H3K27me3 at key loci such as SHANKS3
and NRXN1 suggests that epigenetic silencing of
synaptic genes may be involved in the
neurodevelopmental delays and cognitive deficits
observed in ASD. SHANKS, for example, is a key gene
involved in synaptic structure and function, and its
silencing could impair synaptic communication, leading
to deficits in social and cognitive abilities. Similarly,
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H3K4me3 (an activating histone mark) has been found
to be reduced in some genes related to synaptic
plasticity, contributing to underexpression and impaired
brain function. These findings suggest that histone
modifications not only regulate the activation or
silencing of key neurodevelopmental genes but also
contribute to the cognitive and social impairments
observed in ASD.

e Non-Coding RNAs: A New Frontier in ASD
Research: Non-coding RNAs (ncRNAs), including
miRNAs and IncRNAs, have emerged as key regulators
of gene expression in ASD. Dysregulation of miRNAs
such as miR-146a, which is involved in immune
regulation, suggests that immune system dysfunction
may play a role in the development of ASD. The
upregulation of miR-146a in ASD individuals is
associated with neuroinflammation, which has been
implicated in the pathogenesis of ASD. Similarly,
InNcRNAs such as MALAT1 and MEG3 have been
shown to regulate synaptic gene expression and
chromatin structure, and their dysregulation may
contribute to synaptic dysfunction and neural
communication deficits in ASD. These findings suggest
that ncRNAs are not merely passive bystanders but
active players in the epigenetic regulation of synaptic
function and neurodevelopment.

e Environmental contributions  to
regulation in ASD

One of the central themes emerging from this review is the

gene-environment interaction in the development of ASD.

While genetic predispositions set the foundation for ASD,

environmental exposures during critical periods of

neurodevelopment can modify the epigenome, leading to
changes in gene expression that increase the risk of
developing the disorder.

e Prenatal exposures and epigenetic changes:
Environmental factors such as maternal stress, immune
activation, and toxin exposure during pregnancy have
been shown to induce epigenetic changes in
neurodevelopmental genes, increasing the likelihood of
ASD in offspring. Maternal immune activation (MIA),
in particular, has been linked to DNA methylation
changes in genes involved in synaptic function, such as
MECP2 and SHANKS3. These findings suggest that
inflammation during pregnancy could induce epigenetic
alterations that disrupt brain development, contributing
to the neurodevelopmental impairments seen in ASD.
Similarly, maternal stress has been associated with
altered histone acetylation and DNA methylation in
fetal brain development, further supporting the role of
epigenetic regulation in mediating the effects of
environmental exposures.

e Toxins and Epigenetic Dysregulation: Exposure to
environmental toxins, including phthalates, bisphenol A
(BPA), and heavy metals, during pregnancy has been
shown to alter DNA methylation and histone
modifications in genes critical for neurodevelopment.
Endocrine disruptors, such as BPA, can interfere with
hormonal signaling and neurodevelopment, leading to
epigenetic changes in the fetal brain. The findings from
these studies suggest that epigenetic regulation provides
a mechanism through which prenatal environmental
exposures can influence the development of ASD.

epigenetic
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Implications for Diagnosis and Treatment: One of
the most significant implications of the findings from
this review is the potential for epigenetic biomarkers in
the diagnosis and monitoring of ASD. Current
diagnostic methods for ASD primarily rely on
behavioral assessments and developmental history,
which can often lead to delays in diagnosis. Epigenetic
biomarkers, such as altered DNA methylation in key
neurodevelopmental genes, could provide a more
objective and early diagnostic tool for identifying ASD.
For instance, hypomethylation of OXTR could be used
as a biomarker for social behavior deficits, while
MECP2 hypermethylation could help distinguish
between more severe forms of ASD.

Precision Medicine in ASD: The role of epigenetics in
ASD also opens up the potential for precision medicine-
treatments tailored to the specific epigenetic profile of
the individual. As the field of epigenetic therapy
advances, there may be opportunities to develop
epigenetic drugs that target specific gene silencing or
gene activation. For instance, histone deacetylase
inhibitors (HDAC inhibitors) or DNA methylation
inhibitors could be used to reactivate genes involved in
synaptic plasticity, such as SHANK3 and MECP2,
potentially improving social and cognitive function in
individuals with ASD. Additionally, miRNA-based
therapies could help regulate the expression of immune-
related genes, reducing the neuroinflammation observed
in many ASD patients.

8. Future Research Directions

While the current findings highlight the importance of
epigenetic mechanisms in ASD, several challenges and gaps
in knowledge remain. First, the heterogeneity of ASD

makes it

difficult to identify universal epigenetic

biomarkers. Different individuals with ASD may exhibit
distinct epigenetic alterations depending on their specific
genetic background, environmental exposures, and clinical
features. Therefore, future studies must focus on large,
diverse cohorts to identify common epigenetic markers that
could be applied across the spectrum of ASD.

Longitudinal Studies: Another critical direction for
future research is the need for longitudinal studies that
track epigenetic changes from prenatal stages through
early childhood. These studies would help to establish
the temporal dynamics of epigenetic modifications in
ASD and determine whether these changes occur
before, during, or after the onset of symptoms.
Longitudinal studies are essential for understanding the
causality of epigenetic alterations, as they will provide
insights into whether these modifications are a cause or
a consequence of the disorder.

Multi-Omics Approaches: The integration of multi-
omics data, combining genetic, epigenomic,
transcriptomic, and proteomic information, will provide
a more comprehensive view of the biological
mechanisms underlying ASD. These approaches will
help identify how genetic mutations and epigenetic
modifications interact to influence neurodevelopment
and synaptic function. Machine learning and artificial
intelligence could also play a role in analyzing these
complex datasets and identifying patterns that may not
be readily apparent.
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