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Abstract

Autism Spectrum Disorder (ASD) is a multifactorial neurodevelopmental condition characterized by substantial genetic
heterogeneity and complex environmental influences. Emerging evidence suggests that gene-environment interactions,
mediated through dynamic epigenetic mechanisms, play a critical role in modulating neurodevelopmental trajectories
implicated in ASD. This review synthesizes current advances in understanding the etiological interplay between genetic
variants, environmental exposures, and epigenetic regulation, with a focus on DNA methylation, histone modifications, and
non-coding RNAs. We explore how these layers of molecular control intersect to dysregulate neurodevelopmental gene
networks and contribute to ASD pathophysiology. Central to this investigation is the integration of multi-omics platforms—
encompassing genomics, transcriptomics, epigenomics, proteomics, and metabolomics—supported by computational
biology, machine learning, and systems-level modeling frameworks. These technologies facilitate the identification of
molecular subtypes, predictive biomarkers, and regulatory circuits associated with ASD. Furthermore, we examine the
translational implications of these findings in the context of precision medicine, including early diagnosis, patient
stratification, and individualized therapeutic development. Despite the challenges of data heterogeneity, scalability, and
interpretability, the integration of high-dimensional biological data holds transformative potential for elucidating ASD
etiology and advancing targeted interventions.

Keywords: Gene-Environment Interactions, Epigenetic Regulation, Autism Etiology, Multi-Omics Integration,
Computational Biology Approaches.

l. INTRODUCTION At the molecular level, ASD exhibits substantial
heritability, estimated to be between 50% and 90%, yet

» Background on Autism Spectrum Disorder (ASD)

Autism Spectrum Disorder (ASD) is a multifactorial
neurodevelopmental condition characterized by deficits in
social communication, restricted interests, and repetitive
behaviors, typically emerging before the age of three (Lord
et al., 2020). The phenotypic heterogeneity of ASD is
driven by a complex interplay of genetic, epigenetic, and
environmental factors that collectively modulate
neurodevelopmental trajectories. ASD affects
approximately 1 in 54 children in the United States, with a
marked male-to-female diagnostic ratio of nearly 4:1,
suggesting both sex-biased vulnerability and potential
diagnostic biases (Maenner et al., 2020).

monogenic causes explain only a small proportion of cases
(Tick et al., 2016). Recent advances in whole-exome and
whole-genome sequencing have elucidated hundreds of
rare de novo mutations and copy number variants (CNVs)
associated with ASD risk, particularly in genes involved in
synaptic ~ function,  chromatin  remodeling, and
transcriptional regulation (Satterstrom et al., 2020). These
genes include CHD8, SCN2A, SHANK3, and ADNP,
among others, which participate in tightly regulated
neurodevelopmental pathways (lossifov et al., 2014).

Beyond genetic mutations, increasing evidence
underscores the importance of  non-Mendelian
mechanisms, such as epigenetic modifications and
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stochastic developmental variability, in shaping ASD risk.
Epigenetic dysregulation can lead to abnormal gene
expression patterns during critical periods of cortical
neurogenesis and synaptogenesis (Loke et al., 2015).
Importantly, these modifications are potentially reversible,
offering novel therapeutic avenues. The developmental
timing of exposure to various risk factors—ranging from
maternal immune activation to environmental toxins—
intersects with genetic susceptibility, complicating the
delineation of causal pathways.

The convergence of large-scale population studies,
multi-omics datasets, and advanced computational tools
now offers unprecedented opportunities to dissect the

» Rationale for Studying Gene-Environment Interactions

Understanding the etiology of Autism Spectrum
Disorder (ASD) necessitates a multi-dimensional
framework that transcends single-factor causality. While
genetic contributions to ASD have been firmly
established, they are insufficient alone to account for the
broad phenotypic variability and rapid rise in prevalence
observed globally over recent decades (Sandin et al.,
2017). The gene-environment (GXE) interaction model
posits that environmental exposures during sensitive
developmental windows can modulate genetically primed
neurodevelopmental pathways, potentially leading to ASD
phenotypes. This model is supported by twin studies
demonstrating that shared and non-shared environmental
factors contribute significantly to ASD liability alongside
heritable components (Hallmayer et al., 2011).

Advances in functional genomics and epigenomics
have highlighted how external exposures—such as
maternal immune activation, exposure to endocrine-
disrupting chemicals, nutritional imbalances, and perinatal
stressors—can interact with genomic architecture to
influence  transcriptional regulation, chromatin
accessibility, and neural connectivity (Tordjman et al.,
2014). These environmental perturbations often operate
through epigenetic mechanisms, inducing long-lasting

molecular underpinnings of ASD and unravel its
biological complexity. These approaches enable the
mapping of polygenic risk and the characterization of
molecular endophenotypes, which are crucial for
stratifying patients and tailoring interventions in precision
neuropsychiatry.

Figure 1 shows a young boy exhibiting signs of
sensory overload or distress, with his hands pressed
together and eyes closed. A concerned caregiver sits
beside him, offering attentive emotional support. The
setting appears to be a calm home environment,
highlighting the importance of caregiver presence in
managing Autism Spectrum Disorder (ASD).

effects on DNA methylation, histone modification, and
non-coding RNA expression that are tissue- and time-
specific (LaSalle, 2013).

GxE interactions in ASD are further complicated by
developmental stage specificity and the presence of
molecular canalization, whereby certain pathways resist
perturbation unless multiple thresholds are breached
(Zerbo et al., 2015). For instance, a fetus harboring rare
variants in synaptic genes may only manifest ASD
phenotypes if exposed to neuroinflammatory conditions
during gestation. Such synergistic interactions underscore
the limitations of genetic determinism and reinforce the
value of systems-level interrogation of ASD etiology.

Contemporary computational biology tools and
multi-omics platforms now enable the dissection of these
complex interactions by integrating genomic, epigenomic,
transcriptomic, and exposomic data. These tools facilitate
the construction of high-resolution regulatory networks
that map the dynamic interplay between intrinsic genetic
liability and extrinsic environmental factors (Shu et al.,
2020). Consequently, characterizing GXE interactions
offers a path toward personalized risk profiling and early
diagnostic stratification, representing a pivotal frontier in
ASD research and intervention.



» Role of Epigenetics in Autism Etiology

Epigenetics provides a molecular interface through
which environmental exposures can shape
neurodevelopmental outcomes by modulating gene
expression without altering the underlying DNA sequence.
In the context of Autism Spectrum Disorder (ASD),
epigenetic mechanisms—including DNA methylation,
histone post-translational modifications, and non-coding
RNAs—have emerged as crucial regulators of neuronal
plasticity, synaptogenesis, and cortical circuit formation
during early brain development (Loke et al., 2015; Sun et
al., 2016). These processes are sensitive to both intrinsic
genetic signals and extrinsic perturbations, such as
maternal infection, toxin exposure, or nutritional
deficiencies, which can lead to stable yet reversible
transcriptional dysregulation in susceptible individuals.

DNA methylation, particularly at CpG islands within
gene promoters, is one of the most extensively studied
epigenetic modifications in ASD. Aberrant methylation
patterns have been consistently observed in genes
implicated in neurodevelopment, including MECP2,
OXTR, and NR3C1, suggesting a potential role in the
misregulation of stress response, synaptic function, and
neuroendocrine signaling pathways (Schroeder et al.,
2016; Nardone et al., 2014). For example,
hypermethylation of MECP2, a transcriptional regulator
associated with Rett syndrome, has been linked to altered
GABAergic signaling and social behavior deficits in ASD
models (Liyanage et al., 2022).

Histone modifications, including methylation and
acetylation of histone tails, further contribute to chromatin
remodeling and transcriptional accessibility. Enzymes
such as histone deacetylases (HDACs) and
methyltransferases (e.g., EHMT1) are dysregulated in
ASD, leading to transcriptional silencing or activation of
key neuronal genes during critical developmental
windows (Benevento et al.,, 2016). Notably, loss-of-
function mutations in chromatin modifiers like CHD8 and
ARID1B have been identified in ASD cohorts, highlighting
the direct involvement of epigenetic machinery in the
genetic architecture of the disorder (Bernier et al., 2014).

Non-coding  RNAs, including  microRNAs
(miRNAs) and long non-coding RNAs (IncRNAs), add
another regulatory dimension by modulating mRNA
stability and translation. Several miRNAs—such as miR-
132 and miR-146a—have been found to be dysregulated
in ASD brains and cerebrospinal fluid, influencing the
expression of genes involved in synaptic signaling,
neuroinflammation, and mitochondrial function (Sunwoo
et al., 2018). These findings reinforce the hypothesis that
ASD arises from multilayered epigenetic disruptions
superimposed on a genetically susceptible background.

As such, epigenetic regulation acts as a key mediator
in translating environmental inputs into neurobiological
outcomes. The dynamic and reversible nature of
epigenetic marks offers promising targets for therapeutic
intervention, including epigenetic editing tools and small

molecule inhibitors, with the potential to restore aberrant
gene expression in ASD-affected neural circuits.

» Objectives and Scope of the Review

This review aims to provide a comprehensive
synthesis of the emerging evidence linking gene-
environment interactions and epigenetic regulation to the
etiology of Autism Spectrum Disorder (ASD) through
integrative multi-omics and computational biology
frameworks. Recognizing the multifactorial and
heterogeneous nature of ASD, the paper focuses on
elucidating how dynamic interactions between genomic
susceptibility and environmental exposures are mediated
through  epigenetic  mechanisms  that  affect
neurodevelopmental pathways.

The scope encompasses a multi-level exploration,
beginning with foundational genetic and environmental
contributors to ASD risk and extending to the molecular
underpinnings of epigenetic modulation, such as DNA
methylation, histone modifications, and non-coding RNA
regulation. Special emphasis is placed on systems biology
and computational models that leverage high-throughput
sequencing and multi-omics data—genomics,
epigenomics,  transcriptomics,  proteomics, and
metabolomics—to construct predictive frameworks for
ASD pathophysiology.

By integrating findings across diverse biological
layers and analytical methods, this review seeks to identify
converging mechanisms, highlight potential biomarkers,
and suggest novel avenues for early diagnosis and
therapeutic intervention. It also outlines current limitations
in the field, such as data heterogeneity, limited tissue
accessibility, and methodological challenges, while
proposing future directions for precision medicine and
translational neurodevelopmental research.

GENE-ENVIRONMENT INTERACTIONS IN
AUTISM

» Genetic Variants Associated with ASD Susceptibility

Autism  Spectrum Disorder (ASD) exhibits
substantial heritability, and genetic investigations have
revealed both rare and common variants that contribute to
disease susceptibility. Genome-wide association studies
(GWAS), copy number variation (CNV) analyses, and
whole-exome sequencing (WES) have collectively
identified hundreds of risk loci associated with ASD, often
implicating genes involved in synaptic formation,
chromatin  remodeling, neuronal  migration, and
transcriptional regulation (Satterstrom et al., 2020).
Among these, high-confidence risk genes such as CHDS,
SCN2A, SYNGAP1, and ADNP exhibit de novo loss-of-
function mutations with large effect sizes, particularly in
simplex ASD cases (lossifov et al., 2014).

Rare de novo single nucleotide variants (SNVs) and
CNVs account for approximately 10-30% of ASD cases,
particularly those presenting with comorbid intellectual
disability or epilepsy. These rare variants often occur in
constrained genes with high intolerance to loss-of-function
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mutations, as measured by metrics like the pLI score from
gnomAD (Sanders et al., 2015). For example,
haploinsufficiency in CHD8, a chromatin remodeler, leads
to dysregulated expression of neurodevelopmental genes
and has been shown to define a distinct ASD subtype
characterized by macrocephaly, gastrointestinal issues,
and early-onset social impairments (Bernier et al., 2014).

In contrast, common genetic variants contribute
additively to ASD liability in a polygenic manner, each
exerting small individual effects but collectively
influencing phenotypic expression. Polygenic risk scores
(PRS) derived from GWAS of ASD and related
psychiatric traits such as schizophrenia and ADHD
indicate substantial genetic overlap and pleiotropy across
neurodevelopmental disorders (Grove et al., 2019). This
supports a dimensional model of ASD, wherein shared
genetic architecture underlies comorbid cognitive and
behavioral phenotypes.

Furthermore, recent studies suggest that regulatory
non-coding variants within enhancers, promoters, and
untranslated regions (UTRs) play crucial roles in ASD by
altering gene expression without disrupting protein-coding

sequences. These findings are supported by integrative
analyses combining chromatin interaction data and
functional assays that map non-coding variants to gene
regulatory networks critical for cortical development
(Yuenetal., 2017).

Overall, the genetic architecture of ASD is
characterized by extreme heterogeneity, encompassing
rare high-impact mutations, moderate-effect CNVs, and
polygenic contributions, all of which converge on core
neurodevelopmental pathways. Elucidating the combined
effects of these variants is essential for understanding the
molecular basis of ASD and for developing genotype-
informed diagnostic and therapeutic strategies.

Figure 2 illustrates the genetic architecture
underlying Autism Spectrum Disorder (ASD), showing
how different genetic factors contribute to ASD risk. The
diagram uses concentric circles to represent the increasing
impact of polygenic contributions, moderate-effect copy
number variations (CNVs), and rare high-impact
mutations. At the core lies ASD as a neurodevelopmental
disorder shaped by these genetic influences.

Polygenic Contributions

Small effects collectively influence
ASD

Moderate-Effect CNVs

Contribute to ASD risk

Rare High-lmpact
Mutations

Significant effect on ASD

Core neurodevelopmental disorder

I

Fig 2 Genetic Architecture of Autism Spectrum Disorder

» Environmental Risk Factors in ASD Development
Although genetic predisposition constitutes a major
component of autism spectrum disorder (ASD) etiology,
converging evidence implicates diverse environmental
exposures during prenatal and perinatal windows as
critical modulators of ASD risk. These exposures can
interact with genomic architecture to induce

neurodevelopmental  perturbations, often  mediated
through epigenetic and immunological mechanisms (Lyall
et al.,, 2014). The vulnerability of the developing fetal
brain to environmental insults is heightened during
neurogenesis and  synaptogenesis,  when  key
transcriptional and epigenomic programs are dynamically
regulated.



Maternal immune activation (MIA) has emerged as a
robust environmental risk factor. Epidemiological and
experimental studies have shown that maternal infections,
particularly viral and bacterial, trigger pro-inflammatory
cytokine cascades—such as interleukin-6  (IL-6),
interleukin-17a (IL-17a), and tumor necrosis factor-alpha
(TNF-a)—which cross the placental barrier and disrupt
fetal brain development, resulting in ASD-like phenotypes
(Estes & McAllister, 2016). Rodent models of MIA
demonstrate altered cortical lamination, aberrant synaptic
pruning, and behavioral abnormalities resembling human
ASD.

Exposure to environmental toxins, including heavy
metals (e.g., lead, mercury), air pollutants (e.g., particulate
matter, nitrogen dioxide), and endocrine-disrupting
chemicals such as bisphenol A (BPA) and phthalates, has
also been associated with increased ASD risk. These
xenobiotics can interfere with hormonal signaling,
oxidative stress regulation, and mitochondrial function,
ultimately leading to neuronal apoptosis and impaired
synaptic plasticity (Kalkbrenner et al., 2014). In utero
exposure to valproic acid (VPA), a histone deacetylase
inhibitor, is a well-characterized teratogenic insult linked
to both structural brain anomalies and ASD pathogenesis
through  epigenetic  reprogramming  (Nicolini &
Fahnestock, 2018).

Additionally, perinatal complications such as
preterm birth, low birth weight, hypoxia-ischemia, and
cesarean delivery have been correlated with increased
ASD incidence. These factors may contribute to
neuroinflammation, impaired neurovascular integrity, and
reduced trophic support in critical brain regions such as the
cerebellum and prefrontal cortex (Leviton et al., 2018).

Nutritional factors, particularly maternal deficiencies
in folate, vitamin D, and essential fatty acids, have also
been implicated. Folate is essential for DNA methylation
and nucleotide synthesis, and suboptimal folate status
during gestation has been linked to abnormal cortical
development and increased ASD  susceptibility.
Conversely, prenatal folic acid supplementation appears to
confer neuroprotective effects, possibly by enhancing
methylation-dependent gene regulation (Schmidt et al.,
2011).

Figure 3 illustrates key categories of prenatal and
perinatal environmental exposures linked to Autism
Spectrum Disorder (ASD) risk. It highlights five major
factors—maternal immune activation, environmental
toxins, perinatal complications, and nutritional
deficiencies—that disrupt neurodevelopmental pathways.
These factors interact with genetic vulnerabilities to shape
ASD outcomes.
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Fig 3 Environmental Factors Impacting ASD Risk

Table 1 highlights critical environmental risk factors linked to the development of Autism Spectrum Disorder (ASD). It
outlines the nature of these exposures, their biological mechanisms, and their neurodevelopmental impacts. The summary
integrates findings from epidemiological and experimental studies to emphasize their relevance in ASD etiology.



Table 1 Key Environmental Risk Factors Associated with Autism Spectrum Disorder (ASD)

Environmental Key
Risk Factor Description Mechanism Impact on Brain References
Maternal Immune Maternal infections trigger Cytokines cross placenta, Altered lamination, Estes &
Activation (MIA) inflammatory cytokines (e.g., alter cortical structure and behavioral McAllister,
IL-6, IL-17a, TNF-a) synaptic pruning. abnormalities, ASD- 2016
affecting fetal brain. like traits.

Environmental Exposure to heavy metals, air

Disrupt hormonal signaling,

Neuronal apoptosis, Kalkbrenner

Toxins pollutants, and endocrine oxidative stress regulation, impaired plasticity, etal, 2014
disruptors disrupts and mitochondrial function. cognitive deficits.
neurodevelopment.

In Utero Valproic VPA interferes with histone Epigenetic reprogramming Structural anomalies, Nicolini &
Acid (VPA) modification, leading to affecting gene expression increased ASD risk. Fahnestock,
Exposure epigenetic alterations and during neurodevelopment. 2018
brain anomalies.

Perinatal Includes preterm birth, low Leads to neuroinflammation, | Damage to cerebellum Leviton et
Complications birth weight, hypoxia, and reduced neurovascular and prefrontal cortex al., 2018
cesarean delivery affecting support, impaired brain regions.

brain integrity. growth.
Nutritional Lack of folate, vitamin D, and Impaired methylation and Abnormal cortical Schmidt et
Deficiencies fatty acids disrupts DNA nucleotide synthesis impact development, al., 2011

methylation and cortical
development.

neurodevelopmental
processes.

increased ASD
susceptibility.

Collectively, these findings underscore the
importance of timing, dosage, and cumulative burden of
environmental insults, which may act synergistically with
underlying genetic  vulnerabilities.  High-resolution
environmental exposure data integrated with genomic and
epigenomic profiles will be essential for decoding the
mechanistic pathways through which these risk factors
exert long-term neurodevelopmental effects.

» Mechanisms Underlying Gene-Environment Interplay

The etiological complexity of Autism Spectrum
Disorder (ASD) is increasingly attributed to intricate
interactions  between  genetic  susceptibility and
environmental exposures. These gene-environment (GXE)
interactions do not operate through simple additive
mechanisms but instead exhibit context-dependent
modulation of gene expression, cellular signaling, and
neurodevelopmental ~ outcomes. Key  mechanistic
pathways involve epigenetic reprogramming,
transcriptional dysregulation, immune activation, and
oxidative stress, which converge to perturb synaptic
connectivity and neuronal differentiation in the developing
brain (Tordjman et al., 2014).

Epigenetic modulation represents a primary conduit
for environmental inputs to alter gene function.
Environmental exposures such as maternal inflammation,
endocrine disruptors, and nutritional deficiencies can
induce persistent changes in DNA methylation, histone
modification, and non-coding RNA expression, especially
during embryonic neurogenesis (LaSalle, 2013). For
instance, maternal immune activation (MIA) induces
epigenomic remodeling at autism-relevant loci, including
FOXP1, MECP2, and PTEN, thereby affecting
neurodevelopmental gene expression programs in
offspring (Richetto et al., 2017).

Oxidative stress and mitochondrial dysfunction serve
as additional mediators of GXE interplay. Environmental
toxicants such as heavy metals and air pollutants can
disrupt redox homeostasis, leading to increased production
of reactive oxygen species (ROS) and impaired
antioxidant defenses in neurons. These alterations affect
mitochondrial bioenergetics and may trigger epigenetic
changes through redox-sensitive transcription factors such
as NRF2 and NF-kB, influencing neuronal plasticity and
apoptosis pathways (Rose et al., 2012).

Another central mechanism involves immune
signaling cascades. Cytokines like IL-6 and IL-17A,
upregulated during maternal infections, can access the
fetal brain and alter glial cell development, synaptic
pruning, and cortical layering. These immunological
signals may also epigenetically prime microglia and
astrocytes for exaggerated responses to postnatal stimuli,
contributing to the neuroimmune phenotype observed in
ASD (Knuesel et al., 2014).

Furthermore, the interplay between genetic variants
and environmental exposures is often non-linear,
involving gene-specific sensitivity to environmental
perturbation. For example, mutations in chromatin
modifiers such as CHD8 or ARID1B may sensitize the
developing cortex to environmental insults by impairing
transcriptional resilience and chromatin accessibility,
thereby amplifying phenotypic expression in response to
relatively mild exposures (O’Roak et al., 2012).

Figure 4 wuses a tree metaphor to illustrate
foundational biological mechanisms influencing Autism
Spectrum Disorder (ASD). The roots represent four
interconnected pathways—epigenetic modulation,
oxidative stress, immune signaling cascades, and genetic
variants—that ~ shape  neurodevelopment.  These
mechanisms collectively mediate the brain’s response to
environmental inputs and contribute to ASD pathogenesis.
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Fig 4 Autism Spectrum Disorder (ASD) Development Due To Gene-Environment Interactions.

Table 2 outlines major biological mechanisms
through which gene-environment (GxE) interactions
contribute to Autism Spectrum Disorder (ASD). It
highlights how genetic susceptibilities interact with
environmental exposures to affect neurodevelopmental
pathways. Key molecular players and supporting
references are provided to elucidate the complexity of
ASD etiology.

Advanced bioinformatic and machine learning
models are now employed to decode these complex
interaction networks by integrating omics datasets—
including genomics, epigenomics, and exposomics—with
phenotypic data. These approaches allow for the
identification of critical nodes and regulatory hubs where
GxE interactions converge, facilitating both mechanistic
insight and the development of predictive biomarkers for
ASD susceptibility.

Table 2 Key Mechanisms of Gene-Environment Interactions Contributing to ASD Pathogenesis

Gene-Environment Key
Interaction Impact on Molecular Key
Mechanism Description Neurodevelopment Players References
Epigenetic Environmental exposures cause lasting | Alters neurodevelopmental FOXP1, LaSalle,
Modulation changes in DNA methylation, histone gene expression and MECP2, 2013;
modification, and non-coding RNA disrupts brain circuit PTEN Richetto et
activity. formation. al., 2017
Oxidative Stress and Toxicants disturb redox balance, Affects neuronal plasticity, | NRF2, NF- | Rose et al.,
Mitochondrial increase ROS, and impair bioenergetics, and kB 2012
Dysfunction mitochondrial function, influencing promotes
gene expression. neurodevelopmental
apoptosis.
Immune Signaling Maternal cytokines affect glial Leads to abnormal cortical IL-6, IL- Knuesel et
Cascades development, synaptic pruning, and layering and heightened 17A al., 2014
may epigenetically prime postnatal immune
neuroimmune responses. responses.
Gene-Specific Genetic variants in chromatin Amplifies phenotypic CHDS, O’Roak et
Sensitivity to regulators increase vulnerability to outcomes from mild ARID1B al., 2012
Environmental environmental insults by reducing environmental insults in
Perturbation transcriptional resilience. genetically predisposed
individuals.
Integration via Multi-omics data integration helps Supports discovery of Genomic, Tordjman
Omics and identify critical interaction hubs and biomarkers and epigenomic, | etal., 2014
Bioinformatics regulatory nodes in ASD pathways. personalized intervention | exposomic
strategies. datasets




1. EPIGENETIC REGULATION IN ASD
PATHOPHYSIOLOGY

» DNA Methylation and ASD Risk Loci

DNA methylation is one of the most extensively
studied epigenetic modifications implicated in Autism
Spectrum Disorder (ASD), predominantly occurring at
CpG dinucleotides within gene promoters and regulatory
elements. This covalent addition of a methyl group to the
5' carbon of cytosine modulates chromatin accessibility
and transcriptional silencing, serving as a critical
molecular interface between environmental exposures and
gene regulation (Loke et al., 2015). In the developing
brain, methylation patterns are dynamically established
and tissue-specific, influencing neurodevelopmental gene
expression and neuronal lineage specification.

Numerous methylome-wide association studies
(MWAS) have identified differentially methylated regions
(DMRs) in ASD brain tissue and peripheral blood,
particularly at loci associated with synaptic signaling,
immune regulation, and transcriptional control. For
instance, hypermethylation of the MECP2 gene, encoding
a methyl-CpG-binding protein that functions as a
transcriptional repressor, has been linked to abnormal
neuronal maturation and GABAergic dysfunction in ASD
models (Liyanage et al., 2022). Similarly, alterations in
methylation at the OXTR (oxytocin receptor) gene are
correlated with social cognition deficits, suggesting a
direct epigenetic influence on ASD-related behaviors
(Gregory et al., 2009).

High-resolution epigenomic profiling of postmortem
ASD brain tissue has also revealed hypomethylation at
enhancer regions associated with ASD risk genes such as
SHANKS3, CHD8, and NRXN1. These regulatory elements
interact with promoters via chromatin looping
mechanisms, and methylation changes can significantly
affect three-dimensional genome organization and
transcriptional output (Sun et al., 2016). Notably,
methylation-dependent enhancer repression of SHANK3 is
associated with synaptic destabilization, a hallmark of
ASD pathology.

Environmental exposures—such as  maternal
inflammation,  prenatal  stress, and  nutritional
deficiencies—can induce methylation shifts at ASD-
relevant loci, either transiently or in a developmentally
persistent manner. For example, maternal folate
availability influences the DNA methylation potential
through the one-carbon metabolic pathway, modulating
neural tube development and cortical patterning.
Perturbations in this pathway may result in methylation
imbalances at neurodevelopmental genes (Schmidt et al.,
2011).

The application of bisulfite sequencing, array-based
methylation profiling, and emerging third-generation
sequencing technologies continues to expand our
understanding of methylation landscapes in ASD.
Integrating these data with transcriptomic and chromatin

accessibility maps has elucidated regulatory circuits in
which methylation acts as a key node mediating the effects
of both genetic architecture and environmental context.
These findings suggest that DNA methylation not only
reflects ASD risk but may actively contribute to disease
pathogenesis through cell-type-specific and temporally
regulated transcriptional programs.

» Histone Modifications and Chromatin Remodeling

Histone modifications and chromatin remodeling are
central to the regulation of gene expression during
neurodevelopment, and disruptions in these processes
have been strongly implicated in the pathogenesis of
Autism Spectrum Disorder (ASD). Post-translational
modifications (PTMs) of histone tails—such as
acetylation, methylation, phosphorylation,  and
ubiquitination—alter chromatin structure and
accessibility, thereby modulating transcriptional activity
in a highly dynamic and context-specific manner (Borrelli
et al., 2008). These epigenetic modifications work in
concert with ATP-dependent chromatin remodeling
complexes to orchestrate neuronal differentiation, synaptic
plasticity, and long-range chromatin interactions essential
for brain development.

Mutations in genes encoding histone-modifying
enzymes and chromatin remodelers represent a significant
genetic risk category in ASD. For example, EHMTL1, a
histone  methyltransferase responsible for H3K9
dimethylation (H3K9me2), has been associated with
Kleefstra syndrome, which presents with core ASD
symptoms, intellectual disability, and disrupted neuronal
homeostasis (Benevento et al., 2016). Loss of EHMT1
function impairs synaptic scaling through deregulation of
activity-dependent gene expression, demonstrating how
epigenetic misregulation can disrupt neuroplasticity in
ASD.

Similarly, CHDS, one of the most frequently mutated
genes in ASD, encodes an ATP-dependent chromatin
remodeler that interacts with histone modifiers and
transcriptional repressors. CHD8 regulates genes involved
in Wnt signaling, neural progenitor proliferation, and
cortical development. Haploinsufficiency of CHDS8 leads
to altered chromatin accessibility and transcriptional
dysregulation at ASD-associated loci such as TBR1 and
PTEN, supporting its role as a master regulator of ASD
molecular networks (Sugathan et al., 2014).

Histone  acetylation, mediated by histone
acetyltransferases (HATS), promotes an open chromatin
conformation and transcriptional activation. Disruption in
HAT activity, or compensatory changes in histone
deacetylases (HDACS), has been observed in ASD models.
For instance, prenatal exposure to valproic acid (VPA), a
known HDAC inhibitor, induces widespread histone
hyperacetylation and has been shown to replicate ASD-
like behaviors and cortical abnormalities in rodents,
implicating aberrant acetylation dynamics in disease
etiology (Nicolini & Fahnestock, 2018).



Furthermore, mutations in members of the SWI/SNF
chromatin remodeling complex, including ARID1B and
SMARCC2, contribute to ASD by disrupting nucleosome
positioning and enhancer activation. These mutations
result in the misregulation of developmental gene
expression programs and impair the formation of
functional neural circuits (Satterstrom et al., 2020).
SWI/SNF complexes also cooperate with lineage-specific
transcription factors to maintain neuronal identity,
emphasizing the importance of chromatin remodeling in
neural specification.

In summary, ASD-associated histone modifications
and chromatin remodeling disruptions converge on critical
neurodevelopmental pathways, influencing both gene

expression and 3D chromatin architecture. These
mechanisms not only contribute to ASD risk but also offer
promising therapeutic targets through epigenetic editing
and small-molecule modulation of histone-modifying
enzymes.

Figure 5 highlights key epigenetic mechanisms
involved in Autism Spectrum Disorder (ASD),
emphasizing how gene expression is regulated without
altering DNA sequence. It illustrates four core elements—
histone modifications, chromatin remodeling, genetic
mutations, and therapeutic targets. Together, these
components contribute to ASD pathology and offer
pathways for precision interventions.

Epigenetic
Mechanisms in
ASD
Epigenetic mechanisms
regulate gene
expression in ASD.

Histone
Modifications

Remodeling

Fig 5 Unraveling Epigenetic Mechanisms in ASD

» Non-Coding RNAs and Regulatory Networks

Non-coding RNAs  (ncRNAs),  particularly
microRNAs (miRNAs) and long non-coding RNAs
(IncRNAs), have emerged as essential post-transcriptional
regulators of gene expression, playing critical roles in
neurodevelopmental processes relevant to Autism
Spectrum Disorder (ASD). These regulatory RNA species
influence neural cell fate determination, synaptic
formation, and plasticity by targeting mRNA transcripts
and chromatin modifiers, thus integrating into broader
epigenetic and gene regulatory networks (Qureshi &
Mehler, 2012). Dysregulation of ncRNA-mediated
pathways is increasingly recognized as a mechanistic
contributor to ASD etiology, often acting downstream of
genetic risk loci and environmental perturbations.

MiRNAs are ~22-nucleotide RNAs that mediate
MRNA degradation or translational repression by binding

to complementary sequences in the 3’ untranslated regions
(3'UTRs) of target transcripts. In the ASD brain, miRNA
expression profiles reveal both upregulation and
downregulation of key neurodevelopmental regulators.
For instance, miR-132 and miR-134, which control
dendritic spine morphogenesis and synaptic plasticity, are
consistently dysregulated in ASD models and postmortem
cortex samples, suggesting their involvement in synaptic
pathology (Wu et al., 2016). Additionally, miR-146a, a
key regulator of neuroinflammation, has been found to be
overexpressed in  ASD, linking innate immune
dysregulation with altered neuronal function (Bhat et al.,
2016).

LncRNAs, typically >200 nucleotides in length,
function through diverse mechanisms including chromatin
remodeling, transcriptional interference, and mMRNA
stabilization. Several IncRNAs such as MSNP1AS,
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MIR137HG, and NEAT1 have been implicated in ASD
through their spatial-temporal expression patterns and
regulatory influence on high-confidence ASD risk genes
like CHD8, SHANK3, and NRXN1 (Barry et al., 2014). For
example, MSNP1AS, an antisense transcript near the
Moesin pseudogene, is highly expressed in ASD cortical
tissue and modulates actin cytoskeleton remodeling, which
is vital for neurite outgrowth and synaptic integrity.

NcRNAs also participate in higher-order regulatory
networks by functioning as competing endogenous RNAs
(ceRNAs), forming RNA-RNA interaction hubs that
modulate the availability of miRNAs for their targets.
Disruption in the stoichiometry of these networks can shift
developmental trajectories by derepressing or repressing
neurogenic genes at critical stages (Fombonne et al.,
2021). These RNA-driven regulatory circuits are tightly
interwoven with chromatin states, forming feedback loops
with histone modifiers and transcription factors, thereby

establishing context-specific transcriptional landscapes in
neural tissue.

Emerging technologies, including single-cell RNA
sequencing and CRISPR-based epitranscriptomic editing,
are now being employed to map the spatiotemporal
expression of ncRNAs and their interaction networks
across brain regions and developmental stages. These
high-resolution data are essential to delineate the role of
ncRNAs as potential biomarkers and therapeutic targets in
precision medicine approaches for ASD.

Table 3 presents the key roles of non-coding RNAs
(ncRNAs) in the pathogenesis of Autism Spectrum
Disorder (ASD). It highlights how microRNAs and long
non-coding RNAs regulate gene expression, synaptic
development, and neuroinflammation. These insights
underscore the significance of ncRNAs as molecular
mediators and potential therapeutic targets in ASD.

Table 3 Role of Non-Coding RNAs in ASD Pathogenesis

ncRNA Neurodevelopmental Key Examples or Key
Mechanism Description Impact Tools References
MicroRNAs Small RNAs (~22 nt) that Affect dendritic spine miR-132, miR- Wuetal.,
(miRNAS) regulate gene expression via morphogenesis, synaptic 134, miR-146a 2016; Bhat et
mRNA degradation or plasticity, and al., 2016
translational repression. neuroinflammation.
Long Non- Large RNAs (>200 nt) that Regulate expression of ASD MSNP1AS, Barry et al.,
Coding RNAs modulate chromatin state, risk genes (e.g., CHDS, MIR137HG, 2014
(IncRNAs) transcription, and mMRNA SHANKS3, NRXN1), NEAT1
stability. influencing neural function.
Competing RNA molecules compete for Alter balance of neurogenic | ceRNA regulatory | Fombonne et
Endogenous shared miRNAs, modulating gene regulation at critical hubs involving al., 2021
RNA (ceRNA) gene expression in neural developmental stages. miRNAs and
Networks circuits. IncRNAs
Integration NcRNAs interact with histone Form feedback loops in Chromatin Qureshi &
with modifiers and transcription chromatin and remodelers, Mehler, 2012
Epigenetic factors to shape gene programs. transcriptional networks in transcription
Regulators developing brain. factors
Technological Single-cell RNA-seq and Enable precision mapping of | Single-cell RNA Emerging
Advancements | CRISPR tools help map ncRNA ncRNA functions and sequencing, studies
in ncRNA expression across brain regions therapeutic targeting in CRISPR editing (2021~
Research and time points. ASD. present)
(AVA MULTI-OMICS AND COMPUTATIONAL mutations, copy number variants (CNVs), and common

APPROACHES

» Multi-Omics Integration for ASD Research

The complexity and heterogeneity of Autism
Spectrum Disorder (ASD) necessitate a systems biology
approach to unravel its multifactorial etiology. Multi-
omics integration—encompassing genomics,
epigenomics,  transcriptomics, proteomics, and
metabolomics—has become a cornerstone in decoding the
multilayered molecular architecture underlying ASD. This
holistic strategy enables the identification of convergent
biological pathways and regulatory networks that would
remain elusive when analyzed through single-omic
modalities (Li et al., 2021).

At the genomic level, high-throughput sequencing
platforms have identified numerous rare de novo

single nucleotide polymorphisms (SNPs) associated with
ASD, often localized in genes regulating synaptogenesis,
chromatin  remodeling, and transcriptional control
(Satterstrom et al., 2020). Integration with epigenomic
data, such as DNA methylation and histone modification
maps, reveals that many of these genetic variants reside
within cis-regulatory elements like enhancers and
promoters that govern cell-type—specific transcriptional
programs (Zhou et al., 2019). These findings support the
hypothesis that regulatory noncoding elements are critical
mediators of ASD risk.

Transcriptomic analyses, particularly through RNA-
seq and single-nucleus RNA-seq, provide spatiotemporal
resolution of gene expression across developmental stages
and neural cell types. Integrative studies have shown that
differentially expressed genes in ASD postmortem cortex
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overlap significantly with genes harboring high-impact
mutations, suggesting a direct genotype-to-phenotype link
mediated via transcriptional dysregulation (Voineagu et
al., 2011). Moreover, transcriptomic signatures of ASD
brains often reflect upregulation of immune-related genes
and downregulation of synaptic genes, indicating a
molecular imbalance in excitatory-inhibitory homeostasis.

Proteomic profiling adds another dimension by
capturing post-transcriptional modifications, protein
abundance, and interactions, which are not always
predicted by mRNA expression levels. Recent tandem
mass spectrometry studies have identified altered synaptic
vesicle proteins and dysregulated signaling complexes in
ASD models, which corroborate transcriptomic findings
while revealing additional layers of regulatory control
(Abrahams et al., 2013). Metabolomic analyses further
support these insights by demonstrating ASD-associated
disruptions in amino acid metabolism, mitochondrial
function, and redox balance, particularly involving
glutamate, GABA, and oxidative stress pathways (Smith
etal., 2019).

Collectively, multi-omics approaches provide a
powerful framework to capture the complex interplay
among genetic, epigenetic, transcriptomic, and metabolic
layers in ASD. Advanced computational pipelines,
including  Bayesian  network inference,  matrix
factorization, and deep learning models, are now being
employed to integrate heterogeneous datasets and uncover
latent disease modules and biomarkers. This integrative
paradigm enhances the resolution of ASD subtypes,
supports  personalized intervention strategies, and
facilitates the translation of molecular discoveries into
clinical utility.

» Network Biology and Systems-Level Modeling

Network biology provides a systems-level
framework for decoding the molecular complexity of
Autism Spectrum Disorder (ASD) by modeling biological
components—genes, proteins, and regulatory elements—
as interconnected networks rather than isolated entities.
This approach enables the identification of key molecular
hubs, modules, and pathways that underpin the disorder,
particularly when integrated with multi-omics data
(Barabasi et al., 2011). These biological networks can
reflect  transcriptional  regulation,  protein-protein
interactions (PPIs), metabolic fluxes, and signaling
cascades, providing insights into emergent properties that
drive ASD phenotypes.

Gene co-expression network analyses, such as
Weighted Gene Co-expression Network Analysis
(WGCNA), have been instrumental in identifying ASD-
associated transcriptional modules. In postmortem ASD
brain samples, WGCNA has revealed that downregulated
modules enriched for synaptic and neuronal genes co-
occur with upregulated immune and glial modules,
suggesting widespread disruption in neuronal-glial
homeostasis (VVoineagu et al., 2011). These modules often
correlate with genetic variants discovered through
genome-wide association studies and exome sequencing,

linking regulatory perturbations to core
neurodevelopmental pathways.

Protein-protein interaction (PPI) networks derived
from databases such as STRING, BioGRID, and IntAct
have uncovered high-confidence ASD risk genes
clustering in functionally coherent networks. For example,
genes such as CHD8, SHANK3, SYNGAP1, and PTEN
form central hubs in synaptic and chromatin remodeling
sub-networks that are frequently disrupted in ASD
(Parikshak et al., 2013). Perturbations of these hubs lead
to cascading effects across the interactome, amplifying the
molecular consequences of individual mutations through
network propagation.

Regulatory network inference models—built using
tools like ARACNe, PANDA, and GENIE3—are being
applied to infer transcription factor (TF)-target gene
relationships and to reconstruct cell-type-specific gene
regulatory networks (GRNSs) in ASD. Integrating ChlIP-
seq, ATAC-seq, and RNA-seq datasets, these models
identify TFs with altered activity in ASD such as TBR1,
FOXG1, and MEF2C, which serve as upstream regulators
of large neurodevelopmental gene networks (Willsey et
al., 2013).

Additionally, multilayered network models that
incorporate genetic, transcriptomic, epigenomic, and
proteomic data are emerging as powerful tools for
identifying ASD molecular subtypes. These integrative
models use graph-theoretical measures (e.g., centrality,
modularity, clustering coefficient) and machine learning to
stratify patients based on convergent network alterations
rather than clinical phenotype alone (Liu et al., 2022). This
approach enhances the resolution of mechanistic insight
and improves the precision of potential therapeutic targets.

» Machine Learning and Al in ASD Etiology Prediction

The integration of artificial intelligence (Al) and
machine learning (ML) into autism spectrum disorder
(ASD) research has revolutionized the capacity to analyze
high-dimensional, multi-omics, and neuroimaging
datasets for etiological insight and predictive modeling.
These data-driven approaches excel at identifying latent
patterns, nonlinear interactions, and multi-scale
dependencies that underlie ASD heterogeneity—
challenges often intractable using traditional statistical
techniques (Duda et al., 2016).

Supervised learning algorithms, including support
vector machines (SVMs), random forests (RFs), and
gradient boosting classifiers, have been widely used for
ASD classification using features derived from structural
and functional MRI, EEG, transcriptomic profiles, and
metabolomics data. For instance, ML classifiers trained on
diffusion tensor imaging (DTI) metrics have achieved high
accuracy in distinguishing ASD from neurotypical
controls by detecting microstructural white matter
alterations in key brain regions such as the corpus
callosum and superior longitudinal fasciculus (Eslami et
al., 2019). These neuroanatomical patterns often correlate
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with social cognition and language deficits characteristic
of ASD.

Unsupervised and  semi-supervised learning
methods—such as k-means clustering, autoencoders, and
non-negative matrix factorization—have been
instrumental in stratifying ASD subtypes based on
molecular and clinical endophenotypes. These techniques
have uncovered transcriptional and epigenetic modules
that correspond to phenotypic variation in language
ability, sensory processing, and comorbid conditions like
epilepsy and intellectual disability (Krishnan et al., 2016).
Dimensionality reduction algorithms like t-SNE and
UMAP further enhance visualization and clustering by
capturing nonlinear data manifolds inherent in high-
dimensional omics profiles.

Deep learning approaches, particularly convolutional
neural networks (CNNs) and graph neural networks
(GNNSs), have enabled end-to-end learning from complex
biomedical datasets. CNNs trained on neuroimaging data
can autonomously learn hierarchical features associated
with ASD-linked neuroanatomical abnormalities, while
GNNs have been applied to model transcriptomic and
connectomic networks, capturing topological
dependencies and signaling cascades in ASD brain
circuitry (Khan et al., 2020). Importantly, explainable Al
(XAl) techniques such as SHAP and LIME are now
employed to interpret feature importance in trained

models, increasing the transparency and clinical relevance
of ML-driven predictions.

Integrative frameworks leveraging multimodal data
fusion are gaining momentum. Multiview learning and
ensemble methods combine features across genomics,
neuroimaging, and behavioral phenotypes to generate
robust predictive models and enhance generalization
across populations. These methods are also key for
constructing individualized ASD risk scores and for
prioritizing candidate genes and biomarkers through
model-guided feature selection (Abbas et al., 2022).

Despite these advances, significant challenges persist
in terms of data sparsity, batch effects, cross-cohort
heterogeneity, and lack of standardized pipelines for
reproducibility. Nevertheless, Al and ML offer
transformative potential for decoding ASD etiology,
enabling early diagnosis, patient stratification, and the
development of precision therapeutics based on predictive
molecular signatures.

Table 4 outlines key Al and machine learning
methodologies used in ASD research for classification,
subtype discovery, and predictive modeling. It highlights
the specific algorithms applied, their neurodevelopmental
insights, and how they advance understanding of ASD
heterogeneity. These tools represent a significant shift
from traditional approaches by enabling high-dimensional
data analysis and precision diagnostics.

Table 4 Al and Machine Learning Applications in Autism Spectrum Disorder (ASD) Research

Key Tools or Key
ML/AI Technique Primary Application Algorithms Insights/Outcomes References
Supervised Classification of ASD using Support Vector High-accuracy ASD Eslami et
Learning (SVM, neuroimaging and omics Machines, Random prediction; identification | al., 2019
RF, Gradient features. Forests, Gradient of microstructural brain
Boosting) Boosting changes.
Unsupervised/Semi- | Stratification of ASD subtypes k-means, Discovery of phenotype- | Krishnan et
Supervised by molecular and clinical Autoencoders, NMF, specific modules and al., 2016
Learning traits. t-SNE, UMAP ASD subtypes.
Deep Learning End-to-end learning from raw | Convolutional Neural | Detection of hierarchical | Khan et al.,
(CNNs, GNNs) neuroimaging and connectomic Networks, Graph features and topological 2020
data. Neural Networks brain network patterns.
Explainable Al Interpretability of ML model SHAP (SHapley Increased clinical Duda et al.,
(XAl outputs and feature Additive relevance and 2016
importance. Explanations), LIME transparency of
predictions.
Multimodal Data | Combining genomics, imaging, | Multiview learning, Enhanced robustness Abbas et
Integration and behavioral data for Ensemble models and generalizability of al., 2022
predictive modeling. ASD risk models.
V. FUTURE DIRECTIONS AND epigenomic, transcriptomic, proteomic, and metabolomic

TRANSLATIONAL IMPLICATIONS

> Personalized and Precision Medicine in ASD

The advent of precision  medicine in
neurodevelopmental disorders has catalyzed a paradigm
shift in Autism Spectrum Disorder (ASD) research and
clinical management, moving beyond categorical
diagnostics toward individualized molecular profiling and
targeted interventions. This approach leverages genomic,

data to stratify ASD patients into biologically distinct
subgroups and to inform therapeutic strategies tailored to
their specific molecular signatures (Geschwind & State,
2015).

Genomic sequencing has uncovered rare de novo
mutations and copy number variants in high-confidence
ASD risk genes such as CHD8, SCN2A, and SYNGAP1,
enabling genotype-phenotype correlations that support
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precision diagnostics. For instance, mutations in SCN2A,
which encodes a voltage-gated sodium channel, are
associated with early-onset epileptic encephalopathy and
treatment responsiveness to sodium channel blockers,
demonstrating how precision medicine can directly inform
pharmacological choices in ASD subsets (Sanders et al.,
2018).

Epigenetic and transcriptomic profiling further
enhance stratification by identifying ASD subtypes based
on differential DNA methylation and RNA expression
patterns. These molecular endophenotypes are linked to
immune  dysregulation, synaptic  signaling, or
mitochondrial dysfunction and have been used to prioritize
therapeutic targets, such as histone deacetylase inhibitors
or anti-inflammatory agents, in preclinical models
(Pramparo et al., 2015). Additionally, integration of
polygenic risk scores (PRS) with transcriptomic modules
enables the identification of individuals at high risk and
supports early detection strategies in prodromal stages of
ASD (Antaki et al., 2022).

Proteomics and metabolomics provide
complementary insights into downstream functional
alterations that are not always captured by genomic data
alone. For example, metabolomic signatures related to
oxidative stress, glutamate metabolism, and immune
activation have shown promise as state biomarkers for
ASD severity and treatment responsiveness (Smith et al.,
2019). These data layers contribute to a multidimensional
phenotype space that informs individualized treatment

frameworks, including nutritional, behavioral, and

pharmacogenomic interventions.

In clinical application, precision medicine in ASD is
exemplified by ongoing efforts in N-of-1 trials,
molecularly guided drug repurposing, and the use of
patient-derived induced pluripotent stem cells (iPSCs) and
brain organoids to model patient-specific
neurodevelopmental trajectories. These systems serve as
platforms for high-throughput screening of personalized
therapeutics and for elucidating the functional
consequences of specific mutations under controlled
conditions (Brennand et al., 2015).

Ultimately, the success of precision medicine in ASD
hinges on the integration of omics data with deep
phenotyping, real-time biosensors, and advanced Al
analytics to generate predictive and actionable clinical
insights. This approach holds the potential to reduce the
trial-and-error burden in current ASD treatments and to
pave the way for early, targeted, and effective
interventions.

Table 5 outlines the major strategies driving
precision medicine in ASD research and clinical care. It
highlights how multi-omics technologies, patient-derived
models, and Al integration are transforming individualized
diagnosis and treatment. The applications emphasize
molecular  profiling,  predictive  modeling, and
personalized therapeutic screening across the ASD
spectrum.

Table 5 Precision Medicine Applications in Autism Spectrum Disorder (ASD)

severity and treatment
response.

monitoring ASD progression.

Precision Key Tools or Key
Medicine Strategy Primary Application Techniques Clinical or Research Impact | References
Genomic Identify rare variants and | Whole-exome/genome Enables tailored Sanders et
Sequencing genotype-phenotype links sequencing, CNV pharmacological al., 2018
for targeted therapies. detection interventions and precision
diagnostics.
Epigenomic and Define ASD subtypes via DNA methylation Supports early detection and | Pramparo et
Transcriptomic methylation and arrays, RNA-seq, PRS | molecularly informed therapy | al., 2015;
Profiling expression; prioritize modeling stratification. Antaki et
intervention targets. al., 2022
Proteomics and Reveal biochemical state Mass spectrometry, Identifies metabolite-based | Smith et al.,
Metabolomics markers linked to ASD NMR spectroscopy state biomarkers for 2019

Patient-Derived

Model patient-specific

Induced pluripotent

Facilitates individualized

Brennand et

Models and Drug neurodevelopment for stem cells (iPSCs), drug testing and mechanistic al., 2015
Screening therapeutic screening and brain organoids insight generation.
mutation analysis.
Integrated Omics Generate predictive Al, machine learning, Improves clinical decision- Geschwind
with Al and Deep insights for personalized biosensors, making and treatment & State,
Phenotyping treatment via Al-enabled multimodal precision across ASD 2015
data integration. phenotyping spectrum.

> Challenges in
Approaches

Despite the transformative potential of multi-omics

and computational frameworks in Autism Spectrum

Disorder (ASD) research, numerous technical, analytical,

and biological challenges persist, limiting the translational

Integrative and Computational

utility of integrative approaches. One of the foremost
obstacles is data heterogeneity, stemming from differences
in sample types (e.g., postmortem brain vs. peripheral
blood), developmental stages, tissue-specific expression,
and batch effects across studies. These confounders
complicate the identification of reproducible molecular
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signatures and often necessitate complex normalization
and harmonization strategies (Leek et al., 2010).

Another major challenge is the sparsity and
imbalance of datasets, particularly in transcriptomic and
epigenomic studies, where high-dimensional feature
spaces are coupled with limited sample sizes. This leads to
overfitting in machine learning models and reduces
generalizability across independent cohorts. Moreover,
ASD’s inherent phenotypic and genetic heterogeneity
further complicates model training, as the disorder
comprises multiple molecular subtypes with potentially
distinct etiological pathways (De Rubeis et al., 2014).
Integrating these subtypes into a unified analytical
framework remains a critical challenge for precision
modeling.

From a systems biology perspective, network-based
and causal inference methods require high-quality
interaction data and robust prior knowledge to construct
reliable models. However, the incomplete annotation of
gene regulatory elements, enhancer-promoter interactions,
and long-range chromatin contacts limits the fidelity of
these models, particularly in non-coding regions (Wang et
al., 2018). Even when functional annotations exist, their
brain region- and cell-type-specificity is often lacking,
underscoring the need for single-cell resolution in
integrative modeling.

Computational scalability is also a non-trivial issue.
As multi-omics datasets grow in complexity—
incorporating genomics, methylomics, transcriptomics,
proteomics, and metabolomics—the computational
burden of integrative analysis increases exponentially.
Advanced methods such as variational autoencoders,
multi-view neural networks, and tensor decomposition
have been developed to handle such complexity, but their
implementation often demands extensive parameter
tuning, high-performance computing resources, and
domain-specific expertise (Arisdakessian et al., 2019).

In addition to technical limitations, interpretability
remains a significant barrier. Many state-of-the-art
machine learning and deep learning algorithms, though
highly accurate, function as "black boxes,” providing
limited insight into the biological mechanisms underlying
ASD predictions. The lack of transparent model
interpretation hinders clinical translation and may obscure
causal relationships crucial for therapeutic development
(Lundberg et al., 2020). While explainable Al techniques
have emerged to address this issue, their application in the
context of neurodevelopmental multi-omics integration is
still nascent.

Altogether, addressing these computational and
methodological limitations will require collaborative
efforts to standardize data preprocessing pipelines,
improve reference atlases of the human brain, and develop
interpretable models that can robustly stratify ASD
subtypes and predict clinical outcomes across diverse
populations.

> Prospects for Early Diagnosis and Intervention

Early diagnosis and intervention in Autism Spectrum
Disorder (ASD) are critical for optimizing developmental
outcomes, given the heightened neural plasticity during
early childhood. Traditional diagnostic models rely
heavily on behavioral observation, which typically delays
diagnosis until symptoms manifest overtly in the second
or third year of life. However, advancements in multi-
omics integration, neuroimaging, and computational
analytics are enabling the identification of molecular and
neural biomarkers that precede overt behavioral signs,
thereby facilitating the development of predictive tools for
early ASD detection (Gao et al., 2019).

Genomic screening has shown potential for early risk
stratification. De novo mutations in high-confidence ASD
genes such as CHD8, DYRK1A, and SCN2A can be
detected prenatally or in infancy, offering opportunities for
anticipatory guidance and surveillance (Sanders et al.,
2015). Moreover, recent work integrating polygenic risk
scores (PRS) with neonatal gene expression data has
demonstrated predictive power for ASD symptomatology,
particularly when combined with perinatal environmental
exposure profiles (Krumm et al., 2015).

Neuroimaging-based biomarkers derived from
structural MRI, functional connectivity analyses, and
diffusion tensor imaging (DTI) are also gaining traction in
early diagnosis. Longitudinal imaging studies in high-risk
infants—those with an older sibling diagnosed with
ASD—have identified atypical patterns of cortical surface
area expansion, aberrant thalamocortical connectivity, and
delayed myelination by 6 to 12 months of age in children
who later meet ASD diagnostic criteria (Hazlett et al.,
2017). These findings highlight the feasibility of
incorporating neuroimaging metrics into early diagnostic
pipelines alongside genetic and clinical data.

Multi-omic signatures, especially those derived from
blood-based transcriptomic and methylomic profiles, offer
non-invasive avenues for early biomarker discovery.
Differential expression of immune-related transcripts,
altered methylation at regulatory loci, and dysregulation of
miRNAs such as miR-146a and miR-132 have been
reported in infants and toddlers later diagnosed with ASD
(Hoffmann et al., 2021). These peripheral biomarkers are
particularly attractive for routine neonatal screening and
monitoring in resource-constrained settings.

Critically, the integration of these high-dimensional
datasets into machine learning frameworks enhances
predictive accuracy and supports early subtype
classification. Deep learning models trained on
multimodal datasets—genomic, neuroimaging, and
behavioral—have demonstrated robust performance in
early ASD prediction, with some models achieving area
under the curve (AUC) scores exceeding 0.85 by 12
months of age (Dwyer et al., 2018). These computational
pipelines are increasingly being optimized for clinical
applicability, incorporating explainable Al methods to
enhance interpretability and decision-making.
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The development of early interventions informed by
these predictive models represents the next frontier.
Precision-guided behavioral therapies, pharmacological
interventions targeting molecular dysregulation, and
caregiver-mediated programs tailored to individual
neurobiological profiles have the potential to mitigate
symptom progression and improve cognitive and adaptive
functioning trajectories. Ultimately, embedding early
diagnostic tools within pediatric health systems—
complemented by longitudinal biobanking and digital
health technologies—will be pivotal in realizing precision
neurodevelopmental medicine for ASD.

VI. CONCLUSION

The convergence of multi-omics technologies,
computational biology, and precision medicine is
reshaping the landscape of autism spectrum disorder
(ASD) research and intervention. As our understanding of
gene-environment interactions and epigenetic regulation
deepens, it becomes increasingly clear that ASD is not a
monolithic condition but a spectrum of biologically
diverse subtypes. Integrative approaches that combine
genomic, epigenomic, transcriptomic, proteomic, and
environmental data offer unprecedented insight into the
molecular architecture of ASD, enabling the discovery of
predictive biomarkers, novel therapeutic targets, and
individualized treatment strategies.

While substantial challenges remain—including data
standardization, interpretability, and clinical scalability—
the field is progressing toward a future in which early
diagnosis and personalized intervention are not only
feasible but routine. By embracing the complexity of ASD
through systems-level modeling and advanced analytics,
researchers and clinicians can move beyond descriptive
diagnostics toward mechanism-based classification and
intervention. The path ahead lies in fostering
interdisciplinary collaboration, ensuring equitable access
to advanced technologies, and translating molecular
insights into real-world clinical benefit for individuals
across the autism spectrum.
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