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Neurodevelopmental disorders (NDDs) are disorders with complex genetic etiology that arise during brain development, such
as Autism spectrum disorder (ASD), Attention-Deficit/ Hyperactivity Disorder (ADHD), and Schizophrenia (SCZ). MicroRNAs
(miRNAs), a class of non-coding RNAs, play a crucial role in regulating gene expression, making them key targets for
interventions involving neurodevelopmental pathways. This study employs a bioinformatics approach to identify differentially
expressed miRNAs and genes using three publicly available GEO datasets (GSE15888, GSE98088, and GSE100670) from
which the data were further validated using TargetScan and miRTarBase. High-confidence interactions were identified using
miRNet for use in network construction. A network was constructed and analysed, and the most significant genes and miRNAs
were identified using Cytoscape. Similarly, the most significant pathways were identified using Reactome. Finally, the disease
associations and therapeutic potential of the identified miRNAs and genes were evaluated using the Open Targets platform,
miRBase, and Drug-Gene Interaction Database (DGIdb), producing a final list of potential therapeutic targets. The genes CLTC
and PTEN were found to be associated with NDDs, and five miRNAs were found to interact with these genes, posing the
interactions between both as promising therapeutic targets. These findings offer insights into the regulatory networks involved
in neurodevelopment as well as potential biomarkers and therapeutic targets for functional validation and clinical application.
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Introduction

Neurodevelopmental disorders are behavioural and cognitive
disorders that arise during brain development, and impact in-
tellectual, social, and motor functions™., Among these dis-
orders, ASD and ADHD diagnoses have risen substantially
over time, with ASD diagnosis rates increasing by 175% be-
tween 2011 and 2022, and ADHD prevalence ranging from a
22% to 54% increase over the last few decades in children and
adults in the US". This general increase in the prevalence of
neurodevelopmental disorders highlights the need for research
into their etiology as well as potential therapeutic targets.
Over the past decade, researchers worldwide have demon-
strated that microRNAs play essential regulatory roles in neu-
rodevelopment, influencing neuronal differentiation, synapse
formation, and circuit maturation*€. MicroRNAs (miRNAs)
are small, non-coding RNAs that regulate gene expression
post-transcriptionally, by binding to the 3’ untranslated re-
gion (3° UTR) of target mRNAs and either degrading or sup-
pressing translation”. Each miRNA can bind to several tar-
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gets, thus controlling a large number of molecular pathways.
miRNAs are essential for neurodevelopment, regulating pro-
cesses such as neuronal differentiation and migration, axon
and dendritic outgrowth and complexity, and synaptic devel-
opment®?, Therefore, they are likely to play an important role
in the formation of neurodevelopmental disorders.

A previous study found that miR-137 is crucial for neurode-
velopment and may contribute to the development of NDDs.
They have identified miRNAs associated with disorders such
as ASD, Schizophrenia (SCZ), and ADHD through bioinfor-
matic approaches1?. In another study, miR-873 was found to
regulate ASD risk genes (ARID1B, SHANK3 and NRXN2) in
charge of neuronal morphology and cell differentiation, using
approaches such as animal testing and qPCR". A combina-
tion of 4 miRNAs was also identified (miR-4433b-5p, miR-
15a-5p, miR-335-5p, and miR-1180-3p) to be a biomarker
for the early diagnosis of ASD, through pathway analysis and
RNA sequencing?. A common bioinformatic technique that
has shown promising results is differential analysis, which was
used in a study investigating miRNA expression in high my-
opia and agerelated cataracts, and identified the miRNAs in-
volvedd?.,

Despite all the research that has already been done, it is still
unclear how miRNAs integrate into broader processes in the
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brain due to the complexity of neurodevelopment. Most stud-
ies in the field focus on single miRNAs, oversimplifying their
role by ignoring broader networks. In reality, miRNAs operate
in coordinated systems and there is yet to be a comprehensive
construction of miRNA-mediated gene regulatory networks
involved in neurodevelopment. A bioinformatics approach in
this study eliminates the concerns about cohort sizes and di-
versity, costs of experimental validation, and reproducibility,
that previous studies have faced. Diverse datasets will be com-
bined to identify broader patterns and data will be collated
from different sources, leading to more exhaustive research.
Tools such as GEO, TargetScan, and Cytoscape will be uti-
lized in identifying the relevant miRNAs and genes, gathering
expression datasets, and predicting gene interactions to con-
struct regulatory networks.

With the increasing prevalence of neurodevelopmental dis-
orders comes a need for the further exploration of poorly un-
derstood targets, such as miRNAs. This paper aims to iden-
tify the role of miRNA-gene interactions in neurodevelop-
ment by integrating publicly available datasets and interaction
databases. Specifically, the objectives are to identify key dif-
ferentially expressed miRNAs and genes associated with rele-
vant NDDs such as ASD and ADHD, using a bioinformatics-
based analysis to construct gene regulatory networks and iden-
tify therapeutic targets. Furthermore, the study aims to asso-
ciate the shortlisted targets with specific NDDs.

This research can serve as a basis for other studies on
miRNA-associated neurodevelopmental disorders by outlin-
ing the specific gene regulatory networks at play during the
development of the brain. The findings could be used to de-
sign therapies and preventive interventions, as well as identify
biomarkers at the onset of neurodevelopmental disorders.

Methodology

Data Collection and Processing

Publicly available datasets were retrieved from the Gene Ex-
pression Omnibus (GEO) to identify differentially expressed
(DE) miRNAs and genes associated with neurodevelopmen-
tal disorders. GSE15888 provided miRNA expression data,
while GSE98088 and GSE100670 provided gene expression
data. Although these datasets are not linked, they were used
to check the expression profiles of both miRNAs and genes in
NDDs, allowing for a bioinformatic analysis of miRNA-gene
regulatory interactions in neurodevelopmental contexts.
Although these datasets are derived from neural stem cells
(NSC) rather than from patients with NDDs, NSC-based mod-
els are widely used in such investigations, as NDDs originate
during early embryonic brain development, a stage that can-
not be accessed in vivol®. Furthermore, miRNA expression
changes during this stage and has been shown to regulate neu-

ral stem cell proliferation, differentiation, and lineage commit-
ment, revealing the effects relevant to disease mechanisms L3
Similar approaches have been used in several published stud-
ies. For example, studies on miR-137 have demonstrated their
roles in neural differentiation and NDD-related pathways us-
ing stem-cell-based models1?.,

Datasets from miRTarBase and TargetScan containing
miRNA and gene interactions were also downloaded and used
to identify the interactions between genes and miRNAs. miR-
TarBase provides experimentally validated miRNA-target in-
teractions, while TargetScan predicts computationally inferred
miRNA-gene interactions based on sequence complementar-
ity and evolutionary conservation'”. The inclusion of both
datasets ensured that both established and potential interac-
tions were integrated.

Differential Expression Analysis

Differential expression analysis was performed using the
GEO2R tool, through which samples were grouped into test
and control groups. The dataset GSE15888 provided data
about miRNA profiles at different stages of human neural de-
velopment, using NT2 cells treated with Retinoic Acid. The
control group was set to untreated cells, and the test group to
cells treated with retinoic acid. For GSE98088, which pro-
vided data on how a mutation in miR-873-5p affects the reg-
ulation of genes critical for neurodevelopment, the control
group was set to wild-type (WT) miR-873-5p, and the test
group to mutant (Mut) miR-873-5p. GSE100670 investigates
how miR-146a influences the differentiation of human neural
stem cells into specific neural cell types, with implications for
disorders like ASD.

The control group was set to miR-146a, and the test group
to mutant miR-146a (miR-146a-Mut). Using the data gath-
ered, the gene datasets were merged, and statistically signifi-
cant nodes were selected using a threshold of p-value < 0.05.
To obtain a final list of genes and miRNAs, duplicate entries
were then removed. All statistical tests, including pathway en-
richment and differential expression, were corrected for mul-
tiple hypothesis testing using the Benjamini—-Hochberg FDR
procedure. Significance was defined as FDR < 0.05.

Network and Pathway Analysis

After obtaining the two lists of DE genes and miRNA, the
interactions were identified by filtering for the miRNAs and
genes that were in common with the lists from both miRTar-
Base and TargetScan. Microsoft Excel was used to align each
miRNA to its target genes and establish the interactions. Since
this resulted in a large list, we filtered only high-confidence in-
teractions for use in constructing a network, for computational
feasibility. Only miRNAs and genes with two or more exper-
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imental and literature evidence were considered high confi-
dence, and this was done by cross-referencing from the miR-
Net database.

The construction of a network was done using the Cy-
toscape software, where the miRNAs and genes are repre-
sented by nodes and the regulatory interactions are represented
by edges. The final list of filtered interactions was used as the
input to generate a network and analyse nodes based on vari-
ous topological parameters. After further processing the data,
the top 10 miRNAs and genes involved in neurodevelopmental
disorders were identified.

Using the analysis tool of Reactome, pathway analysis was
carried out. The gene list of the network was used as input to
identify the significant pathways. To reduce node-degree bias,
we performed degree-preserving network permutations and
evaluated enrichment against established neurodevelopmental
disorder (NDD) gene sets. Only pathways that remained
significant after bias correction and were enriched for NDD-
associated genes were retained. A search was conducted
for the presence of the top 10 DE genes in the top 25 pathways.

Disease Association and Therapeutic Potential Analysis

The top 10 DE genes and miRNAs identified were examined
for previously known associations with NDDs such as ASD,
ADHD, SCZ, and intellectual disability (ID). To find the dis-
ease associations for the DE genes, the Open Targets Platform
was used. A search was conducted with each gene, and the
results were filtered to display only ‘disease or phenotype’ re-
sults. For DE miRNAs, disease associations were obtained
from HMDD v3.2 and miRNet, which curate experimentally
supported miRNA—disease relationships. miRBase was used
solely for retrieving miRNA sequences and annotation. A sim-
ilar process was followed, in which a search was conducted,
and the results were examined for associations with NDDs.
The DE genes and miRNAs that showed associations with
NDDs were recorded.

Following the disease association analysis, the Drug-Gene
Interaction Database (DGIdb) was used to evaluate the thera-
peutic potential of each of the disease-associated miRNAs and
genes. Each of the genes was entered, and the top approved
drugs with the highest interaction scores were recorded. The
disease-associated miRNAs were examined to see if they in-
teract with the disease-associated genes. This reveals whether
the miRNA-gene interactions can be targeted for therapeutic
interventions.

Results

Differential Expression Analysis

The DE analysis revealed the differentially expressed genes
and miRNAs. GSE15888 had 5 control samples and 24 test

samples. The DE analysis yielded 283 miRNAs that were sig-
nificantly DE as they had a p-value<0.05. The GSE98088 had
8 control and 8 test samples, and analysis identified 7953 DE
genes. Similarly, GSE100670 had 6 control and 5 test sam-
ples, and 229 DE genes were identified. The volcano plots for
the differentially expressed genes for each of the studies are
shown in Figure 1.

The differential expression analysis (Figure 1) replicates the
raw dataset processing to enable consistent cross-dataset inte-
gration with miRNA regulatory data. While individual DE re-
sults are consistent with original publications, here the novelty
lies in combining DEGs with high-confidence miRNA target-
ing relationships to construct a unified miRNA-mRNA regu-
latory model of neurodevelopmental disorders. Both gene lists
were combined, and duplicate entries were removed, resulting
in a total of 8095 DE genes.

Network and Pathway Analysis

The miRTarBase had 27595 interactions, and TargetScan had
1048575. 148 DE miRNAs and 1913 DE genes from the
GSE studies were present in both the databases, from which a
list of 318102 total interactions was established. Only 32395
met the criteria for high confidence interactions, which were
found using miRNet, which was further visualised in Cy-
toscape. The resulting Cytoscape network revealed 32395
edges and 4641 nodes, of which 391 were miRNAs and 4250
were genes, as shown in Figure 2. This network was analysed
based on the following parameters: AverageShortestPath-
Length, BetweennessCentrality, ClosenessCentrality, Clus-
teringCoefficient, Eccentricity, EdgeCount, Indegree, Outde-
gree, NeighborhoodConnectivity, IsSingleNode, PartnerOf-
MultiEdgedNodePairs, SelfLoops, and Stress.

Out of these, the 4 parameters, BetweennessCentrality,
ClosenessCentrality, ClusteringCoefficient, and Degree were
selected. These were prioritised as they best estimate the con-
nectivity and influence of a node. High values of Betweenness
Centrality indicate nodes that control information flow, as it
measures how often a node lies on the shortest path between
other nodes. High Closeness Centrality identifies nodes that
can interact with others more efficiently, as it measures how
close a node is to all the others. Similarly, Clustering Coeffi-
cient measures how connected a node’s neighbors are to each
other. Lastly, nodes with high Degrees are often key regula-
tory nodes as it indicates the number of edges a node has. The
Degree was sorted from highest to lowest to highlight the most
significant nodes. The top 10 significant miRNAs and genes
based on the topological parameters are listed in Table 1. The
miRNAs and genes in the table do not correspond.

The top 5 pathways identified were Diseases of signal trans-
duction by growth factor receptors and second messengers,
Signaling by Receptor Tyrosine Kinases, Signal Transduction,
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GSE15888: Test vs Control

GSE100670: Test vs Control

GSE98088: Test vs Control
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Fig. 1 Volcano plots showing the differential expression of genes and miRNAs from the GSE studies. The x-axis on the graphs shows the
fold change, and the y-axis shows the p-value. The blue points indicate downregulation, and the red points indicate upregulation. Points
farther from the centre and higher on the graph are considered more differentially expressed. A. This shows the differential expression of
miRNAs from GSE15888, B. This shows the differential expression of genes from GSE98088 and C. This shows the differential expression of

genes from GSE100670.

Fig. 2 A gene-miRNA interaction network for
neurodevelopment disorders visualised using Cytoscape. The
gene nodes are shown as green rectangles, and the miRNA nodes are
shown as pink rectangles. The grey lines are the edges that show the
interactions between genes and miRNAs.

Intracellular signaling by second messengers, and PIP3 acti-
vates AKT signaling. Out of the 10 genes, 7 were present in
the top 25 pathways - CCND1, CLTC, PTEN, IGF1R, MYC,
CDKG6, and HIF1A.

Table 1 The top 10 DE genes and miRNAs involved in NDDs.

S. No. miRNAs Genes

1 hsa-miR-34a-5p CCND1
2 hsa-miR-16-5p CLTC

3 hsa-miR-7-5p NUFIP2
4 hsa-miR-124-3p PTEN

5 hsa-miR-92a-3p IGFIR
6 hsa-miR-29b-3p MYC

7 hsa-miR-27a-3p PANK3
8 hsa-miR-17-5p CDK6

9 hsa-miR-1-3p NUCKSI1
10 hsa-miR-21-5p HIF1A

Disease Association and Therapeutic Potential Analysis

After performing disease association analysis for DE genes,
two out of the ten genes were found to be associated with
NDDs, which were CLTC and PTEN. PTEN has well-
established associations with macrocephaly, autism spectrum
disorder, and disruptions in neuronal growth and synaptic reg-
ulation. In contrast, CLTC variants primarily contribute to
epilepsy, intellectual disability, and abnormal synaptic vesicle
trafficking, but are not associated with macrocephaly-autism
phenotypes. Similarly, five out of the 10 miRNAs were found
to be associated with NDDs, which were hsa-miR-92a-3p,
hsa-miR-29b-3p, hsa-miR-27a-3p, hsa-miR-21-5p, and hsa-
miR-7-5p. From the miRNAs, hsa-miR-92a-3p and hsa-miR-
29b-3p were associated with SCZ (Ma et al. 2018; Wang et
al. 2014). Furthermore, hsa-miR-27a 3p and hsa-miR-21-5p
were associated with ASD8, Lastly, hsa-miR-7-5p was asso-
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ciated with both ASD and SCZ'%(Zhang et al. 2015).

Using DGIdb, it was found that CLTC showed therapeu-
tic potential, having the approved drugs Folic Acid and Sul-
fasalazine already available, each with an interaction score of
0.31. Similarly, PTEN showed therapeutic potential with the
approved top medicines being Capivasertib and Capmatinib,
each with an interaction score of 0.31 and 0.23, respectively.
The reported interaction scores represent the strength of ex-
isting evidence supporting the drug-gene interactions, based
on the number and quality of data sources. However, these
scores do not imply that the drug works effectively for the dis-
eases. Moreover, the approved drugs mentioned interact with
CLTC/PTEN in other disease contexts (oncology, inflamma-
tion), but there is no evidence linking them to neurodevel-
opmental disorders. Their relevance is limited to suggesting
possible mechanistic pathways, not therapeutic applicability.
From the miRNAs, hsa-miR-92a-3p, hsa-miR-29b-3p, hsa-
miR-27a-3p, and hsa-miR-21-5p were found to interact with
both PTEN and CLTC, while hsa-miR-7-5p was found to in-
teract with only CLTC. This further confirms that the CLTC
and PTEN are effective therapeutic targets. Also, the interac-
tions between these two genes and the five miRNAs are good
therapeutic targets. By targeting the interactions between the
CLTC, PTEN, and miRNAs, the progression of neurodevelop-
ment disorder-related conditions can be prevented.

Discussion

This study aimed to use bioinformatic tools to identify the
key miRNAs, genes, and regulatory pathways associated with
NDDs, and assess their disease association and therapeutic po-
tential. To achieve this, expression profiles of three GEO stud-
ies were retrieved and analysed. The overall findings from the
study show that the genes CLTC and PTEN, and the miRNAs
hsa-miR-92a-3p, hsa-miR-29b-3p, hsa-miR-27a-3p, hsa-miR-
21-5p, and hsa-miR-7-5p, play a significant role in NDDs.
Furthermore, the pathways Diseases of signal transduction by
growth factor receptors and second messengers, Signaling by
Receptor Tyrosine Kinases, Signal Transduction, Intracellu-
lar signaling by second messengers, PIP3 activates AKT sig-
naling were found to be the five most heavily involved path-
ways in NDDs. This information provides insights on po-
tential therapeutic targets. These results align with existing
research suggesting that certain miRNAs and genes (CLTC,
PTEN, miRNAs hsa-miR-92a-3p, hsa-miR-29b-3p, hsa-miR-
27a-3p, hsa-miR-21-5p, and hsa-miR-7-5p) are found to be
differentially expressed in people with NDDs and therefore
play a pivotal role in their etiology?. Several of the identified
miRNAs, including miR-125a-5p, miR-338-3p, and miR-873,
have previously been implicated in ASD through their roles in
synapse maturation, cortical development, and neuronal con-
nectivity. Dysregulation of these miRNAs may contribute to

ASD phenotypes by altering the expression of genes such as
ARID1B, NRXN2, and SHANKS3, all of which are known
ASD risk genes. In ADHD, altered dopamine signaling and
impaired fronto-striatal circuitry have been linked to differ-
ential expression of miRNAs involved in neurotransmitter re-
lease and synaptic vesicle cycling!®1?. Our identification of
CLTC as a central network node aligns with its role in synap-
tic vesicle recycling, suggesting potential mechanistic overlap
with ADHD pathology.

Schizophrenia-associated miRNAs (e.g., miR-125b, miR-
137) regulate neuronal migration, synaptic pruning, and glu-
tamatergic signaling. Several of the pathways enriched in
our analysis, including axon guidance, MAPK signaling, and
neurotrophin signaling, are well-established contributors to
schizophrenia neurobiology?Z, Collectively, these findings
suggest that the miRNA—gene modules identified in our study
may serve as promising therapeutic entry points. miRNA
mimics or inhibitors, pathway-modulating drugs, or gene-
specific interventions may help normalize dysregulated net-
works in ASD, ADHD, and schizophrenia. CLTC has been
known to play a role in neuronal transmission by facilitating
the recycling and release of vesicles at the presynaptic termi-
nals of neurons23. Its association with macrocephaly-autism
syndrome and neurodevelopmental delay is in line with pre-
vious studies showing its role in neurodevelopment. Simi-
larly, PTEN is crucial in neurogenesis, neuronal migration,
and synaptic plasticity?®, and its association to autosomal
dominant non-syndromic intellectual disability highlights its
role in neurodevelopment as per previous studies. While the
two genes are already targeted by drugs, the miRNAs show
therapeutic potential due to their interactions with PTEN and
CLTC. These interactions can be targeted by drugs to better
manage the symptoms of and improve clinical outcomes for
individuals with NDDs.

PTEN and CLTC emerged as central regulatory nodes.
PTEN loss disrupts neuronal growth and synaptic stability,
making it a candidate for targeted miRNA modulation, par-
ticularly in ASD. CLTC variants impair synaptic vesicle cy-
cling, suggesting therapeutic relevance for miRNAs regulat-
ing this gene in epilepsy and cognitive disorders. Mod-
ulating these miRNA-gene interactions may therefore of-
fer avenues to correct aberrant neurodevelopmental signal-
ing. PTEN is an established therapeutic target in autism-
macrocephaly syndromes due to its regulatory role in synap-
tic development, PI3K-AKT-mTOR signaling, and neuronal
growth?226. CLTC, though not associated with macrocephaly,
is implicated in neurodevelopmental epilepsy and synaptic
endocytosis deficits, making it a candidate for therapeutic
investigation in epilepsy-related NDDs. PTEN mutations
cause macrocephaly-autism and disrupt synaptic plasticity
via mTOR hyperactivation. Therapeutic strategies targeting
PI3K-AKT-mTOR signaling have shown promise in PTEN-
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related ASD models. CLTC dysfunction leads to impaired
synaptic vesicle formation and has been linked to epileptic en-
cephalopathy and cognitive dysfunction, suggesting that mod-
ulation of synaptic endocytosis pathways warrants further ex-
ploration?72%,

A major strength in this study is the integrated use of dif-
ferent bioinformatics tools and techniques. Various validated
databases and tools such as TargetScan, DGIdb, and Cy-
toscape were used to attain results, ensuring robustness. Sim-
ilarly, techniques such as DE analysis and network analysis
provide a holistic and comprehensive view of the role played
by miRNAs and genes in NDDs. However, one limitation is
the reliance on publicly available datasets which may not rep-
resent a global population due to varying experimental condi-
tions and relatively small sample sizes. Moreover, this study
lacks functional validation without which the interactions are
only predictions, therefore limiting its use in clinical prac-
tice. Future research should focus on experimentally validat-
ing the top miRNAs and genes identified as therapeutic targets,
through techniques such as CRISPR/Cas9 knockdown or RNA
sequencing. Additionally, expanding the dataset to include a
more diverse population could enhance the generalizability of
the findings.

In conclusion, this study demonstrates the power of bioin-
formatics tools in uncovering key miRNAs and genes in-
volved in NDDs. The identification of the genes CLTC and
PTEN, several other miRNAs, and the top regulatory path-
ways provides valuable insights into the mechanisms underly-
ing NDDs, allowing them to serve as potential therapeutic tar-
gets. Overall, the findings of this study contribute to a growing
body of research into the genetic etiology of NDDs. Bioin-
formatics continues to advance, with the potential to improve
diagnostics, personalised therapies, and our understanding of
complex NDDs.
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