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Autism spectrum disorder (ASD) is a complex neurodevelopmental condition
marked by impairments in social interaction, communication, and repetitive
behaviors. Emerging evidence suggests that the insulin-like growth factor
(IGF) signaling pathway plays a critical role in ASD pathogenesis; however, the
precise pathogenic mechanisms remain elusive. This study utilizes multi-omics
approaches to investigate the pathogenic mechanisms of ASD susceptibility
genes within the IGF pathway. Whole-exome sequencing (WES) revealed a
significant enrichment of rare variants in key IGF signaling components,
particularly the IGF receptor 1 (IGF1R), in a cohort of Chinese Han individuals
diagnosed with ASD, as well as in ASD patients from the SFARI SPARK WES
database. Subsequent single-cell RNA sequencing (scRNA-seq) of cortical tissues
from children with ASD demonstrated elevated expression of IGF receptors in
parvalbumin (PV) interneurons, suggesting a substantial impact on their
development. Notably, IGFIR appears to mediate the effects of IGF2R on
these neurons. Additionally, transcriptomic analysis of brain organoids derived
from ASD patients indicated a significant association between IGF1R and ASD.
Protein-protein interaction (PPI) and gene regulatory network (GRN) analyses
further identified ASD susceptibility genes that interact with and regulate IGF1R
expression. In conclusion, IGFIR emerges as a central node within the IGF
signaling pathway, representing a potential common pathogenic mechanism
and therapeutic target for ASD. These findings highlight the need for further
investigation into the modulation of this pathway as a strategy for ASD
intervention.
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1 Introduction

Autism (ASD) is a

neurodevelopmental condition characterized by deficits in social

spectrum  disorder complex
interaction, communication, and repetitive behaviors. It is
significantly influenced by genetic factors, yet the genetic
associated with ASD is
(Ghafouri-Fard et al., 2023). In recent years, numerous ASD

heterogeneity remarkably high
susceptibility genes have been identified and validated, but the
pathogenic pathways through which these genes exert their effects
remain diverse and lack a unified pathological mechanism.

The IGF signaling pathway is essential for regulating cell
growth, development, and metabolism (Mancarella et al., 2021).
This system includes two ligands, IGF1 and IGF2, and their
respective receptors, IGFIR and IGF2R (Forbes et al., 2020).
Various IGF Binding Proteins (IGFBPs) and IGFBP-related
proteins modulate the extracellular functions and activities of
IGF1 and IGF2 (Li et al., 2020; Liu et al., 2023; Stuard et al., 2020).
IGF1 and IGF2 primarily act through IGFIR, activating
downstream PI3K/AKT and MAPK pathways, which regulate
cell proliferation, differentiation, survival, and metabolism
(Takahashi, 2019). The PI3K/AKT pathway, involving
Phosphoinositide 3-kinase (PI3K) and Protein Kinase B
(AKT), promotes cell growth and survival and regulates
protein synthesis and metabolism via the mammalian target of
rapamycin (mTOR) (Gupta and Jansson, 2019). The MAPK
pathway, involving Ras, RAF, MEK, and ERK, influences gene
expression and cell proliferation and differentiation (Devis-
Jauregui et al., 2021). IGF2, upon binding to IGF2R, is
internalized and degraded by lysosomes, thereby regulating
extracellular IGF2 levels (Beletskiy et al., 2021; Alberini,
2023). Proper regulation of the IGF signaling pathway is
crucial for maintaining cellular growth, function, and
metabolic balance, and its dysregulation is linked to diseases
such as cancer, diabetes, and growth disorders (Mancarella et al.,
2021; Forbes et al., 2020; Altieri et al., 2019; Okuyama et al., 2021;
Stefani et al., 2021; Jiating et al., 2019; Yang et al., 2020;
Chaumont-Dubel et al., 2020). Recent studies have suggested
that the use of IGF1 analogs or IGF2 can ameliorate social and
behavioral deficits in individuals with ASD (Neul et al., 2022;
Pizzarelli et al., 2023), implicating the insufficient IGF signaling
of ASD. However,

mechanisms remain underexplored.

in the pathogenesis the pathogenic

In this research, we adopted an extensive multi-omics strategy
to uncover potential shared pathogenic mechanisms associated
with ASD susceptibility genes, focusing on key molecules within
the IGF signaling pathway. Initially, whole-exome sequencing
(WES) revealed a notable enrichment of rare variants in
essential IGF signaling components, particularly IGF receptor 1
(IGF1R), in a cohort of Chinese Han individuals diagnosed with
ASD, as well as in ASD patients from the SFART SPARK WES
database. Following this, single-cell RNA sequencing (scRNA-seq)
of cortical tissues from children with ASD showed a marked
expression of IGF-Rs in parvalbumin (PV) interneurons,
their
Interestingly, the effect of IGF2R on these neurons might be

indicating a significant influence on development.
mediated through IGFIR. Lastly, transcriptomic analysis of

brain organoids derived from ASD patients highlighted a
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significant link between IGFIR and ASD. Protein-protein
interaction (PPI) and gene regulatory network (GRN) analyses
further pinpointed ASD susceptibility genes that interact with and
regulate IGFIR expression (Figure 1).

The impetus for this study arises from the pressing need to
identify and validate a unified pathological mechanism of ASD
and to pinpoint molecular targets within the IGF signaling
pathway  that
interventions. The identification of IGFIR as a central node

could serve as potential therapeutic
suggests a potential convergent pathological pathway for the
diverse genetic factors associated with ASD, providing new
insights into its molecular underpinnings. By unraveling the
complex network of interactions involving IGFIR and its
regulatory mechanisms, we aim to deepen our understanding
of ASD pathogenesis and lay the groundwork for novel
therapeutic strategies. These findings underscore the necessity
for further exploration of the precise molecular interactions and
regulatory networks involved. Future research employing
induced pluripotent stem cell (iPSC) technology to generate
brain organoids, alongside gene editing techniques in animal
models to manipulate IGFIR and related genes, holds promise for
elucidating the mechanisms of the IGF signaling pathway in the

pathogenesis of ASD.

2 Materials and methods
2.1 Ethics statement

This study was approved by the Ethics Committee of Peking
University Sixth Hospital, China. All participants provided written
informed consent to participate in this study. The informed consents
of children were obtained from their legal guardians.

2.2 Participants

All the participants were of Chinese Han ancestry and recruited
at Peking University Sixth Hospital, China.

The diagnosis of autism was established by two senior
psychiatrists. Autistic patients met the criteria of the Diagnostic
and Statistical Manual of Mental Disorders, fourth edition (DSM-
IV) for autism. Additional criteria for patient inclusion were
Autism Behavior Checklist score >53 and Childhood Autism
Rating Scale >35. The exclusion criteria were as follows:
diagnosed with Asperger syndrome, Rett syndrome, pervasive
disorder not otherwise specified, fragile X
syndrome, sclerosis, a identified
chromosomal abnormality, dysmorphic features, or any other

development
tuberous previously
neurological conditions. For healthy control, only adults (older
than 18 years old) and individuals did not be diagnosed with
familial inherited diseases or psychiatric disorders were included.

In this study, a total of 786 participants were recruited. Firstly,
we recruit 197 children with autism and 299 healthy controls. And
then, we included 71 autism families, in which at least one child
was diagnosed with ASD and neither parent was diagnosed with
ASD. These families were unrelated to the aforementioned
samples. The family cohort consisted of 89 probands with ASD,
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FIGURE 1
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STAGE 1
Whole-Exome
Sequencing

Subjects:
Chinese Han ASD patients
and healthy controls

Method 1:
Rare and deleterious variants analysis
of IGF singnaling pathway especially
IGFIR

Expand sample size verification

V.

Subjects:
SFARI SPARK ASD
patients, healthy controls,
fathers and mothers

Method 2:
Protein structure prediction before
and after mutation

STAGE 2
Single-Cell
Transcriptome
Analysis

Method 3:
Ligand-receptor docking analysis

Method 1:
Co-localization analysis of /GFIR
and IGF2R

Subjects:
Single-Cells from
postmortem cortex of 4-7
years old ASD patients

Method 2:
Virtual knockout analysis of /GFIR
and /IGF2R

STAGE 3
Organoid
Transcriptome
Analysis

Method 3:
Enrichment analysis of differentially
expressed genes after virtual
knockout

Method 1:
WGCNA analysis and enrichment
analysis of co-expression genes

Subjects:
ASD patient and healthy
control derived brain
organoids

Method 2:
PPI netwoek analysis of /GFIR and
co-expressing autism susceptibility
genes

Method 3:
Gene regulatory network analysis of
IGF IR and co-expressing autism
susceptibility genes

Study Workflow and Design. The diagram depicts the study workflow encompassing whole-exome sequencing, single-cell transcriptome analysis,

and transcriptome analysis of autism organoids.

45 healthy siblings, 7 siblings with other disorders, 142 parents,
6 grandparents, and 1 uncle, totaling 290 individuals. Statistical
analysis revealed no significant difference in the distribution of
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male and female participants between the autistic group
(197 children with autism and 89 autistic probands) and the
healthy control group (x* = 0.93, P = 0.334).
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2.3 Whole exome sequencing and sample
quality control

Exome capture was performed using Agilent SureSelect
HumanAll Exon V6 kit (Agilent Technologies, Santa Clara, CA)
following the manufacturer’s recommended protocol. Paired-end
sequencing (2 x 150 basepair) was performed on an Illumina (San
Diego, CA) NovaSeq 6000. Whole exome sequencing was obtained
on a total of 786 individuals.

During the sample quality control process, sex verification was
conducted by comparing the sequencing depth of X chromosome
and autosomal variant sites. Samples with sex discrepancies were
further confirmed by PCR and subsequently excluded. Pairwise
concordance analysis using SNV data was performed to identify
and exclude samples from the control group with abnormal kinship,
with  known
discrepancies. Consequently, 17 samples were excluded, resulting

duplicate samples, or samples relationship
in a final cohort of 769 samples, comprising 196 children with
autism, 294 healthy controls, and 69 autism families. The autism
families included 87 probands with ASD, 40 healthy siblings,
7 siblings with other disorders, 138 parents, 6 grandparents, and
1 uncle. Whole-exome sequencing data from a total of 263 ASD
patients (196 children with autism and 67 probands with ASD, with
one proband randomly selected from each set of related probands to
avoid redundancy) and 294 healthy controls were utilized for
subsequent analysis focusing on the IGF signaling pathway.
Pre-processed whole exome sequencing data were obtained
from the Simons Foundation Powering Autism Research (SFARI
SPARK) initiative (SPARK Consortium, 2018). The dataset
comprises 44,304  individuals  diagnosed  with  ASD,
14,368 unaffected siblings, 17,332 fathers, and 29,724 mothers.

2.4 Sequencing data bioinformatics analysis

The raw data was filtered by fastp-0.20.0 (Chen et al., 2018) to
trim the adapter sequences. Subsequently, we used Sentieon-202010
(Kumar et al., 2022) and BWA-0.7.17-r1188 (Li and Durbin, 2009)
to align the clean sequence reads to the human reference genome
(GRCh37). Then, we used Sentieon to process the quality control of
the mapped data and further call the mutations. Variant call
accuracy was estimated using the Sentieon Variant Quality Score
Recalibration (VQSR) approach. Variants that failed VQSR were
filtered. Only sequencing data of depth > 20 was included in further
analysis. Sample quality control was according to the similarity
between the filtered variants of each sample and the consistence of
the imputed sex and the recording sex. The final mutation calls was
annotated by ANNOVAR (Wang et al., 2010), which included gene
annotation, aminoacid change annotation, dbSNP identifiers and
damaging prediction. Brain expression annotation for each variants
was conducted using the pext data. In addition, we use Prot2HG to
do protein domain annotation.

2.5 Define rare or deleterious variants

Variants were defined as rare if their allele frequency is less
than 0.01 in the control cohort and one of the public database
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(1000g_ALL, 1000g_EAS, esp6500siv2_all, EXAC_ALL, gnomad_
controls, and gnomad_controls_EAS (Devuyst, 2015; Karczewski
et al.,, 2017)).

Twelve tools (SIFT, Polyphen2 HDIV, Polyphen2 HVAR,
LRT, MutationTaster, MutationAssessor, FATHMM, PROVEAN,
fathmm-MKL_coding, MetaSVM, MetaLR and CADD (Adzhubei
et al., 2013; Choi and Chan, 2015; Ioannidis et al., 2016; Schubach
etal., 2024; Schwarz et al., 2014; Stanek et al., 2020; Vaser et al., 2016;
Reva et al., 2011; Garcia et al., 2022; Chen et al., 2024)) were used to
do computational prediction of deleteriousness for each variant. The
level of deleteriousness was divided into deleterious (D), probably
deleterious (P) and tolerable (T) according to each tool’s criteria
(CADD: 15 threshold for deleterious and tolerable). The number of
twelve prediction results in each deleterious level (deleterious,
probably deleterious and tolerable) were counted as nD, nP and
nT, respectively. The definition of the HARM value is given by the
equation: HARM = nD + nP x 0.4 — nT. Two criteria to estimate the
deleteriousness of variants was used in this study: @ nD > 0;
® HARM > 0.

2.6 Genetic mutation burden and
association analysis

We evaluated the mutation burden for each individual within
the autism and control cohorts. Depending on the normality of the
data distribution and the homogeneity of variances between the two
groups, we employed different statistical tests for one-tailed
significance testing: T-test (normal distribution, equal variances),
Welch’s T-test (normal distribution, unequal variances), or Mann-
Whitney U test (non-normal distribution). Association analyses
were performed at both the variant and gene levels. For variant-
level analysis, we enumerated the number of individuals carrying
each variant and those not carrying the variant in both cases and
controls. One-tailed Fisher’s exact test was applied to identify
variants significantly enriched in the autism cases. For gene-level
analysis, we tallied the specific types of variants within each gene in
both cases and controls. Subsequently, one-tailed Fisher’s exact test
was utilized to detect genes significantly enriched with impactful
variants in autism cases. To correct for multiple testing, we applied
the Benjamini-Hochberg correction and Bonferroni correction to
the p-values.

In this study, only variants with call rates exceeding 0.95 were
included in the analyses. In the association analysis, adjustments for
covariates such as age and gender were not performed, as the
genotype remains unaffected by variations in age, gender, or
inheritance probability.

2.7 Gene enrichment analysis

In postmortem brain samples from 4-7-year-old autism
patients, differentially expressed genes in PV interneurons (PV
InN) were identified through virtual knockout (KO) analysis.
Additionally, in brain organoids, genes related to the IGF
signaling pathway and autism susceptibility, which are part of co-
expressed gene modules associated with autism, were also examined.
To explore whether these genes were enriched in any known gene
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sets, such as those from gene ontology (GO) and KEGG pathways,
we utilized Metascape (http://metascape.org/gp/index.html#/main/
stepl) for pathway enrichment analysis (Zhou et al., 2019).

2.8 Protein stucture and domin prediction
and ligand-receptor docking analysis

The predicted structures of IGFIR, IGF1 and IGF2 were
generated by Alphafold (Jumper et al., 2021), and the predicted
domains of IGFIR were generated by SMART (Letunic et al,
2021). To ensure the accuracy of the docking results, the protein
was prepared by the AutoDockTools-1.5.7 (Morris et al., 2008),
and the water molecules were manually eliminated from the
protein and the polar hydrogen was added. Docking Web
Server (GRAMM) was wused for protein-protein docking
(Katchalski-Katzir et al., 1992; Vakser, 1996). The resulting
protein-protein complex was also manually optimized by
by the
AutoDockTools-1.5.7. Finally, the protein-protein interactions

removing water and adding polar hydrogen
were predicted and the protein-protein interaction figure was

generated by ChimeraX (Meng et al., 2023).

2.9 Protein-protein interaction network
analysis

STRING (https://string-db.org/) was used to do protein network
analysis to get the relationship of the given protein set (Szklarczyk
et al.,, 2023).

2.10 Virtual knockout analysis

To elucidate the effect of gene KO on specific cell type function,
we extract the snRNA-seq data of specific cell type and used the
expression matrix of genes x cells as the input for scTenifoldKnk
(Osorio et al, 2022). Briefly, we obtained the pre-processed
snRNA-seq data, generated by Velmeshev et al. (The pre-
processed details were available at https://autism.cells.ucsc.edu)
(Velmeshev et al, 2019) and used the expression matrix of
36,501 genes x 72 PV InN cells from the sample across
4-7 years old as the input for scTenifoldKnk. We constructed
the single-cell gene regulatory network (scGRN) and then knocked
out IGFIR or IGF2R. The virtual KO perturbed genes with FDR-
corrected P < 0.05 were selected as differentially expressed.

2.11 Transcriptomic analysis of autistic
patients’ brain-like organoids

The pre-processed transcriptomic data of autistic patients’
brain-like organoids were obtained from the GEO public
database under the accession number GSE61476 (The pre-
processed details were available at https://www.ncbinlm.nih.
gov/pmc/articles/PMC4519016/) (Mariani et al, 2015). The
sample sizes were as follows: day 0 of in vitro culture (autism
group n = 2, control group n = 3), day 11 (autism group n = 8,
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control group n = 11), and day 31 (autism group n = 8, control
group n = 13). Differential expression analysis of RNA-Seq data
was conducted using the DESeq2 package in R (Costa-Silva et al,,
2017). Principal component analysis (PCA) for dimensionality
reduction and data visualization was performed using the
FactoMineR and factoextra packages (Seredin et al, 2024).
Weighted gene co-expression network analysis (WGCNA) was
carried out using the WGCNA package to identify gene co-
expression modules (Langfelder and Horvath, 2008), and a gene
regulatory network was constructed using the GENIE3 package
(Huynh-Thu and Geurts, 2018). Data visualization and result
interpretation were done using packages such as ggplot2 and
ComplexHeatmap (Gu et al., 2016).

3 Results

3.1 Analysis of rare variants in key factors of
the IGF signaling pathway

To target the rare variants in key molecules of the IGF
signaling pathway, we analyzed whole-exome sequencing data
on a case-control cohort consisting of 263 Chinese Han
individuals with autism and 294 healthy controls (Figure 2A;
Table 1). The results indicated that approximately 25% of autistic
patients carried rare variants in key molecules of the IGF
signaling pathway, with the significantly higher proportion
when compared to healthy controls (Figure 2B), suggesting
that the IGF signaling pathway might play a critical role in the
pathogenesis of Chinese Han autistic patients.

A total of 72 rare variants in key molecules of the IGF signaling
pathway were identified among Chinese Han individuals with
autism and control, of which 26 (approximately 36%) were
predicted to be deleterious. These variants were located in
10 key molecules of the IGF signaling pathway (Figure 2C).
Based on their functions and categories, these key molecules
were classified into IGFBPs, IGFs, IGF-Rs, PI3K/AKT signaling
pathway factors, and MAPK signaling pathway factors, accounting
for 11.5%, 7.7%, 50%, 15.4%, and 15.3% of the total rare deleterious
variants, respectively. Notably, rare deleterious variants in IGF
receptor genes were significantly more frequent compared to other
molecules (Figure 2D). Subsequently, we filtered for rare
deleterious variants present exclusively in ASD cases. Our
analysis identified such variants in IGFIR, IGFBP5, AKTI,
MAP2KI1, MAP2K2, and RPS6KBI (Table 2).

Given the pivotal role of IGFIR in the IGF signaling pathway
and the higher frequency of rare deleterious variants in IGF
receptors, we expanded our sample size using the SFARI
SPARK public WES database, which includes 44,304 ASD
patients, 14,368 siblings, 17,332 fathers, and 29,724 mothers, to
focused on IGFIR and further validate our findings. The results
revealed a significantly higher number of rare IGFIR variants in
ASD patients compared to healthy siblings (Figure 2E).
Additionally, we identified 9 rare deleterious variants of IGFIR
that were exclusively present in ASD patients (Figure 2F; Table 2).
These findings suggesting that IGF1R may play a critical role in the
pathogenesis of autism and warrant further analysis and
investigation.
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FIGURE 2
Key Findings on Rare Variants in the IGF Signaling Pathway in Han Chinese Autism Cohorts and SFARI SPARK Database. (A) Whole-exome
sequencing workflow for Han Chinese ASD patients and healthy controls. The procedure involves DNA collection from 299 healthy controls and
286 autism cases, followed by sequencing using the Illumina NovaSeq 6000 platform. Quality control measures and subsequent data analysis were
performed. Additionally, the sample size was expanded for validation using public data from the SFARI SPARK WES dataset, comprising 44,304 ASD
cases, 14,368 siblings, 17,332 fathers, and 29,724 mothers. (B) Comparison of rare variant carriers in the IGF signaling pathway between autistic patients
and healthy controls. (C) Distribution of 26 rare deleterious variants in 10 key IGF signaling pathway molecules among Chinese Han individuals with autism
and healthy controls. (D) Functional classification of key IGF signaling molecules: IGFBPs (11.5%), IGFs (7.7%), IGF-Rs (50%), PI3K/AKT factors (15.4%), and
(Continued)
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FIGURE 2 (Continued)

MAPK factors (15.3%). (E) Further analysis of rare variants in IGF1R using expanded sample size from the SFARI SPARK WES public dataset, including
44,304 ASD cases and 14,368 siblings. (F) Further screening of rare deleterious variants in /GFIR exclusively present in ASD patients, utilizing an expanded
sample size from the SFARI SPARK WES public dataset, including 44,304 ASD cases, 14,368 siblings, 17,332 fathers, and 29,724 mothers. Representative
images for rare variant analysis from 263 Chinese Han autism patients and 294 healthy controls, as well as data from the SFARI SPARK WES public
dataset, including 44,304 ASD cases, 14,368 siblings, 17,332 fathers, and 29,724 mothers. Statistical analysis was performed using the one-sided Mann-
Whitney U test and the one-sided Fisher’s exact test, with correction applied using the Benjamini-Hochberg (B-H) method. *P < 0.05, **P < 0.01, ***P <

0.001, n. s. not significant.

TABLE 1 Key molecules of the IGF signaling pathway.

Ensembl ID Official symbol Subcellular localization

ENSG00000017427 | IGF1 Extracellular matrix

ENSG00000167244 = IGF2 Extracellular matrix

ENSG00000140443 | IGFIR Cytomembrane
ENSG00000197081 | IGF2R Cytomembrane
ENSG00000146678 | IGFBP1 Extracellular matrix
ENSG00000115457 | IGFBP2 Extracellular matrix
ENSG00000146674 | IGFBP3 Extracellular matrix
ENSG00000141753 | IGFBP4 Extracellular matrix
ENSG00000115461 | IGFBP5 Extracellular matrix
ENSG00000167779 | IGFBP6 Extracellular matrix
ENSG00000142208 = AKTI Cytosol
ENSG00000145675 = PIK3RI Cytosol
ENSG00000102882 ~ MAPK3 Cytosol
ENSG00000100030 =~ MAPKI Cytosol
ENSG00000169032 = MAP2KI Cytosol
ENSG00000126934 = MAP2K2 Cytosol
ENSG00000108443 = RPS6KBI Cytosol
ENSG00000187840 | EIF4EBPI Cytosol

3.2 Structural and functional implications of
IGF1R mutations in ASD

The rare deleterious mutations were found in the Furin-like
repeats (FU) domain, Fibronectin type III (FN3) domain, and
Tyrosine kinase catalytic (TyrKc) domain of IGFIR (Figures
3A-C; Table 2). The FU and FN3 domains,
extracellularly, are essential for ligand binding and receptor

located

dimerization. Mutations here might impair these functions and
reducing the signaling efficiency. The intracellular TyrKc domain
is crucial for tyrosine kinase activity, initiates key signaling including
the PI3K/Akt and MAPK pathways. Mutations in this domain can
severely disrupt signal transduction, potentially leading to abnormal
cell proliferation, differentiation, migration and metabolism.
These
abnormalities in IGFIR might contribute to neurodevelopmental

results suggest that structural and functional

anomalies, potentially leading to autism.
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3.3 High expression of IGF1R and IGF2R
during human cortical development and
their potential role in ASD

During human embryonic development from 8 to 17 weeks,
both IGFIR and IGF2R are highly expressed in the cerebral cortex
(Supplementary Figure S1A), suggesting that these receptors might
play a critical role in cortical development and function. Single-cell
transcriptomic analysis of postmortem cortical tissue from children
aged 4-7 years revealed high expression levels of IGFIR and IGF2R
in L2/3, L4, L5/6, L5/6-CC, IN-VIP, IN-SV2C, IN-SST, and IN-PV
neurons (Supplementary Figures S1B-D). Co-localization analysis
revealed a significant overlap in the expression of IGFIR and IGF2R
within 12/3, L4, L5/6, L5/6-CC, and IN-PV neurons (Figure 4A).
These findings indicate that these neuronal populations may be
particularly sensitive to IGF signaling pathways, which could be
critical for their development and functional regulation during early
childhood. Previous studies have shown an imbalance in the
excitation/inhibition (E/I) ratio in the brains of individuals with
autism, which might be associated with dysfunctional IN-PV
neurons (Luo et al., 2024; Pagano et al., 2023; Lee et al.,, 2021).
These findings suggest that the role of IN-PV neurons in ASD may
be attributable to aberrant function of IGF receptors. Consequently,
our subsequent analyses focused specifically on this
neuronal subtype.

To identify the effect of IGFIR and IGF2R on IN-PV cells, we
extract the scRNA-seq data of cortex IN-PV cells and used the
expression matrix of 36,501 genes x 72 cells from 4 to 7 years old
children postmortem sample as the input for scTenifoldKnk. The
final results of scTenifoldKnk analysis contained 161 virtual KO
perturbed genes for IGFIR and 108 virtual KO perturbed genes for
IGF2R (FDR < 0.05, Figure 4B). The enrich analysis showed that
after the virtual knockout of IGFIR and IGF2R, differentially
expressed genes were predominantly enriched in processes
with projection
morphology, and synaptic function (Figures 4C-F). Notably,

associated neurodevelopment,  neuronal
approximately 80% of the differentially expressed genes following
IGF2R knockout overlapped with those observed after IGFIR
knockout (Figure 4B). Among these, 18 genes are known autism
susceptibility genes, which were mainly enriched in processes
associated with nervous system development (Figures 4C-F;
Table 3). These findings suggest that both receptors may play
significant roles in neurodevelopment of IN-PV neurons and the
pathogenesis of autism. Furthermore, the impact of IGF2R on these
processes might be mediated through IGFIR. Additionally, IGFIR is
likely a critical factor in the development and maintenance of IN-
PV neurons.
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TABLE 2 Rare deleterious variants in key molecules of the IGF signaling pathway which present exclusively in ASD cases.

Gene Location Predict Numbers of sample found in Numbers of sample found in
domain Chinese Han ASD patients SFARI SPARK ASD patients
1 chrl5  IGFIR 99434814 G A Furin-like 1
2 chrl5  IGFIR 98707687 C T LCR 2
3 | chrl5 IGFIR 98708078 G A FU 1
4 | chrl5  IGFIR 98891579 C T FU 1
5 | chrl5 IGFIR 98911351 C T FN3 1
6 chr15  IGFIR 98913054 A C FN3 1
7 | chrl5 IGFIR 98934854 G A 1
8 | chrl5  IGFIR 98939339 G T TyrKe 1
9 | chrl5 IGFIR 98948659 G A TyrKc 1
10  chr15  IGFIR 98957383 A G 1
11 | chr2 IGFBP5 217541592 C T Thyroglobulin_1 1
12 | chr14 AKT1 105239823 G A STKc_PKB_alpha 1
13 chrl4 = AKTI1 105241519 | T C STKc_PKB_alpha | 1
14  chrl5  MAP2Kl = 66727430 G A 1
15  chrl7 RPS6KB1 & 57990136 C T S_TKc 2
16 chrl9 = MAP2K2 = 4102403 C T PKc_MEK2 1

3.4 Co-expression patterns of IGF1R in brain
organoids of autism patients

To further investigate the role of IGF1R in autism, this study
utilized transcriptome sequencing data (GSE61476) from brain
organoids induced from stem cells derived from patients with
ASD and healthy controls. Principal Component Analysis (PCA)
revealed significant changes in gene expression patterns between the
autism and control groups as development progressed. At day 0 of
culture, there were no significant differences in gene expression
patterns between the ASD and controls. However, at days 11 and 31,
the autistic group exhibited significantly different expression
patterns compared to the control (Figure 5A). These results
suggest that brain organoids in the autistic group might undergo
distinct gene regulatory processes during early developmental
stages, leading to differences in expression patterns at later
stages, particularly at days 11 and 31.

We then performed Weighted Gene Co-Expression Network
Analysis (WGCNA) on brain organoid genes from autism and
control groups at three time points (Figure 5B). We found that
module 8, containing IGFIR, showed significant association with
the autistic group on day 31 (Figure 5B). The genes in this
modules partially overlapped with known ASD susceptibility
genes (Figure 5C), suggesting that the IGFIR plays a time-
dependent and stage-specific role in the pathogenesis of ASD,
potentially acting through distinct gene networks at different
developmental stages. IGFIR and its co-expressed ASD
susceptibility genes, showed GO enrichment results indicating
that these genes might affect synaptic function and neuronal
communication during neurodevelopment by regulating the
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function of ion channels at the synapse (Supplementary
Figures S2A-C).

The protein-protein interaction analysis revealed that IGFIR
initially interacts with the protein of ASD susceptibility gene
YWHAG, thereby mediating its interactions with CYFIPI,
MAPT, APBB1, SNAP25, CDK16, and other ASD susceptibility
genes’ protein (Figure 5D). YWHAG mediates signal transduction
by binding to phosphoserine-containing proteins and interacts with
RAF1 and protein kinase C. Both ablation and overexpression of
YWHAG delay neuronal migration in the developing cerebral cortex
(Wachi et al., 2016; Cornell et al., 2016). These results indicate that
structural and function abnormalities in the TyrKc domain of
IGFIR may impair its interaction with YWHAG, potentially
leading to neurodevelopmental abnormalities and autism.

Regulatory network analysis of module 8 indicated that IGFIR is
directly regulated by ASD susceptibility genes THRA, which is a
nuclear hormone receptor for triiodothyronine, and SCN2A, which
is a member of the sodium channel alpha subunit gene family
(Figure 5E). Several researches show that they are strongly
associated with ASD (An et al., 2018; Feliciano et al, 2019;
Kalikiri et al, 2017; Ruzzo et al, 2019; Adney et al, 2020;
Tossifov et al., 2012; Sanders et al., 2012; Tavassoli et al., 2014;
Wang et al., 2020). These findings suggest that IGFIR may play a
critical role in the pathophysiology of ASD through its regulation by
THRA and SCN24, implicating a potential mechanistic link between
thyroid hormone signaling, sodium channel function, and autism
spectrum disorder.

Opverall, these results underscore the significant role of IGFIR in
the pathogenesis of ASD and highlight the complex function of
IGFIR within the IGF signaling pathway. This complexity involves
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FIGURE 3

Localization of Rare Deleterious Mutations in IGFIR Domains. (A) Schematic representation of IGFIR domains, highlighting the possible domin
location of Furin-like repeats (FU), Low Complexity Region (LCR), Fibronectin type Ill (FN3), Transmembrane Region, and Tyrosine kinase catalytic (TyrKc)
predicted by SMART. (B) Front view of structural model of IGF1R in complex with IGF1, showing the locations of the mutations exclusively present in ASD
patients. (C) Back view of structural model of IGF1R in complex with IGF2, showing the locations of the mutations exclusively present in ASD patients.
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FIGURE 4
Analysis of IGFIR and IGF2R Expression and Impact on IN-PV Neurons. (A) t-SNE plot showing the expression overlap of IGFIR and IGF2R in IN-PV

neurons. The joint domain expression is highlighted in red. (B) Venn diagram illustrating the overlap of differentially expressed genes following virtual
knockout (KO) of IGFIR and IGF2R. A total of 161 genes were perturbed by IGFIR KO, and 108 genes were perturbed by IGF2R KO, with 87 genes
overlapping between the two conditions. (C) Network of differentially expressed genes after IGFIR KO, with nodes colored by functional categories.

(D) Enrichment categories for differentially expressed genes following IGFIR KO, highlighting processes such as cell junction assembly, synaptic
transmission, and neurodevelopment. (E) Enrichment categories for differentially expressed genes following IGF2R KO, emphasizing processes related to
synaptic function, neuronal projection morphology, and neurodevelopment. (F) Network of differentially expressed genes after IGF2R KO, with nodes
colored by functional categories.
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TABLE 3 Differentially expressed autism susceptibility genes after knock out /GFIR and IGF2R in IN-PV cells.

Distance FC p.Value p.Adj Ensembl.ID Chromosome Gene.Score Syndromic  Number
(Safri) of Reports

ARHGEF2 | 5.65E-08 1.54E+01 | 849E-05 | 1.00E- | ENSG00000116584 1 3 0 7
02

CNTN5 | 8.69E-08 365E+01 149E-09  349E- | ENSG00000149972 11 2 0 11
07

CSMDI | 8.19E-08 325E+01 LI9E-08  251E-  ENSG00000183117 | 8 2 0 19
06

CTNND2 | 8.53E-08 352E+01  296E-09  649E-  ENSG00000169862 5 2 0 15
07

DMD 6.58E-08 2.09E+01 = 4.72E-06 | 7.46E-  ENSG00000198947 =X S 1 46
04

HS3ST5 | 5.19E-08 1.30E+01 = 3.06E-04 | 3.17E- | ENSG00000249853 6 2 0 8
02

ILIRAPLI = 583E-08 1.65E+01 | 4.94E-05 | 6.39E- | ENSG00000169306 X 2 0 27
03

ITGAS 6.48E-08 203E+01 648E-06  9.81E-  ENSG00000077943 = 10 3 0 7
04

KCNC2 | 6.07E-08 L79E+01 | 237E-05 | 3.27E-  ENSG00000166006 12 3 0 13
03

KIRREL3 | 153E-07 L14E+02 | 132E-26 | 142E- | ENSG00000149571 11 2 0 19
23

LREN5 7.54E-08 275E+01  157E-07  281E-  ENSG00000165379 = 14 2 0 7
05

NFIB 8.87E-08 381E+01  659E-10  165E-  ENSG00000147862 9 2 1 7
07

NLGNI 1.08E-07 560E+01  7.09E-14 | 282E- | ENSG00000169760 3 2 0 21
11

NXPH1 2.26E-07 247E+02  1.10E-55 | 296E- | ENSG00000122584 7 2 0 6
52

PBX1 1.01E-07 492E+01  228E-12  7.90E- | ENSG00000185630 =1 2 0 8
10

RORA 9.68E-08 454E401 162E-11 | 529E- | ENSG00000069667 15 S 1 25
09

SLC24A2 | 9.66E-08 452E401 178E-11 | 561E- | ENSG00000155886 9 2 0 4
09

SLITRK5 | 598E-08 L73E+01 | 3.16E-05 | 4.19E- | ENSG00000165300 13 2 0 10
03

multiple intermediary molecules or regulatory factors and multi-
layered regulatory mechanisms that influence the pathological
processes of ASD (Figure 6).

4 Discussion

The IGF signaling pathway plays a crucial role in cell growth,
development, and metabolism (Takahashi, 2019). Recent studies
suggest that IGF1 analogs or IGF2 could help alleviate social and

IGF2 on cells are contingent upon the downstream signaling
pathways activated following their binding to IGF1R (Andersson
et al., 2019; Barclay et al., 2019). In this study, we analyzed
whole-exome sequencing data from two different datasets to
investigate rare genetic variants in the IGF signaling pathway.
Our findings revealed that the number of rare IGFIR variants in
ASD patients compared to healthy controls were significantly
increased. The rare deleterious mutations were mainly found in
the Furin-like repeats (FU) domain, Fibronectin type III (FN3)
domain, and Tyrosine kinase catalytic (TyrKc) domain of IGFIR.

behavioral deficits in autism (Neul et al., 2022; Pizzarelli et al.,  Mutations in this domain can severely disrupt signal
2023), indicating a potential link between IGF signaling transduction, potentially leading to abnormal cell
disruptions and autism. Furthermore, the effects of IGF1 and  proliferation, differentiation, migration and metabolism
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FIGURE 5
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Analysis of /GFIR in Brain Organoids Derived from ASD Patients and Healthy Controls. (A) Principal Component Analysis (PCA) of transcriptome

sequencing data (GSE61476) from brain organoids at three developmental stages (day 0, day 11, and day 31). Significant differences in gene expression
patterns between ASD and control groups were observed at days 11 and 31, but not at day 0. (B) Heatmap of module-trait relationships from Weighted
Gene Co-Expression Network Analysis (WGCNA) of brain organoid genes at three time points. Module 8, containing /GF1R, showed a significant

association with the autistic group on day 31. (C) Venn diagram showing the overlap between genes in module 8 and known autism susceptibility genes. A
total of 117 genes overlapped. (D) Protein-protein interaction network analysis indicating that IGF1R interacts with the protein of ASD susceptibility gene
YWHAG, mediating interactions with other ASD susceptibility genes’ protein such as CYFIP1, MAPT, APBB1, SNAP25, and CDK16. (E) Regulatory network
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analysis of module 8, illustrating that IGFIR is directly regulated by ASD susceptibility genes THRA and SCN2A. Genes highlighted in the network are
those significantly differentially expressed in autism brain organoids. Connections originating from or pointing to these genes are marked in red.

(Altieri et al., 2019; Barclay et al., 2019; Bhalla et al., 2022;
Boguszewski and Boguszewski, 2019; Crudden et al.,, 2019).
These findings suggesting that IGF1R may play a critical role
in the pathogenesis of autism.

The significant expression of IGFIR and IGF2R in the human
cerebral cortex from the 8th to the 17th week during embryonic
development strongly suggests their crucial role in cortical
development. Our detailed single-cell analysis further revealed
that IGFIR and IGF2R are predominantly expressed in neurons,
with markedly lower expression levels observed in glial cells. This
differential expression pattern underscores the importance of these
receptors in neuronal development and functional maintenance.
Particularly noteworthy is the co-localization of IGFIR and IGF2R in
IN-PV neurons, a subset of inhibitory neurons that play a critical
role in maintaining the excitatory-inhibitory balance within the
nervous system by modulating neuronal excitability. Previous
research has established a link between abnormalities in IN-PV
neurons and disruptions in excitatory-inhibitory balance in
individuals with autism (Luo et al., 2024; Pagano et al., 2023; Lee
etal,, 2021), suggesting that these cellular anomalies may contribute
to the clinical manifestations of the disorder. Our findings align with
these earlier observations, providing further evidence of the
involvement of IGFIR and IGF2R in this context.

In-depth analysis revealed that IGFIR and IGF2R regulate a
group of 182 genes within IN-PV neurons, including 18 genes
known to be associated with autism. Functional enrichment
analysis indicated that these genes are significantly involved in
biological processes related to neuronal development, nervous
system development, and synaptic morphology and function.
This suggests that disruptions in the structure and function of
IGFIR and IGF2R could lead to developmental and functional
impairments in IN-PV neurons, potentially contributing to the
pathophysiology of autism. An intriguing aspect of our findings
is that approximately 80% of the differentially expressed genes
following IGF2R knockout overlap with those affected by IGFIR
knockout. This substantial overlap implies that the effects of IGF2R
on IN-PV neurons might be mediated through IGFIR signaling
pathways. This insight opens up new avenues for understanding the
molecular mechanisms underlying IN-PV neurons function and
their role in neurodevelopmental disorders such as autism.

Weighted gene co-expression network analysis of brain
organoids derived from autism patients revealed that module 5
(Figure 5B), containing key molecules of the IGFI, was associated
with the autism group on day 11, while module 8, containing IGFIR,
was significantly associated with the autism group on day 31. IGFI,
located in module 5, and other autism susceptibility genes in the
same module were subjected to GO enrichment analysis, revealing
that these co-expressed genes might influence neural development
in early stages by regulating processes such as DNA binding, histone
binding, and RNA splicing within the nucleus (Supplementary
Figures S4A-C). Conversely, module 8, which includes IGFIR
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and its co-expressed autism susceptibility genes, showed GO
enrichment results indicating that these genes might influence
synaptic function and neuronal communication in the neural
development by regulating various ion channel functions at the
synapse (Supplementary Figures S2A-C). These modules shared
genes with known autism susceptibility genes but did not overlap
with each other (Supplementary Figures S3A), suggesting that the
IGF signaling pathway may have time-dependent and stage-specific
roles in the pathogenesis of autism, potentially acting through
distinct gene networks at different developmental stages.

Further
interaction analysis, which revealed that IGFIR initially interacts

insights were gained through protein-protein
with the protein of autism susceptibility gene YWHAG. This
interaction appears to mediate subsequent interactions with a
network of other autism-related genes’ protein, including
CYFIP1, MAPT, APBBI1, SNAP25, and CDKI16. Regulatory
network analysis of module 8 indicated that IGFIR is directly
regulated by autism susceptibility genes THRA and SCN2A.
These results underscore the pivotal role of IGFIR in the
pathogenesis of autism and highlight the intricate and
multifaceted function of IGFIR within the IGF signaling
pathway. This complexity is characterized by the involvement of
multiple intermediary molecules or regulatory factors and multi-
layered regulatory mechanisms that modulate the pathological
processes associated with autism. Notably, recent studies have
demonstrated that the conditional knockout of the GIGYF1 gene
in mice disrupts IGFIR/ERK signaling pathways, resulting in
autism-like behaviors (Chen et al., 2022), further supporting our
findings. And our findings suggest that targeting the IGF1R could
offer new therapeutic strategies for autism, emphasizing the need for
further research to unravel the precise molecular mechanisms and
interactions at play.

On the other hand, although IGFI is considered an autism
susceptibility gene, its disease risk score in the SFARI database
remains relatively low due to limited research on its role in autism
pathogenesis. Recent phase IIT clinical studies have shown that
IGF1 analogs can improve autism-like behaviors in patients with
Rett syndrome (Neul et al, 2023). These findings suggest two
important implications: firstly, there is a need to re-evaluate the
role of IGF1 in autism despite its lower genetic ranking; secondly,
targeting the IGF signaling pathway could be explored as a potential
therapeutic strategy for autism-related symptoms.

Our whole-exome sequencing identified rare deleterious
variants of IGFI (Figure 2C). Single-cell transcriptomic analysis
of postmortem brain cortex from ASD children indicated that IGFI
is highly expressed only in interneurons, particularly in IN-PV
neurons (Supplementary Figures S3C, D). Differential expression
analysis following IGF1 knockout in IN-PV neurons revealed
enrichment of genes involved in neuronal development
(Supplementary Figures S3E, F). Additionally, transcriptomic

analysis of brain organoids derived from autism patients
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FIGURE 6

Mechanistic Illustration of IGF Signaling Pathway and Its Role in ASD Pathogenesis. The diagram depicts the normal and dysfunctional IGF signaling
pathways and integrates findings from this study.

demonstrated a significant downregulation of IGFI on day 11 of

in vitro culture (Supplementary Figure S3B). Protein interaction

analysis showed that IGF1 forms a cluster with proteins involved in
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synaptic growth, influencing functions such as protein serine/

threonine kinase activity within glutamatergic synapses and

axonal growth cones

(Supplementary Figures S5A-D). Regulatory
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inference using the Genie3 algorithm identified direct regulation of
IGF1 by SIK1, MFRP, CHD7, NIPBL, EXOC5, and ARID2, with SIKI
and SPARCLI
organoids (Supplementary Figure S5E), potentially affecting

significantly downregulated in autism brain

IGF1 expression.

Furthermore, previous studies have demonstrated that the
functional effects of IGF1 are mediated through IGFIR, which,
upon binding with IGF1, activates downstream PI3K/AKT and
MAPK signaling pathways, thereby regulating cellular functions
(Forbes et al, 2020; Takahashi, 2019). This underscores the
significance of the IGF signaling pathway in neurodevelopment
and the pathogenesis of autism, as well as the central role of
IGFIR within the entire IGF signaling cascade (Figure 6).

Previous research on the IGF signaling pathway has primarily
concentrated on tumors and cancers, with limited studies
addressing its impact on neurodevelopment (Altieri et al., 2019;
Kamei, 2020; Hua et al., 2019; Manzella et al., 2019). Autism is
profoundly influenced by genetic factors, yet the genetic
heterogeneity associated with autism is remarkably high
(Takoucheva et al., 2019; Vicari et al., 2019; Joon et al., 2021).
Over recent years, numerous autism susceptibility genes have been
identified and validated; however, the pathogenic pathways
through which these genes exert their effects remain diverse
and lack a unified pathological mechanism (Al-Dewik and
Alsharshani, 2020; Bhandari et al., 2020; Yasuda et al., 2023).
Utilizing a comprehensive multi-omics approach, we integrated
of ASD patients,
transcriptomic analysis of postmortem cortical tissue from

whole-exome  sequencing single-cell
autism children aged 4-7 years, transcriptomic analysis of
autism brain organoids, weighted gene co-expression network
analysis, protein-protein interaction network analysis, and gene
regulatory network analysis to elucidate potential common
pathogenic mechanisms involving autism susceptibility genes by
linking key molecules within the IGF signaling pathway. Our
findings underscore the central role of IGFIR as a pivotal node
within this pathway, acting as a crucial intermediary that bridges
upstream regulatory signals and downstream effectors. These
findings suggest that targeting the IGF signaling pathway could
represent a promising therapeutic strategy for autism.

In this study, we focused primarily on rare mutations, which
has facilitated the elucidation of the critical roles these mutations
play in the onset and progression of the disease. However, this
approach has certain limitations. Specifically, it may overlook the
contributions of common variants. In reality, common variants
may also play significant roles in disease development and
progression. Therefore, future research should place greater
emphasis on the study of common variants to provide a more
comprehensive understanding of the relationship between genetic
variations and disease. Additionally, our current research is
predominantly centered on genetic data analysis, with relatively
insufficient exploration of the pathogenic molecular mechanisms
and behavioral aspects following gene deletion. Future studies
using induced pluripotent stem cell technology to cultivate
brain organoids, as well as gene editing techniques in animal
models to manipulate IGFIR and related genes, could further
elucidate the mechanisms of the IGF signaling pathway in the
onset of autism.

Frontiers in Genetics

15

10.3389/fgene.2024.1483574

In conclusion, our study underscores the importance of IGFIR
within the IGF signaling pathway and its potential role in the
pathogenesis of autism. By integrating multiple layers of genomic
and transcriptomic data, we have identified a more convergent
pathway that the
heterogeneity observed in autism. Future research should aim to

pathological may account for genetic
validate these findings and explore the therapeutic potential of

modulating the IGF signaling pathway in autism.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/
Supplementary Material.

Ethics statement

The studies involving humans were approved by Ethics
Committee of Peking University Sixth Hospital, China. The
studies were conducted in accordance with the local legislation
and institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin. Written informed consent was obtained from
the individual(s) for the publication of any potentially identifiable
images or data included in this article.

Author contributions

KY: Writing-original draft, Writing-review and editing. TZ:
Writing-review and editing. RN: Writing-review and editing.
LZ: Writing-review and editing. ZC: Writing-review and
editing. JL: Writing-review and editing. LW: Writing-review
and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by grants from the Key Realm R&D Program of
Guangdong Province (2019B030335001), and the National Natural
Science Foundation of China (81971283, 82071541 and 82271576),
the Non-profit Central Research Institute Fund of Chinese Academy
of Medical Sciences (2023-PT320-08).

Acknowledgments

We would like to express our sincere gratitude to Kai Gao,
Yang Yang, Jinxing Wang, and Huayi Wang for their invaluable
support and contributions to this research. Their expertise and
insights have been instrumental in the successful completion
of this work.

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1483574

Yang et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Adney, S. K., Millichap, J. J., DeKeyser, J. M., Abramova, T., Thompson, C. H., and
George, A. L., Jr (2020). Functional and pharmacological evaluation of a novel SCN2A
variant linked to early-onset epilepsy. Ann. Clin. Transl. Neurol. 7 (9), 1488-1501.
doi:10.1002/acn3.51105

Adzhubei, I, Jordan, D. M., and Sunyaev, S. R. (2013). Predicting functional effect of
human missense mutations using PolyPhen—Z. Curr. Protoc. Hum. Genet. Chapter 7,
Unit7.20. doi:10.1002/0471142905.hg0720s76

Alberini, C. M. (2023). IGF2 in memory, neurodevelopmental disorders, and
neurodegenerative diseases. Trends Neurosci. 46 (6), 488-502. doi:10.1016/j.tins.
2023.03.007

Al-Dewik, N., and Alsharshani, M. (2020). New horizons for molecular genetics
diagnostic and research in autism spectrum disorder. Adv. Neurobiol. 24, 43-81. doi:10.
1007/978-3-030-30402-7_2

Altieri, B., Colao, A., and Faggiano, A. (2019). The role of insulin-like growth factor
system in the adrenocortical tumors. Minerva Endocrinol. 44 (1), 43-57. doi:10.23736/
S0391-1977.18.02882-1

An,J. Y, Lin, K, Zhuy, L., Werling, D. M., Dong, S., Brand, H., et al. (2018). Genome-
wide de novo risk score implicates promoter variation in autism spectrum disorder. Sci.
(New York, NY) 362 (6420), eaat6576. doi:10.1126/science.aat6576

Andersson, M. K., Aman, P., and Stenman, G. (2019). IGF2/IGF1R signaling as a
therapeutic target in MYB-positive adenoid cystic carcinomas and other fusion gene-
driven tumors. Cells 8 (8), 913. do0i:10.3390/cells8080913

Barclay, R. D, Burd, N. A,, Tyler, C,, Tillin, N. A., and Mackenzie, R. W. (2019). The
role of the IGF-1 signaling cascade in muscle protein synthesis and anabolic resistance
in aging skeletal muscle. Front. Nutr. 6, 146. doi:10.3389/fnut.2019.00146

Beletskiy, A., Chesnokova, E., and Bal, N. (2021). Insulin-like growth factor 2 as a
possible neuroprotective agent and memory enhancer-its comparative expression,
processing and signaling in mammalian CNS. Int. J. Mol. Sci. 22 (4), 1849. doi:10.
3390/ijms22041849

Bhalla, S., Mehan, S., Khan, A., and Rehman, M. U. (2022). Protective role of IGF-1
and GLP-1 signaling activation in neurological dysfunctions. Neurosci. Biobehav. Rev.
142, 104896. doi:10.1016/j.neubiorev.2022.104896

Bhandari, R., Paliwal, J. K., and Kuhad, A. (2020). Neuropsychopathology of autism
spectrum disorder: complex interplay of genetic, epigenetic, and environmental factors.
Adv. Neurobiol. 24, 97-141. doi:10.1007/978-3-030-30402-7_4

Boguszewski, C. L., and Boguszewski, M. (2019). Growth hormone’s links to cancer.
Endocr. Rev. 40 (2), 558-574. doi:10.1210/er.2018-00166

Chaumont-Dubel, S., Dupuy, V., Bockaert, J., Bécamel, C., and Marin, P. (2020). The
5-HT(6) receptor interactome: new insight in receptor signaling and its impact on brain
physiology and pathologies. Neuropharmacology 172, 107839. doi:10.1016/j.
neuropharm.2019.107839

Chen, G, Yu, B, Tan, S., Tan, J,, Jia, X., Zhang, Q., et al. (2022). GIGYF1 disruption
associates with autism and impaired IGF-1R signaling. J. Clin. Investigation 132 (19),
€159806. doi:10.1172/JCI159806

Chen, S., Francioli, L. C., Goodrich, J. K., Collins, R. L., Kanai, M., Wang, Q., et al.
(2024). A genomic mutational constraint map using variation in 76,156 human
genomes. Nature 625 (7993), 92-100. doi:10.1038/s41586-023-06045-0

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34 (17), 1884-i890. doi:10.1093/bioinformatics/bty560

Choi, Y., and Chan, A. P. (2015). PROVEAN web server: a tool to predict the
functional effect of amino acid substitutions and indels. Bioinformatics 31 (16),
2745-2747. doi:10.1093/bioinformatics/btv195

Cornell, B., Wachi, T., Zhukarev, V., and Toyo-Oka, K. (2016). Overexpression of the
14-3-3gamma protein in embryonic mice results in neuronal migration delay in the
developing cerebral cortex. Neurosci. Lett. 628, 40-46. doi:10.1016/j.neulet.2016.06.009

Frontiers in Genetics

10.3389/fgene.2024.1483574

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2024.1483574/
full#supplementary-material

Costa-Silva, J., Domingues, D., and Lopes, F. M. (2017). RNA-Seq differential
expression analysis: an extended review and a software tool. PLoS One 12 (12),
€0190152. doi:10.1371/journal.pone.0190152

Crudden, C,, Song, D., Cismas, S., Trocmé, E., Pasca, S., Calin, G. A,, et al. (2019).
Below the surface: IGF-1R therapeutic targeting and its endocytic journey. Cells 8 (10),
1223. doi:10.3390/cells8101223

Devis-Jauregui, L., Eritja, N., Davis, M. L., Matias-Guiu, X., and Llobet-Navas, D.
(2021). Autophagy in the physiological endometrium and cancer. Autophagy 17 (5),
1077-1095. doi:10.1080/15548627.2020.1752548

Devuyst, O. (2015). The 1000 genomes project: welcome to a new world. Perit. Dial.
Int. 35 (7), 676-677. doi:10.3747/pdi.2015.00261

Feliciano, P., Zhou, X., Astrovskaya, L, Turner, T. N., Wang, T., Brueggeman, L., et al.
(2019). Exome sequencing of 457 autism families recruited online provides evidence for
autism risk genes. NPJ Genom Med. 4, 19. doi:10.1038/s41525-019-0093-8

Forbes, B. E., Blyth, A. J,, and Wit, J. M. (2020). Disorders of IGFs and IGF-1R
signaling pathways. Mol. Cell Endocrinol. 518, 111035. doi:10.1016/j.mce.2020.111035

Garcia, F. A. O., de Andrade, E. S., and Palmero, E. I. (2022). Insights on variant
analysis in silico tools for pathogenicity prediction. Front. Genet. 13, 1010327. doi:10.
3389/fgene.2022.1010327

Ghafouri-Fard, S., Pourtavakoli, A., Hussen, B. M., Taheri, M., and Ayatollahi, S. A.
(2023). A review on the role of genetic mutations in the autism spectrum disorder. Mol.
Neurobiol. 60 (9), 5256-5272. doi:10.1007/s12035-023-03405-9

Gu, Z., Eils, R, and Schlesner, M. (2016). Complex heatmaps reveal patterns and
correlations in multidimensional genomic data. Bioinformatics 32 (18), 2847-2849.
doi:10.1093/bioinformatics/btw313

Gupta, M. B,, and Jansson, T. (2019). Novel roles of mechanistic target of rapamycin
signaling in regulating fetal growth?. Biol. Reprod. 100 (4), 872-884. doi:10.1093/biolre/ioy249

Hua, H., Kong, Q., Zhang, H., Wang, J.,, Luo, T,, and Jiang, Y. (2019). Targeting
mTOR for cancer therapy. J. Hematol. Oncol. 12 (1), 71. d0i:10.1186/s13045-019-0754-1

Huynh-Thu, V. A, and Geurts, P. (2018). dynGENIE3: dynamical GENIE3 for the
inference of gene networks from time series expression data. Sci. Rep. 8 (1), 3384. doi:10.
1038/541598-018-21715-0

Takoucheva, L. M., Muotri, A. R,, and Sebat, J. (2019). Getting to the cores of autism.
Cell 178 (6), 1287-1298. doi:10.1016/j.cell.2019.07.037

Ioannidis, N. M., Rothstein, J. H., Pejaver, V., Middha, S., McDonnell, S. K., Baheti, S.,
et al. (2016). REVEL: an ensemble method for predicting the pathogenicity of rare
missense variants. Am. J. Hum. Genet. 99 (4), 877-885. doi:10.1016/j.ajhg.2016.08.016

Tossifov, I, Ronemus, M., Levy, D., Wang, Z., Hakker, I., Rosenbaum, J., et al. (2012).
De novo gene disruptions in children on the autistic spectrum. Neuron 74 (2), 285-299.
doi:10.1016/j.neuron.2012.04.009

Jiating, L., Buyun, J., and Yinchang, Z. (2019). Role of metformin on osteoblast
differentiation in type 2 diabetes. Biomed. Res. Int. 2019, 9203934. doi:10.1155/2019/
9203934

Joon, P., Kumar, A., and Parle, M. (2021). What is autism? Pharmacol. Rep. 73 (5),
1255-1264. doi:10.1007/s43440-021-00244-0

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, 0., et al.
(2021). Highly accurate protein structure prediction with AlphaFold. Nature 596
(7873), 583-589. doi:10.1038/s41586-021-03819-2

Kalikiri, M. K., Mamidala, M. P., Rao, A. N, and Rajesh, V. (2017). Analysis and
functional characterization of sequence variations in ligand binding domain of thyroid
hormone receptors in autism spectrum disorder (ASD) patients. Autism Res. 10 (12),
1919-1928. doi:10.1002/aur.1838

Kamei, H. (2020). Oxygen and embryonic growth: the role of insulin-like growth
factor signaling. Gen. Comp. Endocrinol. 294, 113473. doi:10.1016/j.ygcen.2020.113473

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2024.1483574/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2024.1483574/full#supplementary-material
https://doi.org/10.1002/acn3.51105
https://doi.org/10.1002/0471142905.hg0720s76
https://doi.org/10.1016/j.tins.2023.03.007
https://doi.org/10.1016/j.tins.2023.03.007
https://doi.org/10.1007/978-3-030-30402-7_2
https://doi.org/10.1007/978-3-030-30402-7_2
https://doi.org/10.23736/S0391-1977.18.02882-1
https://doi.org/10.23736/S0391-1977.18.02882-1
https://doi.org/10.1126/science.aat6576
https://doi.org/10.3390/cells8080913
https://doi.org/10.3389/fnut.2019.00146
https://doi.org/10.3390/ijms22041849
https://doi.org/10.3390/ijms22041849
https://doi.org/10.1016/j.neubiorev.2022.104896
https://doi.org/10.1007/978-3-030-30402-7_4
https://doi.org/10.1210/er.2018-00166
https://doi.org/10.1016/j.neuropharm.2019.107839
https://doi.org/10.1016/j.neuropharm.2019.107839
https://doi.org/10.1172/JCI159806
https://doi.org/10.1038/s41586-023-06045-0
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/btv195
https://doi.org/10.1016/j.neulet.2016.06.009
https://doi.org/10.1371/journal.pone.0190152
https://doi.org/10.3390/cells8101223
https://doi.org/10.1080/15548627.2020.1752548
https://doi.org/10.3747/pdi.2015.00261
https://doi.org/10.1038/s41525-019-0093-8
https://doi.org/10.1016/j.mce.2020.111035
https://doi.org/10.3389/fgene.2022.1010327
https://doi.org/10.3389/fgene.2022.1010327
https://doi.org/10.1007/s12035-023-03405-9
https://doi.org/10.1093/bioinformatics/btw313
https://doi.org/10.1093/biolre/ioy249
https://doi.org/10.1186/s13045-019-0754-1
https://doi.org/10.1038/s41598-018-21715-0
https://doi.org/10.1038/s41598-018-21715-0
https://doi.org/10.1016/j.cell.2019.07.037
https://doi.org/10.1016/j.ajhg.2016.08.016
https://doi.org/10.1016/j.neuron.2012.04.009
https://doi.org/10.1155/2019/9203934
https://doi.org/10.1155/2019/9203934
https://doi.org/10.1007/s43440-021-00244-0
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1002/aur.1838
https://doi.org/10.1016/j.ygcen.2020.113473
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1483574

Yang et al.

Karczewski, K. J., Weisburd, B., Thomas, B., Solomonson, M., Ruderfer, D. M.,
Kavanagh, D,, et al. (2017). The EXAC browser: displaying reference data information
from over 60 000 exomes. Nucleic Acids Res. 45 (D1), D840-D845. doi:10.1093/nar/
gkw971

Katchalski-Katzir, E., Shariv, 1., Eisenstein, M., Friesem, A. A., Aflalo, C., and Vakser,
I A. (1992). Molecular surface recognition: determination of geometric fit between
proteins and their ligands by correlation techniques. Proc. Natl. Acad. Sci. U. S. A. 89 (6),
2195-2199. doi:10.1073/pnas.89.6.2195

Kumar, A, Im, K., Banjevic, M., Ng, P. C,, Tunstall, T., Garcia, G., et al. (2022).
Whole-genome risk prediction of common diseases in human preimplantation
embryos. Nat. Med. 28 (3), 513-516. doi:10.1038/s41591-022-01735-0

Langfelder, P., and Horvath, S. (2008). WGCNA: an R package for weighted
correlation network analysis. BMC Bioinforma. 9, 559. doi:10.1186/1471-2105-9-559

Lee, E., Lee, S., Shin, J. J., Choi, W., Chung, C,, Lee, S., et al. (2021). Excitatory synapses
and gap junctions cooperate to improve Pv neuronal burst firing and cortical social
cognition in Shank2-mutant mice. Nat. Commun. 12 (1), 5116. doi:10.1038/s41467-
021-25356-2

Letunic, I, Khedkar, S., and Bork, P. (2021). SMART: recent updates, new
developments and status in 2020. Nucleic Acids Res. 49 (D1), D458-D460. doi:10.
1093/nar/gkaa937

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics 25 (14), 1754-1760. doi:10.1093/bioinformatics/
btp324

Li, T., Forbes, M. E,, Fuller, G. N, Li, ]., Yang, X,, and Zhang, W. (2020). IGFBP2:
integrative hub of developmental and oncogenic signaling network. Oncogene 39 (11),
2243-2257. doi:10.1038/s41388-020-1154-2

Liu, X., Chen, J., Chen, W., Xu, Y., Shen, Y., and Xu, X. (2023). Targeting IGF2BP3 in
cancer. Int. J. Mol. Sci. 24 (11), 9423. doi:10.3390/ijms24119423

Luo, Y., Wang, L., Cao, Y., Shen, Y., Gu, Y., and Wang, L. (2024). Reduced excitatory
activity in the developing mPFC mediates a PV(H)-to-PV(L) transition and impaired
social cognition in autism spectrum disorders. Transl. psychiatry 14 (1), 325. doi:10.
1038/541398-024-03043-2

Mancarella, C., Morrione, A., and Scotlandi, K. (2021). Novel regulators of the IGF
system in cancer. Biomolecules 11 (2), 273. doi:10.3390/biom11020273

Manzella, L., Massimino, M., Stella, S., Tirro, E., Pennisi, M. S., Martorana, F., et al.
(2019). Activation of the IGF Axis in thyroid cancer: implications for tumorigenesis and
treatment. Int. J. Mol. Sci. 20 (13), 3258. doi:10.3390/ijms20133258

Mariani, J., Coppola, G., Zhang, P., Abyzov, A., Provini, L., Tomasini, L., et al. (2015).
FOXG1-Dependent dysregulation of GABA/glutamate neuron differentiation in autism
spectrum disorders. Cell 162 (2), 375-390. doi:10.1016/j.cell.2015.06.034

Meng, E. C., Goddard, T. D,, Pettersen, E. F., Couch, G. S., Pearson, Z. J., Morris, J. H.,
et al. (2023). UCSF ChimeraX: tools for structure building and analysis. Protein Sci. 32
(11), e4792. doi:10.1002/pro.4792

Morris, G. M., Huey, R, and Olson, A. J. (2008). Using AutoDock for ligand-receptor
docking. Curr. Protoc. Bioinforma. Chapter 8, Unit 8.14. doi:10.1002/0471250953.
bi0814s24

Neul, J. L, Percy, A. K,, Benke, T. A., Berry-Kravis, E. M., Glaze, D. G., Marsh, E. D,
et al. (2023). Trofinetide for the treatment of Rett syndrome: a randomized phase
3 study. Nat. Med. 29 (6), 1468-1475. doi:10.1038/s41591-023-02398-1

Neul, J. L, Percy, A. K, Benke, T. A, Berry-Kravis, E. M., Glaze, D. G,, Peters, S. U,
et al. (2022). Design and outcome measures of LAVENDER, a phase 3 study of
trofinetide for Rett syndrome. Contemp. Clin. Trials 114, 106704. doi:10.1016/j.cct.
2022.106704

Okuyama, T., Kyohara, M., Terauchi, Y., and Shirakawa, J. (2021). The roles of the
IGF Axis in the regulation of the metabolism: interaction and difference between insulin
receptor signaling and IGF-I receptor signaling. Int. J. Mol. Sci. 22 (13), 6817. doi:10.
3390/ijms22136817

Osorio, D., Zhong, Y, Li, G., Xu, Q,, Yang, Y., Tian, Y., et al. (2022). scTenifoldKnk:
an efficient virtual knockout tool for gene function predictions via single-cell gene
regulatory network perturbation. Patterns (N Y) 3 (3), 100434. doi:10.1016/j.patter.
2022.100434

Pagano, J., Landi, S., Stefanoni, A., Nardi, G., Albanesi, M., Bauer, H. F,, et al. (2023).
Shank3 deletion in PV neurons is associated with abnormal behaviors and neuronal
functions that are rescued by increasing GABAergic signaling. Mol. Autism 14 (1), 28.
doi:10.1186/s13229-023-00557-2

Pizzarelli, R., Pimpinella, D., Jacobs, C., Tartacca, A., Kullolli, U., Monyer, H., et al.
(2023). Insulin-like growth factor 2 (IGF-2) rescues social deficits in NLG3” mouse
model of ASDs. Front. Cell. Neurosci. 17, 1332179. doi:10.3389/fncel.2023.1332179

Reva, B., Antipin, Y., and Sander, C. (2011). Predicting the functional impact of
protein mutations: application to cancer genomics. Nucleic Acids Res. 39 (17), e118.
doi:10.1093/nar/gkr407

Frontiers in Genetics

17

10.3389/fgene.2024.1483574

Ruzzo, E. K., Pérez-Cano, L., Jung, J. Y., Wang, L. K., Kashef-Haghighi, D., Hartl, C.,
etal. (2019). Inherited and de novo genetic risk for autism impacts shared networks. Cell
178 (4), 850-866. doi:10.1016/j.cell.2019.07.015

Sanders, S. J., Murtha, M. T., Gupta, A. R, Murdoch, J. D., Raubeson, M. J., Willsey, A.
J., et al. (2012). De novo mutations revealed by whole-exome sequencing are strongly
associated with autism. Nature 485 (7397), 237-241. doi:10.1038/nature10945

Schubach, M., Maass, T., Nazaretyan, L., Réner, S., and Kircher, M. (2024). CADD
v1.7: using protein language models, regulatory CNNs and other nucleotide-level scores
to improve genome-wide variant predictions. Nucleic Acids Res. 52 (D1),
D1143-D1154. doi:10.1093/nar/gkad989

Schwarz, J. M., Cooper, D. N,, Schuelke, M., and Seelow, D. (2014). MutationTaster2:
mutation prediction for the deep-sequencing age. Nat. Methods 11 (4), 361-362. doi:10.
1038/nmeth.2890

Seredin, P., Litvinova, T., Ippolitov, Y., Goloshchapov, D., Peshkov, Y., Kashkarov, V.,
et al. (2024). A study of the association between primary oral pathologies (dental caries
and periodontal diseases) using synchrotron molecular FTIR spectroscopy in view of
the patient’s personalized clinical picture (demographics and anamnesis). Int. J. Mol.
Sci. 25 (12), 6395. doi:10.3390/ijms25126395

SPARK Consortium (2018). SPARK: a US cohort of 50,000 families to accelerate
autism research. Neuron 97 (3), 488-493. doi:10.1016/j.neuron.2018.01.015

Stanek, D., Bis-Brewer, D. M., Saghira, C., Danzi, M. C., Seeman, P., Lassuthova, P.,
et al. (2020). Prot2HG: a database of protein domains mapped to the human genome.
Database (Oxford) 2020, baz161. doi:10.1093/database/baz161

Stefani, C., Miricescu, D., Stanescu, S., Nica, R. I., Greabu, M., Totan, A. R,, et al.
(2021). Growth factors, PI3K/AKT/mTOR and MAPK signaling pathways in colorectal
cancer pathogenesis: where are we now? Int. J. Mol. Sci. 22 (19), 10260. doi:10.3390/
ijms221910260

Stuard, W. L., Titone, R., and Robertson, D. M. (2020). The IGF/Insulin-IGFBP Axis
in corneal development, wound healing, and disease. Front. Endocrinol. (Lausanne) 11,
24. doi:10.3389/fend0.2020.00024

SzKlarczyk, D., Kirsch, R., Koutrouli, M., Nastou, K., Mehryary, F., Hachilif, R., et al.
(2023). The STRING database in 2023: protein-protein association networks and
functional enrichment analyses for any sequenced genome of interest. Nucleic Acids
Res. 51 (D1), D638-D646. doi:10.1093/nar/gkac1000

Takahashi, S. I. (2019). IGF research 2016-2018. Growth Horm. IGF Res. 48-49,
65-69. doi:10.1016/j.ghir.2019.10.004

Tavassoli, T., Kolevzon, A., Wang, A. T., Curchack-Lichtin, J., Halpern, D., Schwartz,
L., et al. (2014). De novo SCN2A splice site mutation in a boy with Autism spectrum
disorder. BMC Med. Genet. 15, 35. doi:10.1186/1471-2350-15-35

Vakser, I. A. (1996). Long-distance potentials: an approach to the multiple-minima
problem in ligand-receptor interaction. Protein Eng. 9 (1), 37-41. doi:10.1093/protein/9.
1.37

Vaser, R,, Adusumalli, S., Leng, S. N., Sikic, M., and Ng, P. C. (2016). SIFT missense
predictions for genomes. Nat. Protoc. 11 (1), 1-9. doi:10.1038/nprot.2015.123

Velmeshev, D., Schirmer, L., Jung, D., Haeussler, M., Perez, Y., Mayer, S., et al. (2019).
Single-cell genomics identifies cell type-specific molecular changes in autism. Sci. (New
York, NY) 364 (6441), 685-689. doi:10.1126/science.aav8130

Vicari, S., Napoli, E., Cordeddu, V., Menghini, D., Alesi, V., Loddo, S., et al. (2019).
Copy number variants in autism spectrum disorders. Prog. Neuropsychopharmacol.
Biol. Psychiatry 92, 421-427. doi:10.1016/j.pnpbp.2019.02.012

Wachi, T., Cornell, B., Marshall, C., Zhukarev, V., Baas, P. W., and Toyo-oka, K.
(2016). Ablation of the 14-3-3gamma protein results in neuronal migration delay and
morphological defects in the developing cerebral cortex. Dev. Neurobiol. 76 (6),
600-614. doi:10.1002/dneu.22335

Wang, K., Li, M., and Hakonarson, H. (2010). ANNOVAR: functional annotation of
genetic variants from high-throughput sequencing data. Nucleic Acids Res. 38 (16), e164.
doi:10.1093/nar/gkq603

Wang, T., Hoekzema, K., Vecchio, D., Wu, H., Sulovari, A., Coe, B. P,, et al. (2020).
Large-scale targeted sequencing identifies risk genes for neurodevelopmental disorders.
Nat. Commun. 11 (1), 4932. doi:10.1038/s41467-020-18723-y

Yang, Y.J., Luo, T., Zhao, Y., Jiang, S. Z., Xiong, J. W., Zhan, J. Q,, et al. (2020). Altered
insulin-like growth factor-2 signaling is associated with psychopathology and cognitive
deficits in patients with schizophrenia. PLoS One 15 (3), €0226688. doi:10.1371/journal.
pone.0226688

Yasuda, Y., Matsumoto, J., Miura, K., Hasegawa, N., and Hashimoto, R. (2023).
Genetics of autism spectrum disorders and future direction. J. Hum. Genet. 68 (3),
193-197. doi:10.1038/s10038-022-01076-3

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O.,
et al. (2019). Metascape provides a biologist-oriented resource for the analysis of
systems-level datasets. Nat. Commun. 10 (1), 1523. doi:10.1038/s41467-019-
09234-6

frontiersin.org


https://doi.org/10.1093/nar/gkw971
https://doi.org/10.1093/nar/gkw971
https://doi.org/10.1073/pnas.89.6.2195
https://doi.org/10.1038/s41591-022-01735-0
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1038/s41467-021-25356-2
https://doi.org/10.1038/s41467-021-25356-2
https://doi.org/10.1093/nar/gkaa937
https://doi.org/10.1093/nar/gkaa937
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1038/s41388-020-1154-2
https://doi.org/10.3390/ijms24119423
https://doi.org/10.1038/s41398-024-03043-2
https://doi.org/10.1038/s41398-024-03043-2
https://doi.org/10.3390/biom11020273
https://doi.org/10.3390/ijms20133258
https://doi.org/10.1016/j.cell.2015.06.034
https://doi.org/10.1002/pro.4792
https://doi.org/10.1002/0471250953.bi0814s24
https://doi.org/10.1002/0471250953.bi0814s24
https://doi.org/10.1038/s41591-023-02398-1
https://doi.org/10.1016/j.cct.2022.106704
https://doi.org/10.1016/j.cct.2022.106704
https://doi.org/10.3390/ijms22136817
https://doi.org/10.3390/ijms22136817
https://doi.org/10.1016/j.patter.2022.100434
https://doi.org/10.1016/j.patter.2022.100434
https://doi.org/10.1186/s13229-023-00557-2
https://doi.org/10.3389/fncel.2023.1332179
https://doi.org/10.1093/nar/gkr407
https://doi.org/10.1016/j.cell.2019.07.015
https://doi.org/10.1038/nature10945
https://doi.org/10.1093/nar/gkad989
https://doi.org/10.1038/nmeth.2890
https://doi.org/10.1038/nmeth.2890
https://doi.org/10.3390/ijms25126395
https://doi.org/10.1016/j.neuron.2018.01.015
https://doi.org/10.1093/database/baz161
https://doi.org/10.3390/ijms221910260
https://doi.org/10.3390/ijms221910260
https://doi.org/10.3389/fendo.2020.00024
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1016/j.ghir.2019.10.004
https://doi.org/10.1186/1471-2350-15-35
https://doi.org/10.1093/protein/9.1.37
https://doi.org/10.1093/protein/9.1.37
https://doi.org/10.1038/nprot.2015.123
https://doi.org/10.1126/science.aav8130
https://doi.org/10.1016/j.pnpbp.2019.02.012
https://doi.org/10.1002/dneu.22335
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1038/s41467-020-18723-y
https://doi.org/10.1371/journal.pone.0226688
https://doi.org/10.1371/journal.pone.0226688
https://doi.org/10.1038/s10038-022-01076-3
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2024.1483574

	Unveiling the role of IGF1R in autism spectrum disorder: a multi-omics approach to decipher common pathogenic mechanisms in ...
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Participants
	2.3 Whole exome sequencing and sample quality control
	2.4 Sequencing data bioinformatics analysis
	2.5 Define rare or deleterious variants
	2.6 Genetic mutation burden and association analysis
	2.7 Gene enrichment analysis
	2.8 Protein stucture and domin prediction and ligand-receptor docking analysis
	2.9 Protein-protein interaction network analysis
	2.10 Virtual knockout analysis
	2.11 Transcriptomic analysis of autistic patients’ brain-like organoids

	3 Results
	3.1 Analysis of rare variants in key factors of the IGF signaling pathway
	3.2 Structural and functional implications of IGF1R mutations in ASD
	3.3 High expression of IGF1R and IGF2R during human cortical development and their potential role in ASD
	3.4 Co-expression patterns of IGF1R in brain organoids of autism patients

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


