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Objective: Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder with significant genetic heterogeneity. The
ZIC gene family can regulate neurodevelopment, especially in the cerebellum, and has been implicated in ASD-like behaviors in mice.
We performed bioinformatic analysis to identify the ZIC gene family in the ASD cerebellum.

Methods: We explored the roles of ZIC family genes in ASD by investigating (i) the association of ZIC genes with ASD risk genes
from the Simons Foundation Autism Research Initiative (SFARI) database and ZIC genes in the brain regions of the Human Protein
Atlas (HPA) database; (ii) co-expressed gene networks of genes positively and negatively correlated with ZIC1, ZIC2, and ZIC3,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment, and receiver operating characteristic (ROC) curve analysis
of genes in these networks; and (iii) the relationship between ZIC1, ZIC2, ZIC3, and their related genes with cerebellar immune cells
and stromal cells in ASD patients.

Results: (i) ZIC1, ZIC2, and ZIC3 were associated with neurodevelopmental disorders and risk genes related to ASD in the human
cerebellum and (ii) ZIC1, ZIC2, and ZIC3 were highly expressed in the cerebellum, which may play a pathogenic role by affecting
neuronal development and the cerebellar internal environment in patients with ASD, including immune cells, astrocytes, and
endothelial cells. (iii) OLFM3, SLC27A4, GRB2, TMEDI1, NR2F1, and STRBP are closely related to ZIC1, ZIC2, and ZIC3 in
ASD cerebellum and have good diagnostic accuracy. (iv) ASD mice in the maternal immune activation model demonstrated that Zic3
and Nr2fl levels were decreased in the immune-activated cerebellum.

Conclusion: Our study supports the role of ZIC1, ZIC2, and ZIC3 in ASD pathogenesis and provides potential targets for early and
accurate prediction of ASD.
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Introduction
Autism spectrum disorder (ASD) is a spectrum of neurodevelopmental disorders characterized by repetitive and
restrictive patterns of behavior, interest, and impairment in social interactions.' The overall ASD prevalence in 8-year-
olds is 1 in 36, as reported by the American Centers for Disease Control and Prevention in 2023, and the diagnosis rate is
rising rapidly,” but little is known about its etiology, risk factors, and disease progression. The heterogeneity of ASD
is influenced by factors such as genetic variation, gender, and co-morbidity.> Among these factors, genetic variation is
considered to be the primary contributor. This encompasses single gene disorders, copy number variants (CNVs),
inherited and de novo rare variants, as well as common sequence variants.*> The variations in these genetic factors
result in genetic heterogeneity within the ASD population. However, the genetic etiology and pathogenesis of ASD
remain unclear, and efforts are urgently needed to translate genetic research on autism into clinical practice.

Growing research highlights the cerebellum as a pathological region of the brain in patients.®® The development of the
human cerebellum begins at the seventh gestational week, and the cerebellum can grow until late childhood.® The long-time
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window of cerebellar maturation results in the developing cerebellum being exposed to more genetic and environmental risk
factors.” A recent study conducted a genome-wide association study (GWAS) on 33,265 individuals identified single
nucleotide polymorphisms associated with the reduced cerebellar volume and increased ASD risk.'” Numerous mouse
studies have linked abnormal gene expression in the cerebellum to ASD-like behavior. For example, POGZ-deficient mice
with abnormal sociability, learning, and motor behaviors exhibit significantly upregulated gene expression in the
cerebellum.!' JUN and PDGFRA are upregulated in the cerebellum and are associated with ASD-like behaviors.'?

ZIC family proteins, include ZIC 1-5, have impact on multiple processes in neural network wiring, including
neuronal migration, axon guidance, and terminal refinement.'> The ZIC family of genes are becoming promising
candidates for ASD due to their significant role in regulating cerebellum development. ZIC gene expression initiates
prior to the formation of the cerebellar primordium during early neurodevelopment and exhibits dynamic patterns of
expression,'* that coordinate cerebellar development.'>™'” For example, heterozygous deletions containing the ZIC1
locus have been found in a subset of individuals with Dandy-Walker malformation (DWM), which is a common
cerebellar birth defect.'® According to clinical case reports, ASD is a common complication of DWM.'® ZIC gene
expression profiling findings in multiple animal models indicate that ZIC proteins are involved in multiple behavioral
abnormalities.'” ZIC1 and ZIC3 mutant mice exhibit hypotonia and reduced motor activity.'*'? ZIC2 hypomorphic
mutant mice exhibit behavioral abnormalities, such as cognitive impairment, defects in sensorimotor gating, and social
behavior,”® which are common symptoms of ASD.! Additionally, it is worth noting that ZIC2 and ZIC3 can also act as
co-factors, binding to proteins from the lymphatic enhancer family and inhibiting Wnt signaling.*'

Here, we performed a network-based bioinformatics analysis to analyze the roles of ZIC family genes in ASD
patients. Next, we identified the expression of ZIC family genes and related hub genes in the cerebellum of ASD mice.
Our study provides candidate genes for the diagnosis of ASD and is of great significance for further exploring the
pathogenic role of ZIC family genes in ASD.

Materials and Methods

Microarray Source

Gene expression data from microarray studies of ASD were downloaded from the Gene Expression Omnibus (GEO)
database using the terms “autism” and “cerebellum”. Only two microarray studies using RNA obtained from postmortem
cerebellum from autistic and control individuals were selected for analysis. GSE28521 from GPL6883 contained samples
from the cerebellum of 10 patients with ASD and 11 typical development controls (TD) from the Autism Tissue Project
(ATP, www.brainbank.org/) and the Harvard Brain Bank (http:/www.autismtissueprogram.org).”> GSE38322 from
GPL10558 contains samples from the cerebellum of 8 ASD patients with ASD and 8 controls from ATP, the Harvard
Brain Bank and the National Institute for Child Health and Human Development (NICHD) Brain and Tissue Bank
(www.btbank.org).23 GSE142670 from GPL16791 contained samples of induced pluripotent stem cell (iPSC)-derived

neural progenitor cells (NPC) (16 clones from six ASD patients and 13 clones from six controls) and iPSC-derived
neurons (12 clones from five ASD patients and 11 clones from four controls).?* All autism patients are diagnosed by
DSM-IV (the diagnostic and statistical manual of mental disorders, DSM). The microarray results analyzed in this study
are presented in Table 1. All datasets were preprocessed using log2 transformation and quantile normalization, and the
association of genes with ZIC family genes was analyzed using the R package.

Network Analysis

Cerebellum network analysis and KEGG pathway enrichment were performed using Network Analyst, a site capable of
creating tissue-specific Protein—Protein Interaction Networks (PPI) and gene co-expression networks.*> The depth of a node’s
color is positively related to the number of neighbors of the node. Degree of centrality (DC) is the number of connections

a node has with other nodes, and betweenness of centrality (BC) measures the number of shortest paths through a node.
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Table 1 Gene Expression Datasets Used in This Study

Disease Datasets Platform Organism Brain Tissue Cases | Controls References
Exploration
ASD GSE28521 GPL6883 Homo sapiens | Cerebellum 10 I Voineagu et al, 201 |2
Validation
ASD GSE38322 GPL10558 | Homo sapiens | Cerebellum 8 8 Ginsberg et al, 2012**
ASD GSE142670 | GPLI16791 Homo sapiens iPSC-derived NPC 16 13 Griesi-Oliveira K et al, 20212
iPSC-derived neurons 12 I
SFARI

SFARI Base (http://sfari.org/resources/sfari-base) is a research data repository funded by the Simons Foundation Autism

Research Initiative, which contains large-scale behavioral and biological data of autistic individuals. We extracted ASD
risk genes from the SFARI database and analyzed the correlation between ZIC family genes and the risk genes.

The Human Protein Atlas (HPA)

The HPA (https://proteinatlas.org/) includes information on human gene expression profiles at various protein levels.?®
We investigate the expression patterns of ZIC1-3, OLFM3, SLC27A4, GRB2, TMEDI1, NR2F1, and STRBP in various
brain regions of the GTEx human brain RNA-Seq dataset from HPA.

In silico Immune Cell Type Enrichment Analysis

xCell, a gene signature-based method reliably portraying the cellular heterogeneity landscape of tissue expression
profiles, was performed to calculate the immune cell infiltration abundance.’’ The R package PerformanceAnalytics
was utilized to ascertain the correlation between genes and the infiltration abundance of immune cells.

Mice

Adult C57BL/6 mice, 6—8 weeks, were purchased from HFK Bioscience (Beijing, China) and housed under specific
pathogen-free conditions. All animal protocols were approved by the Ethics Committee of Tongji Hospital of Tongji
Medical College of Huazhong University of Science and Technology, and the animal experiments were conducted in
accordance with the National Institutes of Health Laboratory Animal Care and Use Guidelines (NIH Publication
No. 80-23).

Maternal Immune Activation (MIA)

The cerebellar tissue obtained from the offspring of MIA mice was previously identified as ASD.'? Briefly, mice were mated
overnight, and females were checked every morning for seminal plugs, recorded as embryonic Day 0.5 (E0.5). On E12.5,
pregnant mice were weighed and injected with a single dose of poly(I:C) (20 mg/kg) (#P9582, Sigma). All male offspring
from each litter were used for behavior tested at 6 weeks of age, with 3-5 litters used for each treatment group. The open field
experiment was used to evaluate the depression-like behavior. Mice were placed in an open field (43.2 x 43.2 cm). The
activity and position of each mouse within the open field were measured for 5 minutes. Data were analyzed by the MED
Associates’ Activity Monitor Data Analysis software. Social behavior was measured using the three-chambered arena (40 x
60 cm). In Phase 1, the test mouse could explore the whole arena (habituation). The test mouse was allowed to explore the
empty cage or the unfamiliar mouse (stranger 1) for 10 minutes in the central chamber during Phase 2. In Phase 3, the
stranger 1 was replaced with another unfamiliar mouse (stranger 2) and the stranger 1 was placed in the other cage. Time
spent in each chamber and the sniffing zones was recorded by Ethovision XT 10 system (Noldus).

Quantitative Real-Time PCR
Cerebellar tissues of ASD mice were obtained from previously obtained MIA mouse models.'? Total RNA from the entire
cerebellum of ASD mice in the MIA model (6 weeks, n = 3) was extracted using TRIzol Reagent (Invitrogen) and cDNA was
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synthesized using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). qRT-PCR was performed using
a SYBR Green real-time PCR kit (Toyobo, Osaka, Japan) on a LightCycler (Bio-Rad Laboratories, Hercules, CA, USA). The
primers used were as follows: 5’-TCTCCACACCTATGGTGCAA-3’ and 5’-CAAGAAACAGGGGAGCTGAG-3’(GAPDH),
5’- TAAATGGATCGAGCCGGAGC -3’ and 5’-CTTGAAGGGCTTCTCCCCTG-3’ (Zicl); 5’-CTCGCAGAACGTG
CTCAATG-3’ and 5-CCGCATGTAGCGGAAAAAGG-3’ (Zic2); 5-GCAGGGTTCAGGTTATGCCA-3’ and 5’-
GCAGGGTTCAGGTTATGCCA-3’ (Zic3); 5’-CTTACACATGCCGTGCCAAC-3’ and 5’-CTTACACATGCCGTGCCAAC
-3” (Nr2f1); and 5’-GAAAGTGGCCAAGGCAAGTG-3’ and 5’-GAAAGTGGCCAAGGCAAGTG-3’ (Strbp).

Statistical Analysis

The values and graphs of the Pearson correlation and ROC curves were obtained using the R software. A p-value <0.05
and | r | >0.3 was considered statistically significant and relevant. Data were presented as means and standard deviations
(SDs) or medians and quantiles depending on the distribution of data. qRT-PCR were performed thrice, and representa-
tive results are shown.

Results
ZICI, ZIC2 and ZIC3 Were Related to Neurodevelopmental Disorders and Human
ASD Risk Genes in Cerebellum

First, we explored the association between the ZIC family genes with risk genes. As shown in Figure 1A, correlation
analysis of ZIC family genes and human ASD risk genes in the SFARI database showed that ZIC1, ZIC2, and ZIC3 were
associated with various proven ASD risk genes, such as CTNNBI1, TP53, and ESR1. According to gene-disease
association analysis, ZIC1, ZIC2, and ZIC3 related genes in the cerebellum were related to a variety of neurodevelop-
mental disorders, such as autistic disorder, bipolar disorder, schizophrenia, and mental retardation (Figure 1B). According
to HPA, ZIC1, ZIC2, and ZIC3 are detectable in all regions of the human brain. Interestingly, ZIC1, ZIC2, and ZIC3 were
mainly expressed in the cerebellum, and the expression of ZIC1 in the cerebellum was significantly higher than that of
ZIC2 and ZIC3 (Figure 1C). Therefore, we mainly focused on the roles of ZIC1, ZIC2, and ZIC3 in ASD cerebellum.

Networks and KEGG Analysis of Genes Positively and Negatively Associated with
ZICl, ZIC2 and ZIC3

The expression of ZIC1, ZIC2, and ZIC3 occurs during cerebellar development, and their regulation of cerebellar
development is similar but also different.'® To explore the biological processes associated with ZIC1, ZIC2, and ZIC3 in
the cerebellum of ASD patients, we analyzed all genes that were positively and negatively associated with ZIC1, ZIC2,
and ZIC3 in the cerebellum of patients from GSE28521 using NetworkAnalyst. DC and BC indicated that these three
genes have distinct positive and negative co-expression networks, respectively. Nodes with higher DC and BC were
potential hub genes in the network. The most highly ranked node in the positively associated network of ZIC1 was APP
(DC = 127; BC = 7974.5; Figure 2A). The KEGG analysis of the network included Alzheimer’s disease, dopaminergic
synapses, and Parkinson’s (Table 2). The most highly ranked node in the network that was negatively associated with
ZIC1 was NXF1 (DC = 74; BC = 2685.5; Figure 2A). KEGG analysis of the network included the neurotrophin signaling
pathway, ubiquitin-mediated proteolysis, and VEGF signaling pathway (Table 2).

The most highly ranked nodes in the positively associated network of ZIC2 were CALM1 (DC = 31; BC = 463.61;
Figure 2B) and CALM2 (DC = 31; BC = 463.61), followed by CTNNB1 (DC = 28; BC = 710.81). KEGG analysis of the
network included the GnRH, melanogenesis, Wnt, neurotrophin, and ErbB signaling pathways (Table 3). The most
highly ranked node in the network negatively associated with ZIC2 was MAPILC3A (DC = 15; BC = 2082.71;
Figure 2B), followed by SMAD3 (DC = 13; BC = 4653.44). KEGG analysis of the network included the ErbB signaling
pathway and tight junctions (Table 3).

The most highly ranked node in the positively network of ZIC3 was ELAVL1 (DC = 149, BC = 10,920.67;
Figure 2C). KEGG analysis of the network included tight junctions, the mTOR signaling pathway, and the Hippo
signaling pathway (Table 4). The most highly ranked node in the negatively associated network of ZIC3 was COPSS5
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Figure | ZICI, ZIC2 and ZIC3 are associated with ASD and highly expressed in the cerebellum. (A) Network of human ASD risk gene network associated with ZIC family
genes in the cerebellum. (B) Network of human ASD risk genes associated with ZICI, ZIC2 and ZIC3 in the cerebellum from the gene-disease association database in
NetworkAnalyst. (C) The expression of ZICI, ZIC2 and ZIC3 in the brain regions of the GTEx human brain RNA-Seq dataset in HPA.

(DC = 52; BC = 1304.5; Figure 2C). KEGG analysis of the network revealed folate biosynthesis and circadian rhythms
(Table 4). These results indicate that ZIC1, ZIC2, and ZIC3 are involved in important biological processes in the
cerebellum of patients with ASD and suggest potential roles for several signaling pathways in which ZIC1, ZIC2, and
ZIC3 function as hub genes.

Evaluation of ZICI, ZIC2 and ZIC3 Associated Genes in Cerebellum as Biomarkers
for ASD

To verify the results acquired from the networks, we performed ROC analysis for all the genes related to ZIC1, ZIC2, and
ZIC3. Venn diagrams of the genes with an area under the curve (AUC) > 0.7 and genes positively or negatively
associated with ZIC1 (Figure 3A), ZIC2 (Figure 3B), and ZIC3 (Figure 3C) are shown. OLFM3 (AUC = 0.809),
SLC27A4 (AUC = 0.709) (Figure 3D), GRB2 (AUC = 0.709), TMED1 (AUC = 0.791) (Figure 3E), NR2F1 (AUC =
0.805), and STRBP (AUC = 0.745) (Figure 3F) exhibiting the highest AUC values within the positive and negative
correlation networks of ZIC1, ZIC2, and ZIC3 were selected as the diagnostic biomarkers.
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Figure 2 Networks of genes positively and negatively associated with ZICI, ZIC2 and ZIC3. The first up-regulated and the down-regulated network of genes associated

with ZICI (A), ZIC2 (B) and ZIC3 (C) in the cerebellum of ASD patients.
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Table 2 KEGG Analysis of the Genes Associated with ZICI in Cerebellum of GSE28521

Pathway ZICI Positive Network Pathway ZICI| Negative Network
Hits/Total (%) | p Hits/Total (%) | p

Ribosome 9.15 0.0000 mRNA surveillance pathway 3.30 0.0122
Alzheimer’s disease 4.09 0.0004 Fc gamma R-mediated phagocytosis | 3.30 0.0122
Endocytosis 2.46 0.0140 ABC transporters 4.44 0.0235
Dopaminergic synapse 3.05 0.0217 Neurotrophin signaling pathway 2.52 0.0247
Propanoate metabolism 6.25 0.0277 Vibrio cholerae infection 4.00 0.0286
Parkinson’s disease 2.82 0.0281 Vitamin B6 metabolism 16.67 0.0314
Retrograde endocannabinoid signaling 2.70 0.0321 Ubiquitin mediated proteolysis 2.19 0.0355
GABAergic synapse 3.37 0.0356 VEGF signaling pathway 3.39 0.0388
Vasopressin-regulated water reabsorption | 4.55 0.0496

Table 3 KEGG Analysis of the Genes Associated with ZIC2 in Cerebellum of GSE28521

Pathway ZIC2 Positive Network Pathway ZIC2 Negative Network
Hits/Total (%) | p Hits/Total (%) | p
Glioma 8.00 0.0000 Chronic myeloid leukemia 10.53 0.0000
GnRH signaling pathway 6.45 0.0000 Insulin signaling pathway 6.57 0.0000
Melanogenesis 5.94 0.0000 Viral carcinogenesis 4.98 0.0001
Wt signaling pathway 4.43 0.0000 Proteoglycans in cancer 4.98 0.0001
Neurotrophin signaling pathway 5.04 0.0000 EGFR tyrosine kinase inhibitor resistance | 7.59 0.0002
Pathways in cancer 2.08 0.0000 ErbB signaling pathway 7.06 0.0003
Insulin signaling pathway 4.38 0.0000 Tight junction 4.71 0.0005
Fluid shear stress and atherosclerosis | 4.32 0.0001 Endocrine resistance 6.12 0.0007
ErbB signaling pathway 5.88 0.0001 Non-small cell lung cancer 7.58 0.0008
Prostate cancer 5.15 0.0001 Prolactin signaling pathway 7.14 0.0010

Table 4 KEGG Analysis of the Genes Associated with ZIC3 in Cerebellum of GSE28521

Pathway ZIC3 Positive Network Pathway ZIC3 Negative Network
Hits/Total (%) | p Hits/Total (%) | p
Ubiquitin mediated proteolysis | 5.84 0.0000 Ribosome 12.42 0.0000
Tight junction 3.53 0.0039 Spliceosome 3.73 0.0006
RNA degradation 5.06 0.0053 Fructose and mannose metabolism 6.06 0.0124
Endocytosis 2.87 0.0058 Legionellosis 3.64 0.0326
Amoebiasis 4.17 0.0104 Protein processing in endoplasmic reticulum 1.82 0.0530
mTOR signaling pathway 3.27 0.0115 Mismatch repair 4.35 0.1130
Hippo signaling pathway 3.25 0.0118 Folate biosynthesis 3.85 0.1260
Pathways in cancer 1.89 0.0183 Pentose phosphate pathway 3.33 0.1440
Proteoglycans in cancer 2.49 0.0331 Antifolate resistance 3.23 0.1490
Insulin signaling pathway 2.92 0.0336 Circadian rhythm 3.23 0.1490

Validation of ZICI, ZIC2 and ZIC3 Associated Genes in Cerebellum, NPC and

Neurons of ASD Patients

To validate the results obtained from the ROC analysis, we further explored the diagnostic accuracy of OLFM3,
SLC27A4, GRB2, TMEDI, NR2FI1, and STRBP in the cerebellum of ASD patients from GSE38322, and iPSC-
derived NPC and neurons of ASD patients from GSE142670. As shown in Figure 4A, ROC analysis for OLFM3 and
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Figure 3 Evaluation of ZICI, ZIC2 and ZIC3 associated genes in cerebellum as biomarkers for ASD. (A) Venn diagrams of the genes with AUC > 0.7 and genes positively or
negatively associate with ZIC| (A), ZIC2 (B) and ZIC3 (C). ROC analysis for OLFM3 and SLC27A4 from ZIC| networks (D), GRB2 and TMED| from ZIC2 networks (E),
NR2FI and STRBP from ZIC3 networks (F).

SLC27A4 resulted in AUC of 0.563 and 0.641, respectively, with a combined AUC value of 0.703. ROC analysis for
GRB2 and TMEDI resulted in AUC of 0.750 and 0.469, respectively, with a combined AUC value of 0.750. ROC
analysis for NR2F1 and STRBP revealed AUC of 0.734 and 0.594, respectively, and a combined AUC value of 0.781.

However, compared with the results in the ASD cerebellum from GSE38322, all the combined AUC values
>0.7, AUC values of all biomarkers in iPSC-derived NPC or neurons of ASD patients were lower than 0.7. As
shown in Figure 4B, ROC analysis for OLFM3 and SLC27A4 resulted in AUC values of 0.498 and 0.643,
respectively, and combined AUC of 0.657. ROC analysis for GRB2 and TMEDI resulted in AUC values of 0.562
and 0.560, respectively, and combined AUC of 0.605. ROC analysis for NR2F1 and STRBP resulted in AUC
values of 0.629 and 0.576, respectively, and combined AUC of 0.576. As shown in Figure 4C, ROC analysis for
OLFM3 and SLC27A4 resulted in AUC values of 0.515 and 0.682, respectively, and combined AUC of 0.689.
ROC analysis for GRB2 and TMEDI resulted in AUC values of 0.636 and 0.606, respectively, and combined
AUC of 0.614. ROC analysis for NR2F1 and STRBP resulted in AUC values of 0.682 and 0.527, respectively,
and combined AUC of 0.659.

These results suggest that, in addition to affecting the function of neurons in the cerebellum of ASD patients, ZIC1,
ZIC2, and ZIC3 may affect the function of other immune and stromal cells in the cerebellum.

ZICI, ZIC2 and ZIC3 Associated Genes are Related to Immune Cells in Cerebellum
of ASD

To explore the association of ZIC1, ZIC2, and ZIC3 with immune and stromal cells in the cerebellum of patients with ASD, an
xCell analysis was performed. As shown in Figure SA and B, ZIC1 was positively associated with CD4" memory T cells, Thl
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Figure 4 Validation of ZICI, ZIC2 and ZIC3 associated genes in cerebellum, NPC and neurons of ASD patients. ROC analysis of OLFM3, SLC27A4, GRB2, TMEDI, NR2F|
and STRBP in cerebellum of ASD patients from GSE38322 (A), and iPSC derived NPC (B) and neurons (C) of ASD patients from GSE142670.

cells, Tregs, neurons, and astrocytes and negatively associated with CD8" Tem, M2, DC, NKT, mast cells, and endothelial cells.
ZIC2 was positively associated with Th1 cells, Tregs, neurons, and astrocytes and negatively associated with CD8" Tem, M2,
DC, NKT, and endothelial cells. ZIC3 was positively associated with CD8" Tem, CD4" naive T-cells, CD4" Tcm, memory
B cells, B cells, DC, mast cells, and endothelial cells and negatively associated with CD4" memory T cells, Th1 cells, M1, Tregs,

and neurons.
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between genes and xCell scores from the datasets GSE28521(A) and GSE38322(B) using the R package PerformanceAnalytics. (*P<0.05, **P<0.01, ***P<0.001).

Abbreviations: Tem, Effective memory T cell; Tem, Central memory T cell; Tregs, Regulatory T cells; M1, Ml macrophages; M2, M2 macrophages; DC, Dendritic cells;

NKT, Natural killer T cell.
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Decreased Expression of Zic3 and Nr2fl in the Cerebellum of ASD Mice of MIA
Model

Maternal immune activation (MIA) is one of the most commonly studied models, in which prenatal exposure to poly(l:
C) alone leads to ASD like behavior and significant immune abnormalities in the cerebellum of offspring.'? To identify
the expression of ZIC1, ZIC2, ZIC3, and related genes in the cerebellum of ASD mice, we used cerebellar tissue from the
offspring of MIA mice previously identified as ASD.'? qPCR assays showed that Zic3 (CON, 1.202 + 0.2341; Poly(I:C),
0.1860 £ 0.01296; p=0.0123) expression was significantly decreased in the cerebellum of ASD mice, but there was no
significant difference between Zicl (CON, 1.024 + 0.08789; Poly(I:C), 1.421 + 0.2384; p=0.1930) and Zic2 (CON, 1.199
+ 0.2331; Poly(I:C), 0.9892 + 0.2968; p=0.6084) (Figure 6A). Furthermore, Nr2fl (p<0.01), which was positively
correlated with the expression of Zic3, was downregulated (Figure 6B). These results suggest that the decrease in Zic3
and Nr2fl was associated with immune inflammation and autism-like behavior in the cerebellum of ASD mice in the
MIA model.

Discussion

Enhancing the clinical diagnosis and treatment of ASD requires a deeper understanding of the complex pathogenesis and
the exploration of key regulators and signaling pathways. Here, we identified ZIC1, ZIC2, and ZIC3 as candidate hub
genes in ASD patients by network and ROC analyses of cerebellum samples from GSE28521, and selected OLFM3,
SLC27A4, GRB2, TMEDI1, NR2F1, and STRBP as diagnostic biomarkers. In addition, the accuracy and stability of
these hub genes was validated in the cerebellum of ASD patients from GSE38322 and iPSC iPSC-derived NPC and
neurons of ASD patients from GSE142670. xCell analysis indicated that ZIC1, ZIC2, and ZIC3 not only affect neurons
but also affect immune cells, endothelial cells, and astrocytes.

Accumulating studies have shown that the ZIC genes are associated with multiple neurodevelopmental disorders. For
example, ZIC1 and ZIC2 can inhibit dopaminergic fate in the postnatal dorsal lineage,® which involved in ASD,*
Parkinson’s disease (PD)*” and Alzheimer’s disease (AD).*' Similar to our analysis results (Figure 2A and Table 2),
ZIC1 is associated with the AD and PD signaling pathways and the key pathogenic genes (APP) of AD.?? Notably, we
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Figure 6 Decreased expression of Zic3 and Nr2fl in the cerebellum of ASD mice of MIA model. qPCR for Zicl, Zic2, Zic3 (A) and Zic3 associated genes, Nr2fl, Strbp (B),
in the cerebellum of ASD mice of MIA model (n = 3, *p < 0.05, **p < 0.01). Representative data from three independent experiments were shown.

Neuropsychiatric Disease and Treatment 2024:20 https: 335

Dove:


https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

found the ZIC genes in the cerebellum were related to autistic disorder, bipolar disorder, schizophrenia, and mental
retardation (Figure 1B).

NXF1, the most highly ranked gene in the downregulated network associated with ZIC1, functions as a ubiquitously
expressed essential mRNA nuclear export factor. NXF1 has been shown to affect mRNA surveillance®® and ubiquitin-
mediated proteolysis®* thus, it may be involved in diverse neuropsychiatric disorders, including schizophrenia and
ASD.*> OLFM3, with the highest AUC value among the genes positively associated with ZIC1, is also considered
one of the major differential proteins in the AD.>® The olfactomedin structural domain family protein OLFM3, which is
present in neurons, promotes the formation of tight junctions.>” An increased risk of ASD is associated with disruption of
the tight junctions, one of the vital components of the blood—brain barrier (BBB).>® SLC27A4, with the highest AUC
value among the genes negatively associated with ZIC1, is a member of the fatty acid transport family of proteins
involved in the translocation of fatty acids across the BBB. As fatty acids are required for brain development, SLC27A4
dysfunction may impair early brain development in ASD.>* Although the exact mechanism is unclear, this evidence
suggests a role of ZIC1 and its related genes in ASD pathogenesis.

ZIC2 mutations are the predominant disease mechanism in human holoprosencephaly®” and play a role in suppressing
Whnt/B-catenin signaling.*' Notably, Wnt/B-catenin-dependent signaling affects axonal remodeling in cerebellar granule
cells and excitatory and inhibitory synaptic transmission, which has become increasingly important in the study of
ASD.* Consistent with our analysis (Figure 2B), CTNNBI (B-catenin) was enriched in the network of ZIC2 associated
genes, and linked to chromatin remodeling, Wnt signaling during development, and synaptic function in ASD.*
Moreover, CALM1 and CALM2 encode calcium-binding proteins and are implicated in calcium homeostasis, which
can also regulate Wnt signaling.** MAP1LC3/LC3, a hub gene in the network of ZIC2 associated down-regulated genes,

4546 \which decreased in several ASD

is an autophagy marker closely related to Wnt and mTOR signaling pathways,
mouse models and is related to autism-like behaviors in mice.*’* GRB2, with the highest AUC value among the genes
positively associated with ZIC2, functions as an integrator of multiple signaling pathways, such as Wnt signaling®® and
the neurotrophin signaling pathway, to promote neuron growth,”' and also has an impact on synapse formation and
synaptic plasticity through the ErbB signaling pathway.’* Therefore, the mutated ZIC2 gene may affect cerebellar neuron
development, synapse formation, and BBB maturation, mainly through the Wnt pathway, thereby increasing the risk
of ASD.

In the human brain, the BBB localizes to microvascular endothelial cells, and differentiation of these unique
endothelia is identified to be precisely initiated by the Wnt/B-catenin pathway.’® ZIC3 is involved in refining and
maintaining barrier characteristics in the mature BBB,* and is a downstream signal of the Wnt pathway.>* The loss of
NR2F1, the highest AUC value in the network of positively associated genes of ZIC3, was accompanied by the Wnt
pathway,”” causing mild-to-moderate intellectual disability and exhibiting reproducible polymicrogyria-like brain
malformations.’® Zhang et al indicated that Nr2fl mutation promotes inhibitory neuron differentiation and abnormal
behavioral deficits related to ASD in mice.’” Figure 6A and B shows that Zic3 and Nr2fl levels decreased in the
cerebellum of ASD mice, which is consistent with these results. According to the strong positive correlation of ZIC3 and
NR2F1 in the cerebellum of ASD patients (Figure SA and B), the deficiency of NR2F1 leads to a decrease in the function
of ZIC3, which may be a potential pathogenic mechanism in ASD. Additionally, DNA mismatch repair plays a role in
ASD.”® STRBP, the highest AUC value in the network of negatively associated genes of ZIC3, is highly expressed in the
brain and affects DNA recombination and repair events.’® In mice, the Strbp mutation results in high mortality and
abnormal grasping reflexes.’” These results suggest that ZIC3 and its related genes play a role in the pathogenesis of
ASD by affecting the Wnt pathway, BBB function, and DNA mismatch repair.

Additionally, BBB disruption is a prominent mechanism in ASD, which can lead to increased infiltration of peripheral
substances into the brain, ultimately leading to neuroinflammation. Cytokines secreted by activated monocytes and
macrophages recruit immune cells and aggravate BBB disruption.®® ASD patients often have activation of lymphocytes
(T lymphocytes, B lymphocytes, monocytes, NK cells, and DCs), resulting in the generation of autoantibodies, cytokine/
chemokine imbalance, and BBB breakage.®' Signs of inflammation have been reported in the cerebellum of ASD
people.®? Immune cells in ASD brains are predominantly CD3" and CD8" T cells, with fewer populations of CD4" T and
CD20" B cells.®® Interestingly, our study suggested that all diagnostic markers were associated with cell subtypes other
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than neurons to achieve diagnostic accuracy and that ZIC1-3 was associated with endothelial cells, which maintained
BBB function and integrity. Although the exact mechanism is unknown, these phenomena indicate that immune cells,
particularly CD8" Tem cells in the cerebellum, may be biomarkers for certain patients with ASD. However, in the current
transcriptome analysis, we cannot confirm the regulatory effect of ZIC genes on ASD like behavior; further, research in
animal models would be meaningful and direct. The ongoing updates in SFRAI and HPA databases will result in the
identification of additional risk genes related to ZIC genes.

Conclusion

Our study suggests that ZIC1, ZIC2, and ZIC3 are hub genes in the cerebellum of ASD patients and highlights OLFM3,
SLC27A4, GRB2, TMEDI, NR2F1, and STRBP as diagnostic biomarkers of ASD. These biomarkers not only affect the
development of the BBB and cerebellum but may also affect the cerebellar environment of patients with ASD, including
immune cells, astrocytes, and endothelial cells. Additionally, the decrease in co-expression of ZIC3 and NR2F1 may be
a significant mechanism for the occurrence of behavioral abnormalities in ASD. Our analysis provides valuable insights
and further understanding of the mechanisms of ZIC1, ZIC2, and ZIC3 in ASD pathogenesis.
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