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Abstract: Autism spectrum disorder (ASD) is a neurodevelopmental disorder that impedes patients’
cognition, social, speech and communication skills. ASD is highly heterogeneous with a variety
of etiologies and clinical manifestations. The prevalence rate of ASD increased steadily in recent
years. Presently, molecular mechanisms underlying ASD occurrence and development remain to
be elucidated. Here, we integrated multi-layer genomics data to investigate the transcriptome
and pathway dysregulations in ASD development. The RNA sequencing (RNA-seq) expression
profiles of induced pluripotent stem cells (iPSCs), neural progenitor cells (NPCs) and neuron cells
from ASD and normal samples were compared in our study. We found that substantially more
genes were differentially expressed in the NPCs than the iPSCs. Consistently, gene set variation
analysis revealed that the activity of the known ASD pathways in NPCs and neural cells were
significantly different from the iPSCs, suggesting that ASD occurred at the early stage of neural
system development. We further constructed comprehensive brain- and neural-specific regulatory
networks by incorporating transcription factor (TF) and gene interactions with long 5 non-coding
RNA(lncRNA) and protein interactions. We then overlaid the transcriptomes of different cell types
on the regulatory networks to infer the regulatory cascades. The variations of the regulatory cascades
between ASD and normal samples uncovered a set of novel disease-associated genes and gene
interactions, particularly highlighting the functional roles of ELF3 and the interaction between STAT1
and lncRNA ELF3-AS 1 in the disease development. These new findings extend our understanding
of ASD and offer putative new therapeutic targets for further studies.

Keywords: autism spectrum disorder (ASD); neural progenitor cells (NPCs); pathway; regulatory
cascades; regulatory variations

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder that impedes
patients’ cognition, social skills, speech and communication [1,2]. Autism can be diagnosed
at any age; however, symptoms usually appear in the first two years of life [3]. ASD is a
complex and heterogeneous condition affecting an increasing number of children in the
U.S. A new estimate announced by the Centers for Disease Control and Prevention (CDC)
indicates that ASD affected one in 59 (1.7%) individuals in 2018, an increase from one in
68 (1.5%) just two years earlier [4]. Primary autism, called idiopathic ASD of unknown
causes, accounts for about 85% of cases [5]. In contrast, secondary ASD accounting for 15%
of patients, has specific causes such as down syndrome, Fragile X syndrome and tuberous
sclerosis [6–8]. The high complexity, heterogeneity and wide variability, described by the
term spectrum, make this condition challenging to study and treat.

Currently, considerable research efforts at the molecular level have identified ASD-
associated genes [1,2,9–12]. Voineagu et al. identified several gene modules and the
convergent molecular abnormalities in ASD by investigating the differentially expressed
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genes (DEGs) and co-expression patterns [2]. Skafidas et al. applied genome-wide as-
sociation studies (GWAS) to discover the candidate genes related to ASD and identified
several significant pathways [9]. A number of long non-coding RNAs (lncRNAs) that
were anomalously expressed in ASD were identified, indicating their potential roles in
the disorder [12]. Furthermore, the dysregulation of gene expression was reported to be
associated with cell production, DNA-damage response, and cell cycle functions in ASD
cases [13,14].

Marchetto et al. [1] modeled ASD utilizing induced pluripotent stem cell (iPSC) tech-
nology for studying disease mechanisms. They reprogrammed fibroblasts from idiopathic
ASD patients with macrencephaly and control subjects with typically developing indi-
viduals to generate induced iPSCs, neural progenitor cells (NPCs) and neurons. They
found that increased proliferation rates in ASD-derived NPCs may be responsible for early
overgrowth in ASD patients, while abnormal neurogenesis and reduced synaptogenesis in
ASD-derived neurons may lead to functional defects in neuronal networks. Their study
also found that drug IGF-1 showed a therapeutic potential for activating neuronal spikes
and rescuing defects in the neuronal networks.

In this study, we developed a regulatory network analysis approach to investigate the
dynamic changes of transcriptome during ASD development. The RNA-seq data of three
cell types at the different cell differentiation stages, namely iPSCs, NPCs and neuron cells
reported in the previous study [1], were systematically analyzed and compared. Novel
disease genes including transcription factors (TFs), target protein-coding genes (PCGs) and
lncRNAs such as IRF1, ELF3 and ELF3-AS1, and their roles in regulations of ASD were
discovered by our study. These new findings advance our understanding of the disorder
and provide new insights for further studies.

2. Results
2.1. Differential Expression and Pathway Analyses Highlighted the NPC Stage of ASD

We downloaded RNA-seq data (GSE67528) generated based on three cell types, in-
cluding iPSCs (11 normal, 17 ASD), NPCs (nine normal, 21 ASD) and neuron cells (eight
normal, 17 ASD); each cell type contains ASD and normal samples [1]. The iPSCs were
transduced from the skin fibroblasts of ASD and normal subjects, then were derived into
NPCs and neuron cells [1].

Differential expression (DE) analysis was performed on each cell type between ASD
and normal samples. As a result, 29 significant DEGs (25 PCGs, four lncRNAs) were found
in iPSCs, whereas 383 (341 PCGs, 42 lncRNAs) and 461 DEGs (430 PCGs, 31 lncRNAs)
were found in NPCs and neuron cells (Figure 1A, Methods), respectively. A substantially
increasing number of DEGs in NPCs compared to iPSCs (383 versus 29) indicated that the
initiation and development of ASD occurred during cell differentiation from iPSC to NPC.
Moreover, only 70 DEGs (67 PCGs, three lncRNAs) were shared by NPC and neuron cells
(Figure 1B), representing 18.2% (70/341) and 15.2% (70/461) of DEGs of these two cell types.
Additionally, none of the known signal pathways were enriched of these common DEGs,
suggesting distinct mechanisms underlying the neurodevelopment of ASD at the NPC-
and neuron- stages. The differentially expressed lncRNAs were listed in Supplementary
Table S1.

The enriched functional annotations, based on the DEGs of each cell type, were
then identified via the Database for Annotation, Visualization and Integrated Discovery
(DAVID) [15]. The 29 iPSC DEGs were related to four GO biological process terms, in-
cluding the cerebral cortex and subpallium development. Two genes, DLX1 and DLX2,
were involved in these two functions and were significantly downregulated in ASD sam-
ples (log2FC = −2.05 and log2FC = −1.96, respectively). Moreover, several ASD-related
KEGG pathways, including calcium signaling and focal adhesion, reported by previous
studies [9,16] were identified as using DEGs of the NPC and neuron cell types (Table 1).
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Figure 1. Differential expression analysis in three cell types. (A) volcano plots showed the significant
DEGs with cutoff |log2FC|> 1 and FDR < 0.05. Blue points represent unexpressed genes, while
red points refer to overexpressed genes in different neural cells types. (B) The unique and common
DEGs among the three cell types demonstrated the distinct gene expression change patterns in iPSCs
compared to NPCs and neural cells.

Next, we calculated the gene set variation analysis (GSVA) scores [17] for the 23 ASD-
associated KEGG pathways [9] (Supplementary Figure S1) representing their relative
activation status in the three cell types (Figure 2). The activation status did not change
significantly from iPSC to NPC (p-value = 0.0789) and neuron cell (p-value = 0.166) stages
in normal samples. In contrast, the differences in GSVA scores between iPSC and NPC
(p-value = 7.64 × 10−4), and iPSC and neuron cells (p-value = 7.11× 10−5) were statistically
significant in the ASD samples. Many pathways have negative GSVA scores starting from
the NPC stage, especially in ASD samples indicating that the expressions of the involved
genes were changed compared to iPSC (Methods).
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Figure 2. The estimated activity of 23 ASD-associated pathways in normal and ASD samples in
three neural cell types, representing different stages of cell development. The pathway activity was
assessed based on GSVA scores. In the ASD samples, the differences of GSVA scores between iPSC
and NPC (p-value = 7.64 × 10−4), as well as between iPSC and neuron cells (p-value = 7.11 × 10−5)
were statistically significant. *** p < 0.001, two-tail Student’s t-test.

Then we conducted a regulatory network analysis that focuses on the regulation
variations caused by ASD in different stages of neurodevelopment. The main components
of the analysis were illustrated in Figure 3 and described in the following sections.
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Table 1. Functional annotations of the DEGs of different cell types in neural system development.

iPSC Term p-Value Benjamini

GOTERM_BP_DIRECT cerebral cortex GABAergic interneuron fate commitment 2.5 × 10−3 0.48

GOTERM_CC_DIRECT endoplasmic reticulum 2.6 × 10−3 0.16

GOTERM_BP_DIRECT subpallium development 3.7 × 10−3 0.39

GOTERM_BP_DIRECT regulation of transcription from RNA polymerase II promoter involved in forebrain neuron fate commitment 3.7 × 10−3 0.39

NPC Term p-Value Benjamini

KEGG_PATHWAY Neuroactive ligand-receptor interaction * 1.9 × 10−3 0.3

KEGG_PATHWAY Pathways in cancer 2.5 × 10−3 0.21

KEGG_PATHWAY Focal adhesion * 51 × 10−3 0.27

KEGG_PATHWAY Calcium signaling pathway * 6.1 × 10−3 0.25

KEGG_PATHWAY Retrograde endocannabinoid signaling 1.1 × 10−2 0.34

KEGG_PATHWAY Wnt signaling pathway * 1.4 × 10−2 0.36

KEGG_PATHWAY Regulation of lipolysis in adipocytes 0.02 0.42

KEGG_PATHWAY PI3K-Akt signaling pathway * 2.7 × 10−2 0.47

Neuron Term p-Value Benjamini

KEGG_PATHWAY ECM-receptor interaction 1.7 × 10−13 2.9 × 10−11

KEGG_PATHWAY Protein digestion and absorption 2.8 × 10−12 2.3 × 10−10

KEGG_PATHWAY Focal adhesion * 2 × 10−9 1.1 × 10−7

KEGG_PATHWAY PI3K-Akt signaling pathway * 3 × 10−9 1.3 × 10−7

KEGG_PATHWAY Amoebiasis 4.2 × 10−4 1.4 × 10−2

KEGG_PATHWAY Neuroactive ligand-receptor interaction * 8.2 × 10−4 2.3 × 10−2

KEGG_PATHWAY TGF-beta signaling pathway 2 × 10−3 4.8 × 10−2

KEGG_PATHWAY Renin-angiotensin system 1.2 × 10−2 0.23

KEGG_PATHWAY Platelet activation 2.1 × 10−2 0.33

KEGG_PATHWAY Hypertrophic cardiomyopathy (HCM) 2.5 × 10−2 0.35

KEGG_PATHWAY Proteoglycans in cancer 2.7 × 10−2 0.35

KEGG_PATHWAY Dilated cardiomyopathy 3.4 × 10−2 0.38

KEGG_PATHWAY Regulation of actin cytoskeleton 3.7 × 10−2 0.39

KEGG_PATHWAY Calcium signaling pathway * 3.8 × 10−2 0.37

* Some of the known ASD-related pathways.

2.2. Construct Brain- and Neural-Specific Regulator-Target Regulation Pairs

We further studied the regulation variations caused by ASD in the three neural cell
types. First, we obtained the gene regulatory networks of the fetal brain and brain neu-
rons from Regulatory Circuits [18]. Regulatory Circuits is a large database containing
comprehensive cell type- and tissue-specific regulatory networks constructed computa-
tionally. Based on 639 TFs and their target PCGs, we extracted 2,175,633 regulator-target
regulation pairs from the networks. After excluding low expressed genes, the remaining
regulation pairs consisting of 424 TFs and 11,435 brain- and neuron-specific target genes
were obtained.

In addition, we incorporated lncRNAs into the regulatory networks. The position
weight matrices (PWMs) from the JASPAR, a database of TF binding profiles, were used
to search the TF-lncRNA regulations based on motif matching [19]. Consequently, we
found 312 TFs that bound to the promoter regions of the lncRNAs using MOtif Occurrence
Detection Suite (MOODS), a fast motif matching approach [20]. A total of 191,390 significant
matched bindings (p-value < 5 × 10−5) between the TFs and lncRNAs were identified. We
then inferred the downstream genes that were potentially regulated by the lncRNAs via
identifying overlap of the lncRNAs with the enhancer regions of the potential target genes.
These predicted interactions were used to complete the list of the brain- and neural-specific
regulator-target pairs for the subsequent analysis. (Figure 3A, see Methods for details).
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2.3. Expression Correlations between Regulators and Target Genes

We assessed the expression correlation of the regulator-target pairs in individual cell
types based on Pearson correlation coefficients (Figure 3B). More coordinately expressed
regulator-target pairs were found in normal samples than ASD samples of the NPCs and
neuron cells under the correlation coefficient cutoff at 0.75. Interestingly, we identified
fewer correlated regulator-target pairs in normal samples than in ASD samples of iPSC
cells. The regulator-target regulatory relationships were derived from fetal brain and
brain neurons; epigenetic differences of the stem cells may contribute to this observation.
Comparable results were observed in the lncRNA-involved regulations (Supplementary
Table S2).

We hypothesized that transcription dysregulation reflects mechanisms underlying
ASD development and can provide further insights into the signaling pathways involved
in the disease. Thus, we investigated regulatory interactions newly gained in the ASD
samples in comparison to normal samples. Based on the regulator-target coordinately
expressed patterns (correlation cutoff = 0.75), we identified 462 and 974 unique target genes
presented in ASD samples only of NPC and neuron cell types, respectively. Functional
annotations of these two gene groups revealed several significant pathways (Table 2),
showing their involvement in ASD.

Table 2. The KEGG pathways enriched by the unique target genes in the ASD samples of NPC and
neuron cells.

NPC ASD Term p-Value Benjamini

KEGG_PATHWAY Phosphatidylinositol signaling system * 4.3 × 10−3 0.6

KEGG_PATHWAY ECM-receptor interaction * 8 × 10−3 0.57

KEGG_PATHWAY Morphine addiction 0.01 0.51

KEGG_PATHWAY Inositol phosphate metabolism 1.1 × 10−2 0.44

KEGG_PATHWAY PI3K-Akt signaling pathway * 0.02 0.58

KEGG_PATHWAY Circadian entrainment * 0.04 0.76

KEGG_PATHWAY Focal adhesion * 4.7 × 10−2 0.76

KEGG_PATHWAY Calcium signaling pathway * 4.8 × 10−2 0.72

Neuron ASD Term p-Value Benjamini

KEGG_PATHWAY DNA replication 1.5 × 10−3 0.31

KEGG_PATHWAY RNA transport 1.7 × 10−3 0.19

KEGG_PATHWAY Mismatch repair 4.4 × 10−3 0.3

KEGG_PATHWAY Protein processing in endoplasmic reticulum * 8.1 × 10−3 0.39

KEGG_PATHWAY RNA degradation 1.2 × 10−2 0.44

KEGG_PATHWAY Nucleotide excision repair 2.6 × 10−2 0.65

KEGG_PATHWAY Spliceosome 2.8 × 10−2 0.63

KEGG_PATHWAY Biosynthesis of antibiotics 5.4 × 10−2 0.81

* Some of the known ASD-related pathways.

Similar to the results of DE analysis, the target genes that we identified in ASD
samples of NPCs were enriched of many ASD-associated pathways [9,11,21]. For example,
a newly published study about the relationship between melatonin and ASD during fetal
development suggested that neuroprotective and circadian entraining (Table 2) would help
reduce the risk of neurodevelopmental disorders [21]. Collectively, our results showed
that transcriptional dysregulation and pathway perturbation occurred as early as the NPC
stage during the ASD development.

2.4. Construction of Regulatory Cascades of ASD

We constructed tree-like regulatory cascades consisting of PGCs and lncRNAs to
further investigate regulation changes in ASD (Figure 3C). Starting from the individual
transcription factors, target genes were added based on the brain- and neural-specific
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regulator-target regulations and restrictive criteria including gene expression correlation,
motif matching, and enhancer overlap. A maximum regulation radius was set at three
to maintain the cascade size (see Methods for details). Substantially more regulatory
cascades were found in normal samples than ASD, which were 243 versus 74 and 267
versus 137 cascades in NPCs and neural cells, respectively. The sizes of cascades were also
much larger in normal samples compared to ASD (Supplementary Figure S2), suggesting
that many regulations were lost due to ASD starting at the early stage of the disease.

11 17
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8 17
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Neuron

N
eurodevelopm

ent

ASD RNA-seq libraries

Gene expression profiles

Regulatory cascades
• One TF as the root for a cascade
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based on high expression correlation
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Figure 3. The workflow of generating gene regulatory cascades. The gene regulatory networks of
fetal brain and brain neuron tissues were created based on Regulatory Circuits [18] and lncRNAs
were incorporated to complete the regulatory networks (A). The gene expression profiles (B) of ASD
were overlaid on the network to establish ASD regulatory cascades (C). The root of each regulatory
cascade is a TF.

Among 243 regulatory cascades in normal NPC, 26 of them containing over 1000 genes
were lost in ASD (Supplementary Figure S3). The root TFs of those cascades were enriched
in regulation of growth (p-value = 3.7 × 10−5), positive regulation of cell population prolif-
eration (p-value = 3.2 × 10−4), regulation of transforming growth factor beta 3 production
(p-value = 3.1 × 10−5). Hence, these lost TF regulatory cascades may be responsible for
the increased brain size of ASD patients in the early stage of the disease. These TFs were
considered ASD-associated and the enriched pathways of these 26 cascades were listed in
Supplementary Table S3.

Of 267 cascades in normal neural cells, eight and 89 of them containing over 1000
and 20 genes, respectively, were lost in ASD neural cells (Supplementary Figure S4). The
root TFs of the eight cascades were abundant in positive regulation of neural cell death
(p-value =1.05× 10−5), while the TF of the 89 cascades were enriched in peripheral nervous
system development (p-value = 4.9 × 10−4), nerve development (p-value = 1.02 × 10−4),
and neuron differentiation (p-value = 1.7 × 10−7).

Signal transducer and activator of transcription 1 (STAT1) is one of the ASD-associated
genes. It was reported that STAT1 could respond to cytokine and some growth factors and
play critical roles in ASD [22]. In the regulatory cascade rooted at STAT1, more regulations
were presented in the normal cascade than in ASD for the neural cells (Figure 4). IRF1,
another ASD-associated gene that communicates with STAT1 in ASD [23], was found to
regulate many target genes in this regulatory cascade (Figure 4A). The target PGCs in
the regulatory cascade of normal samples were enriched of two ASD-associated path-
ways: Toxoplasmosis (p-value = 0.012), protein processing in the endoplasmic reticulum
(p-value = 0.03) and the GO term: Endoplasmic reticulum (p-value = 2.2 × 10−6). The
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relationships between toxoplasmosis, in which STAT1 and IRF1 were highly involved, and
ASD have been widely studied [10,23,24]. Our results suggested the regulation interaction
loss between STAT1 and IRF1, and the relevant target genes in ASD cells may attribute to
the ASD development.
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Figure 4. The regulatory cascades with transcription factor STAT1 as the root in the neuron cells.
The expression correlation coefficients of connected genes were larger than 0.8 in the cascades.
(A) showed the regulatory cascade in the normal samples. (B) represented the cascade with the root
gene STAT1 in the ASD samples. The gold circles denoted PCGs and the white diamonds represent
lncRNAs. The directed arrows indicate the regulations from the regulators to the target genes with
diverse correlation patterns: Positive (red), negative (blue) and lncRNA-target based on enhancer
matching (black).

In the NPC stage, different regulatory cascades with similar patterns were observed
with STAT1 as the root. A larger cascade was found in normal samples compared with
ASD (Figure 5). In particular, lncRNA ELF3-AS1, an antisense RNA of ELF3, was identified
by motif matching to be regulated by STAT1 (Supplementary Figure S5). This regulation
was further supported by the negative expression correlation (r = −0.809) between STAT1
and ELF3-AS1 in NPC.
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Figure 5. The regulatory cascades with transcription factor STAT1 as the root in NPCs. The expression
correlation coefficients of connected genes were larger than 0.8 in the cascades. (A) showed the
regulatory cascade in the normal samples. (B) represented the cascade with the root gene STAT1 in
the ASD samples.

To the best of our knowledge, there is no article reporting the involvement of ELF3
in ASD. A previous study of mouse NPC claimed that ELF3 could be a novel isoform of
β-G spectrin, which has potential roles in neural stem cell development. ELF3 was also
considered to be an axonal sprouting marker during embryonic development [25]. In this
study, we found that the regulation between STAT1 and ELF3 as well as the other target
genes of STAT1 were lost in ASD neural progenitor cells (NPCs), indicating disorder of the
axonal sprouting functions in the ASD and its association with ASD.
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3. Materials and Methods
3.1. RNA-Seq Data Process and Differential Expression Analysis

We downloaded 83 RNA-seq libraries (GSE67528) including 28 controls and 55 ASD
samples from [1]. In the original study [1], the skin fibroblasts from eight idiopathic ASD
individuals displayed brain overgrowth early in life and five age/gender-matched control
individuals were reprogrammed to produce three cell types, iPSCs, NPCs and neurons,
along with the neuron development. The RNA-seq data were then were processed to
calculate the gene expression profiles. The unexpressed genes (median read counts less
than 20) were first removed from our study. A total of 16,950 genes, including 14,667 PCGs,
953 lincRNAs, and 1330 antisense RNAs, remained for further analysis. Annotations
of lncRNA and antisense RNA were collected from Ensembl (GRCh38.90) [26]. Gene
expression profiles were calculated using Cufflinks [27] and HTSeq-count [28]. The R
package, edgeR [29], was applied for differentially expressed genes identification between
normal and ASD samples. The criteria |log2FC| > 1 and FDR < 0.05 were employed for
significance measurement.

3.2. Pathway Activation Assessment via GSVA Score

The member genes of the 23 ASD-associated pathways that were highly expressed in
our data were used to calculate GSVA scores using the R package GSVA [17]. We calculated
the difference between the largest positive and negative deviations on the normalized gene
expression log2(geneCount+1), and applied default arguments. Finally, the median GSVA
score of each pathway (gene set) was obtained based on the cell types representing the
activation status.

3.3. lncRNA-Involved Regulations

A total of 537 position weight matrices (PWMs) for motifs of the transcription fac-
tors were downloaded from JASPAR 2018 [19]. DNA sequences of the promoter regions
(−1000 bp to +200 bp respective to transcription start sites) of the lncRNAs were extracted
from the human genome (version hg38). Next, these motifs were aligned with the promoter
regions via MOODs. The statistical measure was calculated for the identification of the
significant motif matches. A much stricter threshold (p-value = 5 × 10−5) was applied
since this p-value was calculated once for multiple short sequences of the promoter regions.
The motif matches with the p-value under the threshold were output and indicated the
TF-lncRNA regulations.

To discover the potential target genes regulated by lncRNAs, we matched the lncRNAs
with the enhancer regions of the target genes. The enhancer regions, based on the fetal
placenta and fetal spinal cord tissues, were downloaded from the EnhancerAtlas. The
original enhancer regions under human genome version hg19 were converted to hg38 using
the UCSC liftover tool [30]. A potential target gene of the given lncRNA was discovered
when there was an overlap of the genomic coordinates of the target gene’s enhancer
and the lncRNA. These lncRNA-target regulations were not further confirmed by the
gene expression correlation because they physically overlapped and the lncRNAs were
highly expressed.

3.4. Regulatory Cascade Construction

Beginning with an ASD-associated transcription factor as the root of the regulatory
cascade, we first calculated the gene expression correlation between this TF and its target
genes listed in our reference regulation list. The target genes were linked to the TF as layer
one children in the cascade if the correlation coefficients were higher than 0.8. Next, the
cascade grew by adding new target genes regulated by the layer one genes. Here, up to
three layers were allowed. PARTHER [31] was used for biological process enrichment
analysis for root TFs of the regulatory cascades.
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4. Discussion

Using genomic analyses focusing on ASD and neural system development, we iden-
tified many ASD-associated genes and pathways enriched in the neural progenitor cells,
which represent an intermediate stage in development between iPSC and neuron cells.
Our observations indicated that ASD might occur during the development from iPSC to
NPC stages. The genes that we identified based on this cell type could be potential targets
guiding further ASD studies.

Among the ASD-associated genes accumulated through many prior studies, only a
few were differentially expressed in our data. For instance, 873 ASD-associated genes
reported by AutDB were highly expressed in our data, and only three significant DEGs
were identified between iPSC ASD and iPSC normal samples. The number of DEGs
among AutDB genes in NPCs and neuron cells were only 32 and 19, respectively. Similarly,
265 ASD-associated rare SNVs were identified using the same RNA-seq date [1]. Of these,
only six (EGR2, KCNJ5, MYO18B, NTN1, SERPINE1 and ZSCAN10) and five (CCDC33,
EGFLAM, ITLN2, MAPK15 and NTN1) were DEGs found in NPC and neuron cell samples,
respectively, while no DEGs were found in iPSC. In this case, we extended the analyses
onto the regulation variations to study the changes in the regulatory relationships between
genes perturbed by ASD. By constructing the regulatory cascades of ASD, we discovered a
set of novel disease associated genes including lncRNAs.

Our work revealed the potential involvement of ELF3, ELF3-AS1 in ASD development
which has not been widely reported. ELF3 was found to be associated with mouse neural
stem cell development [25]. A recent study identified ELF3 as one of the top ranked active
TFs that are important for neural induction based on expression profiles at the different
time points of the induction process as well as ChIP-Seq experiments [32]. Our work further
demonstrated the importance of this gene in neural development. Based on regulatory
cascade analysis, we found that ELF3 was interacted with ELF3-AS1 and STAT1 in normal
NPCs, while those interactions were lost in ASD samples. Hence, ELF3 and its interactors
may have essential roles in the ASD progression.

Over the past decade, though hundred of genes related to ASD have been reported,
these genes only account for 10–20% of autism cases [33]. Our regulatory network analysis
centered at TFs provides a unique way to reveal master regulators, which position at the
top of regulatory hierarchies and control the transcriptional activities of many downstream
genes. For instance, we found some TFs regulate over 1000 genes in the regulatory cascades.
It has been shown that a TF or a set of TFs can drive the development of diseases and
biological processes [34–37]. Hence, the ASD-associated TFs identified by our work can
offer new therapeutic targets, leading to more effective treatments for more autism patients.
Our regulatory analysis started with the extraction of transcriptional regulatory circuits
from Regulatory Circuits database. The database was built through genome-wide mapping
promotes and enhancers, and their linkages with TFs and target genes to data of FANTOM5
consortium [18,38,39]. Precisely and comprehensively locating regulatory regions, particu-
larly for enhancers, is a challenging task. Enhanced knowledge of these regulatory regions
will help improve our model to achieve better results. The ASD regulatory cascades that
we established in this study offer a framework for revealing new disease-related genes and
can be applied and extended to study other tissues and diseases.

5. Conclusions

We investigated alterations of gene expression, pathways and regulatory interactions
to understand ASD initialization and progression. Through the systematical study of the
dynamic changes of transcriptomes and regulatory networks in three neural cell types,
we found that abnormal gene expression and activity of ASD-related signal pathways
consistently occurred at NPCs, suggesting that transcriptional dysregulation of ASD at the
early stage of the neural system development. Our regulatory cascade analysis revealed
that many regulations between TFs and downstream targets were lost in ASD compared
to normal samples. Hence, the TFs of these lost cascades may have crucial roles in the
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neural system and brain development. In particular, we discovered STAT1 and lncRNA
ELF3-AS1 as novel genomic elements related to ASD development. Our findings enhance
our understanding of ASD at the regulation level.

Supplementary Materials: The following are available at https://www.mdpi.com/2073-4425/12
/12/1901/s1, Figure S1:(A) The percentages of differentially expressed genes in the reported ASD-
associated KEGG pathways of the three cell types. (B) The expression levels of the gene members
of the long-term depression pathway in the neuron cells of the normal(blue) and ASD (gold) cases.
Figure S2: The size of regulatory cascades for normal and ASD in NPC and neural cells. Figure S3:
The hierarchy clusters of the sizes of regulatory cascades for normal and ASD in the NPC stage. The
color refers to the log2( size of a regulatory cascade), and the dark red represents the regulatory
cascade lost in ASD. Figure S4: The hierarchy clusters of the sizes of regulatory cascades for normal
and ASD in the neural cells. The color refers to the log2(size of a regulatory cascade), and the dark red
represents the regulatory cascade lost in ASD. Figure S5: (A) GATA1 binds to the promoter regions of
the two isoforms of the lncRNA ELF3-AS1. The promoter region of the lncRNA was defined as the
window from 1000 bps upstream to 200 bps downstream from the transcription start site. (B) The
spatial structures of the ELF3 and ELF3-AS1 in the human genome. Table S1. List of the differentially
expressed lncRNAs in ASD samples of the three cell types. Table S2. The numbers of reference
regulations in fetal brain that were confirmed by gene expression correlation. Table S3.The TFs that
lost the interactions with their target genes in the ASD samples.

Author Contributions: Conceptualization, J.X. and M.Q.Y.; methodology, D.L.; formal analysis, D.L.,
J.X. and M.Q.Y.; writing–original draft preparation, D.L.; writing–review and editing, J.X. and M.Q.Y.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially supported by the United States National Institutes of Health
(NIH) Academic Research Enhancement Award 1R15GM137288, National Science Foundation under
Award No. OIA-1946391 and National Institute of General Medical Sciences P20GM10342.

Data Availability Statement: Data used in this study are available in the article

Acknowledgments: The authors thank Joanne Berger, FDA Library, for manuscript editing assistance.

Conflicts of Interest: The authors declare no conflict of interest.

Disclaimers: The views presented in this article do not necessarily reflect those of the U.S. Food and
Drug Administration and National Institutes of Health. Any mention of commercial products is for
clarification and is not intended as an endorsement.

References
1. Marchetto, M.C.; Belinson, H.; Tian, Y.; Freitas, B.C.; Fu, C.; Vadodaria, K.; Beltrao-Braga, P.; Trujillo, C.A.; Mendes, A.P.;

Padmanabhan, K.; et al. Altered proliferation and networks in neural cells derived from idiopathic autistic individuals. Mol.
Psychiatry 2017, 22, 820–835. [CrossRef]

2. Voineagu, I.; Wang, X.; Johnston, P.; Lowe, J.K.; Tian, Y.; Horvath, S.; Mill, J.; Cantor, R.M.; Blencowe, B.J.; Geschwind, D.H.
Transcriptomic analysis of autistic brain reveals convergent molecular pathology. Nature 2011, 474, 380–384. [CrossRef]

3. National Institute of Mental Health. Autism Spectrum Disorder. Available online: https://www.nimh.nih.gov/health/topics/
autism-spectrum-disorders-asd (accessed on 27 October 2021).

4. Centers for Disease Control and Prevention. Data & Statistics on Autism Spectrum Disorder. Available online: cdc.gov (accessed
on 27 October 2021).

5. National Human Genome Research Institute. National Institute of Health about Autism. Available online: https://www.genome.
gov/Genetic-Disorders/Autism (accessed on 27 October 2021).

6. Moss, J.; Richards, C.; Nelson, L.; Oliver, C. Prevalence of autism spectrum disorder symptomatology and related behavioural
characteristics in individuals with Down syndrome. Autism 2013, 17, 390–404. [CrossRef]

7. Wheeler, A.C.; Mussey, J.; Villagomez, A.; Bishop, E.; Raspa, M.; Edwards, A.; Bodfish, J.; Bann, C.; Bailey, D.B. DSM-5 changes
and the prevalence of parent-reported autism spectrum symptoms in Fragile X syndrome. J. Autism Dev. Disord. 2015, 45, 816–829.
[CrossRef]

8. Rizzo, R.; Pavone, P. Aripiprazole for the treatment of irritability and aggression in children and adolescents affected by autism
spectrum disorders. Expert Rev. Neurother. 2016, 16, 867–874. [CrossRef]

9. Skafidas, E.; Testa, R.; Zantomio, D.; Chana, G.; Everall, I.P.; Pantelis, C. Predicting the diagnosis of autism spectrum disorder
using gene pathway analysis. Mol. Psychiatry 2014, 19, 504–510. [CrossRef]

https://www.mdpi.com/2073-4425/12/12/1901/s1
https://www.mdpi.com/2073-4425/12/12/1901/s1
http://doi.org/10.1038/mp.2016.95
http://dx.doi.org/10.1038/nature10110
https://www.nimh.nih.gov/health/topics/autism-spectrum-disorders-asd
https://www.nimh.nih.gov/health/topics/autism-spectrum-disorders-asd
cdc.gov
https://www.genome.gov/Genetic-Disorders/Autism
https://www.genome.gov/Genetic-Disorders/Autism
http://dx.doi.org/10.1177/1362361312442790
http://dx.doi.org/10.1007/s10803-014-2246-z
http://dx.doi.org/10.1080/14737175.2016.1211007
http://dx.doi.org/10.1038/mp.2012.126


Genes 2021, 12, 1901 11 of 12

10. Spann, M.N.; Sourander, A.; Surcel, H.M.; Hinkka-Yli-Salomäki, S.; Brown, A.S. Prenatal toxoplasmosis antibody and childhood
autism. Autism Res. 2017, 10, 769–777. [CrossRef]

11. Cusco, I.; Medrano, A.; Gener, B.; Vilardell, M.; Gallastegui, F.; Villa, O.; González, E.; Rodríguez-Santiago, B.; Vilella, E.;
Del Campo, M.; et al. Autism-specific copy number variants further implicate the phosphatidylinositol signaling pathway and
the glutamatergic synapse in the etiology of the disorder. Hum. Mol. Genet. 2009, 18, 1795–1804. [CrossRef]

12. Ziats, M.N.; Rennert, O.M. Aberrant expression of long noncoding RNAs in autistic brain. J. Mol. Neurosci. 2013, 49, 589–593.
[CrossRef]

13. Pramparo, T.; Lombardo, M.V.; Campbell, K.; Barnes, C.C.; Marinero, S.; Solso, S.; Young, J.; Mayo, M.; Dale, A.; Ahrens-Barbeau,
C.; et al. Cell cycle networks link gene expression dysregulation, mutation, and brain maldevelopment in autistic toddlers. Mol.
Syst. Biol. 2015, 11, 841. [CrossRef]

14. Chow, M.L.; Pramparo, T.; Winn, M.E.; Barnes, C.C.; Li, H.R.; Weiss, L.; Fan, J.B.; Murray, S.; April, C.; Belinson, H.; et al.
Age-dependent brain gene expression and copy number anomalies in autism suggest distinct pathological processes at young
versus mature ages. PLoS Genet. 2012, 8, e1002592. [CrossRef] [PubMed]

15. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef] [PubMed]

16. Chen, J.; Alberts, I.; Li, X. Dysregulation of the IGF-I/PI3K/AKT/mTOR signaling pathway in autism spectrum disorders. Int. J.
Dev. Neurosci. 2014, 35, 35–41. [CrossRef] [PubMed]

17. Hänzelmann, S.; Castelo, R.; Guinney, J. GSVA: Gene set variation analysis for microarray and RNA-seq data. BMC Bioinform.
2013, 14, 1–15. [CrossRef]

18. Marbach, D.; Lamparter, D.; Quon, G.; Kellis, M.; Kutalik, Z.; Bergmann, S. Tissue-specific regulatory circuits reveal variable
modular perturbations across complex diseases. Nat. Methods 2016, 13, 366–370. [CrossRef]

19. Khan, A.; Fornes, O.; Stigliani, A.; Gheorghe, M.; Castro-Mondragon, J.A.; Van Der Lee, R.; Bessy, A.; Cheneby, J.; Kulkarni, S.R.;
Tan, G.; et al. JASPAR 2018: Update of the open-access database of transcription factor binding profiles and its web framework.
Nucleic Acids Res. 2018, 46, D260–D266. [CrossRef]

20. Korhonen, J.; Martinmäki, P.; Pizzi, C.; Rastas, P.; Ukkonen, E. MOODS: Fast search for position weight matrix matches in DNA
sequences. Bioinformatics 2009, 25, 3181–3182. [CrossRef]

21. Jin, Y.; Choi, J.; Won, J.; Hong, Y. The relationship between autism spectrum disorder and melatonin during fetal development.
Molecules 2018, 23, 198. [CrossRef]

22. Goines, P.E.; Ashwood, P. Cytokine dysregulation in autism spectrum disorders (ASD): Possible role of the environment.
Neurotoxicol. Teratol. 2013, 36, 67–81. [CrossRef]

23. Schneider, A.G.; Abi Abdallah, D.S.; Butcher, B.A.; Denkers, E.Y. Toxoplasma gondii triggers phosphorylation and nuclear
translocation of dendritic cell STAT1 while simultaneously blocking IFNγ-induced STAT1 transcriptional activity. PLoS ONE
2013, 8, e60215. [CrossRef]

24. Abdoli, A.; Dalimi, A. Are there any relationships between latent Toxoplasma gondii infection, testosterone elevation, and risk of
autism spectrum disorder? Front. Behav. Neurosci. 2014, 8, 339. [CrossRef] [PubMed]

25. Tang, Y.; Katuri, V.; Iqbal, S.; Narayan, T.; Wang, Z.; Lu, R.S.; Mishra, L.; Mishra, B. ELF a β-spectrin is a neuronal precursor cell
marker in developing mammalian brain; structure and organization of the elf/β-G spectrin gene. Oncogene 2002, 21, 5255–5267.
[CrossRef] [PubMed]

26. Zerbino, D.R.; Achuthan, P.; Akanni, W.; Amode, M.R.; Barrell, D.; Bhai, J.; Billis, K.; Cummins, C.; Gall, A.; Girón, C.G.; et al.
Ensembl 2018. Nucleic Acids Res. 2018, 46, D754–D761. [CrossRef] [PubMed]

27. Trapnell, C.; Roberts, A.; Goff, L.; Pertea, G.; Kim, D.; Kelley, D.R.; Pimentel, H.; Salzberg, S.L.; Rinn, J.L.; Pachter, L. Differential
gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nat. Protoc. 2012, 7, 562–578.
[CrossRef]

28. Anders, S.; Pyl, P.T.; Huber, W. HTSeq—A Python framework to work with high-throughput sequencing data. Bioinformatics
2015, 31, 166–169. [CrossRef]

29. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139–140. [CrossRef]

30. Rhead, B.; Karolchik, D.; Kuhn, R.M.; Hinrichs, A.S.; Zweig, A.S.; Fujita, P.A.; Diekhans, M.; Smith, K.E.; Rosenbloom, K.R.; Raney,
B.J.; et al. The UCSC genome browser database: Update 2010. Nucleic Acids Res. 2010, 38, D613–D619. [CrossRef]

31. Mi, H.; Muruganujan, A.; Thomas, P.D. PANTHER in 2013: Modeling the evolution of gene function, and other gene attributes, in
the context of phylogenetic trees. Nucleic Acids Res. 2012, 41, D377–D386. [CrossRef]

32. Inoue, F.; Kreimer, A.; Ashuach, T.; Ahituv, N.; Yosef, N. Identification and massively parallel characterization of regulatory
elements driving neural induction. Cell Stem Cell 2019, 25, 713–727. [CrossRef]

33. Rylaarsdam, L.; Guemez-Gamboa, A. Genetic causes and modifiers of autism spectrum disorder. Front. Cell. Neurosci. 2019,
13, 385. [CrossRef]

34. Tovar, H.; García-Herrera, R.; Espinal-Enríquez, J.; Hernández-Lemus, E. Transcriptional master regulator analysis in breast
cancer genetic networks. Comput. Biol. Chem. 2015, 59, 67–77. [CrossRef] [PubMed]

35. Bae, T.; Rho, K.; Choi, J.W.; Horimoto, K.; Kim, W.; Kim, S. Identification of upstream regulators for prognostic expression
signature genes in colorectal cancer. BMC Syst. Biol. 2013, 7, 1–10. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/aur.1722
http://dx.doi.org/10.1093/hmg/ddp092
http://dx.doi.org/10.1007/s12031-012-9880-8
http://dx.doi.org/10.15252/msb.20156108
http://dx.doi.org/10.1371/journal.pgen.1002592
http://www.ncbi.nlm.nih.gov/pubmed/22457638
http://dx.doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
http://dx.doi.org/10.1016/j.ijdevneu.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24662006
http://dx.doi.org/10.1186/1471-2105-14-7
http://dx.doi.org/10.1038/nmeth.3799
http://dx.doi.org/10.1093/nar/gkx1126
http://dx.doi.org/10.1093/bioinformatics/btp554
http://dx.doi.org/10.3390/molecules23010198
http://dx.doi.org/10.1016/j.ntt.2012.07.006
http://dx.doi.org/10.1371/journal.pone.0060215
http://dx.doi.org/10.3389/fnbeh.2014.00339
http://www.ncbi.nlm.nih.gov/pubmed/25309376
http://dx.doi.org/10.1038/sj.onc.1205548
http://www.ncbi.nlm.nih.gov/pubmed/12149647
http://dx.doi.org/10.1093/nar/gkx1098
http://www.ncbi.nlm.nih.gov/pubmed/29155950
http://dx.doi.org/10.1038/nprot.2012.016
http://dx.doi.org/10.1093/bioinformatics/btu638
http://dx.doi.org/10.1093/bioinformatics/btp616
http://dx.doi.org/10.1093/nar/gkp939
http://dx.doi.org/10.1093/nar/gks1118
http://dx.doi.org/10.1016/j.stem.2019.09.010
http://dx.doi.org/10.3389/fncel.2019.00385
http://dx.doi.org/10.1016/j.compbiolchem.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26362298
http://dx.doi.org/10.1186/1752-0509-7-86
http://www.ncbi.nlm.nih.gov/pubmed/24006872


Genes 2021, 12, 1901 12 of 12

36. Sawle, A.; Kebschull, M.; Demmer, R.; Papapanou, P. Identification of master regulator genes in human periodontitis. J. Dent. Res.
2016, 95, 1010–1017. [CrossRef] [PubMed]

37. Gubelmann, C.; Schwalie, P.C.; Raghav, S.K.; Röder, E.; Delessa, T.; Kiehlmann, E.; Waszak, S.M.; Corsinotti, A.; Udin, G.;
Holcombe, W.; et al. Identification of the transcription factor ZEB1 as a central component of the adipogenic gene regulatory
network. Elife 2014, 3, e03346. [CrossRef] [PubMed]

38. Consortium, F. A promoter-level mammalian expression atlas. Nature 2014, 507, 462.
39. Andersson, R.; Gebhard, C.; Miguel-Escalada, I.; Hoof, I.; Bornholdt, J.; Boyd, M.; Chen, Y.; Zhao, X.; Schmidl, C.; Suzuki, T.; et al.

An atlas of active enhancers across human cell types and tissues. Nature 2014, 507, 455–461. [CrossRef]

http://dx.doi.org/10.1177/0022034516653588
http://www.ncbi.nlm.nih.gov/pubmed/27302879
http://dx.doi.org/10.7554/eLife.03346
http://www.ncbi.nlm.nih.gov/pubmed/25163748
http://dx.doi.org/10.1038/nature12787

	Introduction
	Results
	Differential Expression and Pathway Analyses Highlighted the NPC Stage of ASD
	Construct Brain- and Neural-Specific Regulator-Target Regulation Pairs
	Expression Correlations between Regulators and Target Genes
	Construction of Regulatory Cascades of ASD

	Materials and Methods
	RNA-Seq Data Process and Differential Expression Analysis
	Pathway Activation Assessment via GSVA Score
	lncRNA-Involved Regulations
	Regulatory Cascade Construction

	Discussion
	Conclusions
	References

