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Abstract: Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by
communication deficits and repetitive behavioral patterns. Hundreds of candidate genes have been
implicated in ASD, including neurotransmission and synaptic (NS) genes; however, the genetic
architecture of this disease is far from clear. In this study, we seek to clarify the biological processes
affected by NS gene variants identified in individuals with ASD and the global networks that link
those processes together. For a curated list of 1216 NS candidate genes, identified in multiple
databases and the literature, we searched for ultra-rare (UR) loss-of-function (LoF) variants in the
whole-exome sequencing dataset from the Autism Sequencing Consortium (N = 3938 cases). Filtering
for population frequency was carried out using gnomAD (N = 60,146 controls). NS genes with UR LoF
variants were used to construct a network of protein—protein interactions, and the network’s biological
communities were identified by applying the Leiden algorithm. We further explored the expression
enrichment of network genes in specific brain regions. We identified 356 variants in 208 genes,
with a preponderance of UR LoF variants in the PDE11A and SYTL3 genes. Expression enrichment
analysis highlighted several subcortical structures, particularly the basal ganglia. The interaction
network defined seven network communities, clustering synaptic and neurotransmitter pathways
with several ubiquitous processes that occur in multiple organs and systems. This approach also
uncovered biological pathways that are not usually associated with ASD, such as brain cytochromes
P450 and brain mitochondrial metabolism. Overall, the community analysis suggests that ASD
involves the disruption of synaptic and neurotransmitter pathways but also ubiquitous, but less
frequently implicated, biological processes.

Keywords: autism spectrum disorder; ultra-rare variants; protein—protein interaction analysis; synaptic
and neurotransmitter genes; community detection analysis

1. Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized
by communication deficits and repetitive behavioral patterns [1]. Individuals with ASD
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may present a variety of clinical and behavioral symptoms, as well as a number of co-
morbidities, leading to variable degrees of clinical severity. Patients with ASD may range
from autonomous individuals with typical or above-average cognitive levels to individuals
with moderate to severe Intellectual Disability (ID) and/or other comorbidities who need
support to perform even basic daily tasks. ASD is known to segregate in families [2—4], and
genetics has a significant contribution to the disease’s development. ASD occurs three to
four times more frequently in males than females, but the origin of this skewed sex ratio is
not well established. While genetic factors protective in females may be implicated, some
authors also suggest that it may reflect diagnostic biases [5]. Up to 40% of the patients have
an identifiable single gene disorder or chromosomal alteration such as Fragile X syndrome
caused by FMRI gene expansions; Rett syndrome, which results from MECP2 mutations;
or Angelman or Prader-Willi syndromes, involving 15q11-q13 deletions [6]; however, for
most patients, the etiology is unknown, and the overall genetic architecture underlying the
disease remains unclear. There is evidence supporting the involvement of a large number
of risk genes [7-9]. Massive efforts to understand the genetics of ASD indicate that no
single neurobiology underlies this disorder [10-12] and there is a strong heterogeneity in
the molecular mechanisms and biological processes that can be affected, likely reflecting
the spectrum of clinical phenotypes [13]. Genes encoding proteins implicated in chromatin
remodeling, regulation of transcription, cell proliferation and synaptic mechanisms [8,14]
have been commonly associated with ASD. In particular, there is strong genomic and
functional evidence indicating that neurotransmission and synaptic biological processes are
altered in ASD [13,15-17]. The identification of the molecular processes that drive synaptic
dysfunction in ASD and the biological pathways involved remains an important question.

Neurotransmitters such as gamma-aminobutyric acid (GABA), glutamate, serotonin
or dopamine play a fundamental role in brain development and contribute to memory for-
mation, cognition, behavior and motor activity [18]. Neurotransmitter system dysfunctions
lead to impairments in brain development that have been implicated in ASD and involve
key processes such as neuronal cell migration, differentiation, synaptogenesis, apoptosis
and synaptic pruning [13,19]. The synapse has been extensively studied in ASD since
the identification of ASD mutations in neuroligin genes [20,21], which encode synaptic
adhesion molecules. There is strong evidence that genes encoding synaptic proteins, includ-
ing synaptic adhesion molecules such as neuroligins, neurexins, cadherins and contactins,
synaptic scaffold proteins, ion channels and neurotransmitter receptors are involved in
ASD and in other neurodevelopmental and neurological disorders [22]. Many ASD can-
didate genes are also involved in the formation of synaptic structures such as dendritic
spines, which have shown abnormalities in terms of number and shape that lead to brain
dysfunction in ASD and several neurological disorders [23]. In addition, mutations in the
pre-synaptic genes RIMS3/NIM3 and the post-synaptic genes ILIRAPLI and SYNGAP]I,
involving synaptic vesicle organization or synapse formation, have also been associated
with ASD [24,25].

Alterations in gabaminergic and glutaminergic systems cause excitatory/inhibitory
imbalances and are potential mechanisms for ASD symptomatology and for several other
neurodevelopmental, neurologic and neuropsychiatric disorders such as global develop-
mental delay, intellectual disability, epilepsy or schizophrenia [19]. Excitatory/inhibitory
neurotransmission imbalance is often reported in ASD [26] and is thought to be due
to abnormal glutamatergic excitatory and GABAergic inhibitory neurotransmission in
several brain regions, affecting information processing and behavior [26]. Cortical ex-
citatory/inhibitory imbalance could explain social and cognitive deficits [27] and may
result from alterations in initial neural circuit formation or maintenance since several of
the genes derived from linkage and association studies encode proteins involved in these
processes [28,29]. Postmortem studies have also revealed structural and/or functional
alterations in glutamatergic and GABAergic pathways in ASD [30,31].

Hundreds of ASD putative risk genes have been reported in the last years [8,32,33],
and it is expected that mutations in each of these genes contribute to a small proportion
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of ASD risk. A large fraction of the ASD risk variance is attributed to common variants of
small effect [34,35], which when combined in a particular individual reach the threshold for
disease expression, with heterogenous clinical presentation; however, large-effect rare and
ultra-rare (UR) variants have important contributions to ASD risk and deserve extensive
analysis. A recent study suggested that inherited UR likely gene disruptive (LGD) variants
contribute to at least 4.5% of ASD risk [36]. Previous studies showed that the transmission
of UR LGD variants contributes to ASD diagnosis in 5.4% of the families analyzed [37] and
private, inherited LGD Single-Nucleotide Variants (SNVs) contribute to 8.5% of ASD risk
in the population analyzed [38].

Our main aim in this study was to further understand the role of neurotransmission
and synaptic (NS) mechanisms in ASD. Therefore, we sought to identify communities of
protein—protein interactions involved in ASD, defined by variants in NS genes found in
large datasets of ASD subjects. For this, we carried out a systematic analysis of public
databases and identified the biological pathways and protein communities affected by these
genes. We specifically focused on UR variants in NS genes as these variants more likely
constitute large-effect risk variation with potential for the development of personalized
medicinal interventions.

2. Materials and Methods
2.1. Generation of a List of Neurotransmission and Synaptic ASD Candidate Genes

To explore the involvement of specific synaptic and neurotransmission pathways
in ASD, we selected a comprehensive list of NS genes that may underlie the disease eti-
ology and help establish a biological disease model. The focus was on selecting genes
that are relevant for neurotransmission and synaptic processes since there is evidence
that these mechanisms are affected in ASD. The gene search was conducted by querying
different databases that combine information from several biological processes and the
genes involved in those mechanisms, namely, Gene Ontology (GO) [39], KEGG pathway
database [40-42], Reactome [43], SynaptomeDB [44] and SynSysNet [45] (see workflow in
Supplementary Table S1a). The Gene Ontology (GO) resource (http://geneontology.org/
(accessed on 14 September 2018)) develops structured controlled ontologies to character-
ize genes and their products. The GO Consortium has developed AmiGO, a web-based
application that allows users to search, sort, analyze, visualize and download data of
interest. The KEGG Pathway (https://www.genome.jp/kegg/pathway.html (accessed on
14 September 2018)) is a collection of manually drawn biological pathway maps displaying
current knowledge on the molecular interactions and reactions, and the relations with
diverse biological networks. Reactome (https:/ /reactome.org/ (accessed on 20 September
2018)) is a manually curated and peer-reviewed pathway database that provides bioin-
formatics tools for the visualization, interpretation and analysis of pathway knowledge
with applications in genome analysis, modeling and systems biology. SynaptomeDB
(http:/ /metamoodics.org/SynaptomeDB/index.php (accessed on 26 September 2018))
and SynSysNet (http:/ /bioinformatics.charite.de/synsys/index.php?site=home (accessed
on 26 September 2018)) are databases specifically for synaptic genes and proteins. Syn-
SysNet is a European expertise network, building a synapse molecular interactome, and
provides a highly curated online database of synaptic proteins. SynaptomeDB is an in-
tegrated database to retrieve, compile and annotate genes comprising the synaptome.
SynaptomeDB genes encode components of the synapse as neurotransmitters and their
receptors, adhesion/cytoskeletal proteins, scaffold proteins or transporters. For NS can-
didate gene identification, we selected all the genes with GO annotations for the terms
“neurotransmitter” and “synapse” with experimental evidence from Homo sapiens studies,
and the Reactome genes included in the “Neuronal System” pathway. We also selected
genes from KEGG pathways that are synapse-specific and from other pathways that occur
in several body systems, selecting the annotations for “neurotransmitter” and “synapse”
in Homo sapiens. We selected genes from the following KEGG pathways: Dopaminergic;
Glutamatergic; GABAergic; Cholinergic; Serotonergic; Retrograde Endocannabinoid signal-
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ing; Long-term depression; Synaptic vesicle cycle; Long-term potentiation; Neurotrophin
signaling; Cocaine addiction; Nicotine addiction; Morphine addiction; Amphetamine ad-
diction; Alcoholism; cAMP; Calcium signaling; PI3K-AKT; and Cell Adhesion Molecules
(CAMs). SynaptomeDB and SynSysNet databases were used to help in the identification
of NS genes in KEGG pathways that are present in several body systems. Finally, the
Simons Foundation Autism Research Initiative (SFARI) database [46] gene scoring module
was consulted and a literature review on PUBMED of the publications available on genes
related with “ASD” and/or “autism” was conducted to provide additional evidence to the
pre-selected genes.

2.2. Datasets Analysed in This Study

In this study, we analyzed three datasets in different stages of the analyses. We used the
Autism Sequencing Consortium (ASC) exome dataset to analyze SNVs in 3938 individuals
with ASD and 1124 unaffected controls [47] (dbGaP accession phs000298.v1.p1; phs000298.v2.p2;
phs000298.v3.p2; phs000298.v4.p3). For filtering SNVs by population frequency, we used
the control dataset from the Genome Aggregation database (gnomAD v2.1.1), which incor-
porates the exome information from 60,146 controls sequenced as part of various disease-
specific and population genetic studies [48]. The gnomAD dataset was developed to
provide large-scale data of genetic variation present in several populations, to filter out
common benign/neutral variants and identify variants with clinical meaning based on
the frequency in the human population. Additionally, we analyzed a dataset of de novo
SNVs, as variants of this class are rare and can have a strong effect in protein function
or structure, constituting important targets for the discovery of ASD risk genes [49,50].
For this identification, we used the Simons Simplex Collection (SSC) de novo dataset,
which includes a number of ASD whole-exome, whole-genome and targeted sequencing
studies, comprising a total of 11,905 ASD cases and 7265 controls. Supplementary Table S1b
contains a list of all of these studies. For the Copy Number Variants (CNVs) identification,
we analyzed genetic data from the Autism Genome Project (AGP) consortium (N = 2446)
(accession code: phs000267.v5.p2) [51,52]. The AGP is an international consortium with
over 50 sites in North America and Europe, and the dataset is composed of samples of trio
families comprising an affected proband and two parents [51,53-55].

2.3. Identification of Ultra-Rare Loss-of-Function SNVs Targeting Neurotransmission and
Synaptic Genes in ASD Exomic Datasets

The identification of NS genes targeted by UR (minor allele frequency (MAF) < 0.1%)
SNVs was carried out in the ASC Whole Exome Sequencing (WES) dataset of subjects with
ASD [47]. For this purpose, we searched for SNVs in genes of the candidate list previously
defined. Quality control filters applied to exome data (using the parameters defined in
bcftools; https://samtools.github.io/bcftools/ (accessed on 15 November 2018) were as
follows: Variant Quality Score, VSQLOD > —1.5; Read Depth, DP > 8; Genotype Quality,
GQ > 20; Allelic Depth, AD > 0.2; and Missingness < 10%). For the selection of pathogenic
variants, we analyzed the WES resulting Variant Call Format (VCF) files in the ASC ASD
cohort. We filtered out the variants that were present in the control datasets included in the
gnomAD [48] (http://gnomad.broadinstitute.org/ (accessed on 15 November 2018)) with
MAF > 0.1%, keeping only the UR variants for further analyses; inspected the variants with
MAF < 0.1% in cases and controls; and predicted pathogenic impact in protein function
or structure. Our focus is on UR variants, which are expected to have a high effect on
the phenotype. We selected loss-of-function (LoF) variants (variants of frameshift, stop
gain, start lost, splice acceptor and splice donor) according to the Ensembl Variant Effect
Predictor (VEP) [56].

2.4. Construction of the Protein—Protein Interaction Network Spanned by Neurotransmission and
Synaptic Genes Affected in ASD Probands

In this step, we constructed a protein—protein interaction (PPI) network of proteins
encoded by the genes targeted by UR pathogenic SNVs using the STRING database (version
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11.0; http://string-db.org/ (accessed on 3 January 2019)) [57]. STRING comprises multiple
datasets such as genomic data, co-expression or results from high-throughput experiments,
which are used to infer associations among proteins, including physical and functional
parameters. Protein—protein interaction networks are mathematical representations of the
physical contacts between proteins in the cell. These contacts are specific, occur between
defined binding regions in the proteins and have a particular biological meaning. The
workflow designed for this task is shown in Supplementary Figure Sla. The list of genes
affected by UR LoF SNVs was used as input for STRING network analyses. A multiple-
protein analysis was conducted using the edge weights, and a network representation was
designed using Cytoscape v3.8.2. [58].

2.5. Protein—Protein Interaction Network Community Detection

We are interested in identifying the biological processes affected in the network
that are common to a larger group of patients instead of analyzing single genes and
individual alterations. To do this, we identified the network biological communities
by applying the Leiden community detection algorithm [59] implemented in the CDlib
python package (https:/ /cdlib.readthedocs.io/en/latest/reference/cd_algorithms/algs/
cdlib.algorithms.leiden.html#cdlib.algorithms.leiden (accessed on 16 January 2019)) [60],
based on modularity optimization to depict partitions and the hierarchical community
structure. Using this method with the default parameters, we decomposed the network
into subunits or communities, which are sets of densely connected nodes. Nodes belong-
ing to different communities are only sparsely connected. Network summary statistics
were calculated for the parameters related with counts of nodes and edges, node degree
and average local clustering coefficient. The identification of network functional protein
communities (biological communities) may uncover a priori unknown functional modules.
Enrichment of communities was performed using Reactome, and KEGG pathways and
GO terms using g:Profiler [61], as different tools may provide complementary data. The
characterization of the communities was based on the Reactome pathway’s enrichment.
The counts of cases, variants and genes affected by UR LoF SNVs within the biological
communities of the PPI network were also calculated.

2.6. Protein—Protein Interaction Network Gene Validation in Independent Datasets

In this step, we performed a PPI network gene validation in other ASD datasets. We
identified the genes of the network that are targeted by UR de novo mutations in the ASD
dataset from the SSC “denovo-db version 1.6.1”, available in denovo-db, Seattle, WA, USA
(URL: http:/ /denovo-db.gs.washington.edu (accessed on 22 January 2019)). We analyzed
the SSC dataset “denovo-db 1.6.1” and selected genes with UR (Exome Aggregation Consor-
tium (EXAC) [62] MAF < 0.001) variants in ASD patients with predicted pathogenic impact
in protein structure and/or function according to SIFT [63] or PolyPhen [64]. We also identi-
fied the genes of the network that are targeted by putative de novo Copy Number Variants
(CNVs) in the AGP dataset. We selected de novo CNVs detected in probands that include
NS genes from our PPI network. Additionally, we only selected CNVs that were detected
by more than one algorithm, as implemented in [51]. Finally, we also analyzed whether a
gene of the network is included in the SFARI list of ASD candidate genes and the strength of
the evidence connecting that gene to ASD (https://gene.sfari.org/database/gene-scoring/
(accessed on 13 March 2019)), selecting genes in the strongest SFARI categories 1, 2 and
S (Syndromic). SFARI is an ASD dedicated database that incorporates a gene scoring
module that establishes a gene rank according to the strength of the evidence associating a
given gene to the disease based on the analyses of several studies with ASD patients. The
strongest candidate genes (SFARI categories 1 and 2) come from well-defined evidence on
human genetic studies. Category 1 considers rigorous statistical comparisons between cases
and controls, yielding genome-wide statistical significance with independent replication
to be the strongest possible evidence for a gene; in category 2, these criteria are slightly
relaxed. Genes predisposed to ASD in the context of a syndromic disorder (e.g., Fragile X


http://string-db.org/
https://cdlib.readthedocs.io/en/latest/reference/cd_algorithms/algs/cdlib.algorithms.leiden.html#cdlib.algorithms.leiden
https://cdlib.readthedocs.io/en/latest/reference/cd_algorithms/algs/cdlib.algorithms.leiden.html#cdlib.algorithms.leiden
http://denovo-db.gs.washington.edu
https://gene.sfari.org/database/gene-scoring/

Biomedicines 2023, 11, 2971

6 of 18

Syndrome) are placed in category (S) and, if there is additional evidence implicating them
in idiopathic Autism, will also receive a score from 1 to 3, according to the strength of that
evidence (1 and 2 are the strongest categories).

2.7. Brain Regional Specificity of Gene Expression of Network Communities

The distribution of PPI network genes across the different brain regions was assessed
by gene expression enrichment analysis. We used the Bgee database (https://bgee.org/
(accessed on 15 April 2021)) [65] to perform gene expression enrichment analyses of net-
work communities, filtering for the post-embryonic stage in humans. We selected all the
anatomical entities from the UBERON ontology of vertebrate anatomical structures [66],
which are children of the “brain” term (UBERON:0000955), exclusively related through
a “part_of” relationship type. We used all the brain regions in the analysis and selected
the parent-child decorrelation type that examines each ontology term in the context of
its parent terms, as implemented in the BgeeDB R package (https://bioconductor.org/
packages/release/bioc/html/BgeeDB.html (accessed on 15 April 2021)), which is based on
the topGO package (https:/ /bioconductor.org/packages/release /bioc/html/topGO.html
(accessed on 30 October 2023)). All other parameters were used with default settings. We
constructed a gene expression enrichment heatmap and visualized it with the Seaborn
(v0.11.2) Python library (https:/ /seaborn.pydata.org/ (accessed on 15 April 2021)) [67].

3. Results
3.1. Generating a List of Neurotransmission and Synaptic ASD Candidate Genes

Using the gene identification strategy defined above, we compiled a list of 1216 NS
candidate genes (Supplementary Table S2a) for ASD. The final list of 1216 genes was
selected using the GO annotation tools, KEGG and Reactome pathways. This list also
includes 253 NS genes identified in the synaptic databases SynSysNet and SynaptomeDB
(Supplementary Figure S1b.)

3.2. Identification of Ultra-Rare Loss-of-Function SNVs Targeting Neurotransmission and
Synaptic Genes in ASD Exomic Datasets

The identification of NS genes targeted by UR SNVs in ASD patients was carried out
using WES datasets available through the ASC. We performed a systematic analysis of
exome data from 3938 ASD-affected individuals and 1124 unaffected controls (ASC control
cohort). This analysis detected 356 UR SNVs in 208 NS genes (17% of genes of the candidate
gene list) (Supplementary Table S2b). These variants are present in 446 cases (11% of cases
analyzed), and almost all are private, except for twenty-two variants that occur in two cases
and two variants that are shared by three cases. The distribution of SNVs by in silico variant
classification is shown in Supplementary Figure S2c. Almost half of the UR SNVs identified
disrupt protein function by introducing a premature stop codon in the protein sequence
(173 variants of stop gain in 356 SNVs; Supplementary Figure S2c). The genes with higher
number of variants are the PDE11A gene, with eight variants distributed by eleven cases
(0.3% of cases), and the SYTL3 gene, with six variants distributed by nine cases (0.2% of
cases) (Supplementary Table S2b).

3.3. Construction of the Protein—Protein Interaction Network Spanned by NS Genes Affected in
ASD Probands and Network Community Detection

We applied a PPI network analysis considering the genes targeted by predicted UR
LoF SNVs. Protein—protein interactions are specific and meaningful from a biological
perspective since connected proteins contribute to a shared function while not necessarily
physically interacting with each other. The PPI network is composed of 208 NS genes
carrying UR SNVs in the 446 ASD cases (Figure 1; Supplementary Tables S3a—c).
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Figure 1. Protein—protein interaction network of NS genes targeted by ultra-rare SNVs. Network
nodes represent proteins. Lines represent protein—protein connections. Each functional group
(biological community) is highlighted in a different color; the confidence level of the evidence
supporting protein—protein connections is proportional to the thickness of the connection line, e.g.,
thicker connections are better supported than thinner connections. Circle size reflects the node degree,
which is the number of connections the node has to other nodes in the entire network. The genes
with higher degree levels are indicated next to the correspondent node.

The Leiden community detection analysis indicates that the network is divided into
seven biological communities (Figures 1 and 2; Supplementary Tables S3b and S4a). The
seven different communities are indicated with different colors in the network: Ion chan-
nel activity community; Chemical synapse transmission community; Energy metabolism
community; G protein-coupled receptors community; Metabolism of cytochrome P450,
fatty acids and xenobiotics community; Neurotransmitter release cycle community; and
Neuronal development community (Figure 1; see also Supplementary Table S4b for a list of
the genes present in each community). These biological communities include molecules
that intervene in general cellular metabolic and neuronal signaling pathways (Cytochrome
P450/fatty acids metabolism /xenobiotics or Ion channel activity communities), those that
affect the energetic balance required for the proper functioning of many pleiotropic physio-
logical processes (Energy metabolism community) or those related with neurotransmission
pathways (G protein-coupled receptors community, the Chemical synapse transmission
community and the Neurotransmitter release cycle community). The network also includes
genes that participate directly in neuronal development (the Neuronal development com-
munity) and are associated with cell differentiation, neuronal growth, axon guidance and
the neuronal immune system.
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Figure 2. Pathway and GO enrichment for network communities. Circle color represents the
magnitude of the fold enrichment, defined as the percentage of genes in our study belonging to a
pathway divided by the percentage of genes that are annotated for that pathway; # Genes: Circle size
is proportional to the number of network genes implicated in the community.

The proportion of cases and genes affected by UR LoF SNVs within each of the
biological communities of the PPI network is shown in Figure 3 (see also Supplementary
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Table S3b). The Neuronal development community (27.6% of network cases; 54 genes),
the Cytochrome P450/fatty acids metabolism/xenobiotics community (18.8% of network
cases; 33 genes) and the G protein-coupled receptors community (16.1% of network cases;
32 genes) are the biological communities with the highest numbers of cases affected by UR
SNVs in the analyzed network.
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Figure 3. Percentage of cases with variants in genes from each community and the number of genes
affected by ultra-rare LoF SNVs within each community, in a total network of 208 genes built from a
dataset of 446 cases. Circle size represents the number of network genes implicated in the community
and circle color the magnitude of adjusted p-value of the enrichment.

3.4. Protein—Protein Interaction Network Gene Validation in Independent Datasets

For validation, we searched for variants in these network genes in large independent
datasets, namely, the AGP CNV and the SSC de novo SNV datasets. We also inspected the
SFARI candidate gene list (considering only genes with higher evidence (categories 1, 2
or S (Syndromic))) to find additional reports of variants in the network genes. With this
search, we identified 34 network genes that were targeted by CNVs or SNVs in previous
studies. Sixteen network genes (Supplementary Table S3b,c) showed UR de novo SNVs in
the SSC dataset that were classified as deleterious and/or damaging by SIFT/PolyPhen
(Supplementary Table S5). In addition, we identified 27 de novo CNVs in the AGP dataset
targeting 11 of the network genes (Supplementary Tables S3c and S6). All CNVs were
detected by at least two different algorithms. Thirteen of the network genes are also in the
SFARI candidate gene list (Supplementary Table S3b,c) in categories 1, 2 or syndromic. The
Neuronal development community has the highest number of network genes targeted by
de novo CNVs in the AGP dataset (four genes; Supplementary Table S3b). The Ion channel
activity community has the highest number of network genes with UR de novo putative
pathogenic variants in the SSC dataset (five and nine genes, respectively; Supplementary
Table S3b) and the highest number of network genes included in the SFARI high-evidence
categories. The genes ANK2, CACNAIC, PCDH15, SYNE1 and TRIO are present in at least
one of the datasets and/or in the SFARI gene list.



Biomedicines 2023, 11, 2971

10 0of 18

15

-10

Q-value

3.5. Brain Regional Specificity of Gene Expression of Network Communities

We analyzed whether expression of the network genes in the biological communities
is enriched in specific brain regions. The heatmap in Figure 4 shows the enrichment
of gene expression in brain regions. Only brain regions for which there is significant
enrichment are shown. The Neuronal development community (community 1, Figure 4) is
the one with the highest scores of regional specificity of gene expression, as shown by the
darker colors representative of higher Q-values and by the tree in the chart, as its branch
splits from the branches of the other communities, indicating that the list of genes of this
community is more specialized than the others. Considering all the communities together,
gene expression in the communities defined in previous steps is mostly shifted towards a
set of subcortical structures, many related with the basal ganglia as the globus pallidus, the
putamen and the caudate nucleus (dorsal striatum) (Figure 4).

— T —=

- UBERON:0002420:basal ganglion

- UBERON:0007702:tract of brain

- UBERON:0005383:caudate-putamen

- UBERON:0005382:dorsal striatum

- UBERON:0010011:collection of basal ganglia
- UBERON:0001882:nucleus accumbens
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- UBERON:0001873:caudate nucleus

- UBERON:0000369:corpus striatum
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Figure 4. Heatmap representing gene expression enrichment in brain regions of network communities.
Each cell (one row and one column) in the heatmap corresponds to a spatial signature: a set of genes
from a biological community (communities are represented in the columns) expressed specifically in
a brain region (rows). The intensity of the color in each cell (scale in the upper-left side) represents the
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log-transformed significance of biological community association of that signature. Darker colors
in the chart represent higher enrichment probability in the respective brain region. Brain regions
are selected from the Uberon database, incorporated in Bgee (https://bgee.org/ (accessed on 15
April 2021)). Bgee expression enrichment analysis was used to calculate p-values, which were then
converted to Q-values (top-left correspondence to chart colors) to correct for multiple hypothesis
testing. The tree branches indicate differences in the degree of gene expression regional specificity
between communities. Communities: (1) Neuronal development community; (2) Energy metabolism
community; (3) Neurotransmitter release cycle community; (4) Chemical synapse transmission
community; (5) Cytochrome P450/fatty acids metabolism/xenobiotics community; (6) G protein-
coupled receptors community; (7) Ion channel activity community.

4. Discussion

The high heterogeneity of clinical phenotypes in ASD is expected to reflect the diver-
sity of molecular mechanisms and biological processes implicated in this disease and its
comorbidities [68]. Hundreds of putative risk genes have been implicated in ASD over
time, supporting this hypothesis but hindering the understanding of the disease etiology;
nosology; and, most importantly, the definition of pathophysiology and consistent targets
for treatment. In this study, we focused on exploring the role of NS genes for their major
importance in brain processes that are known to be altered in ASD. However, we wanted
to go beyond the identification of ASD risk genes; thus, we sought to clarify the biological
processes affected by gene variants and the global networks that link those processes to-
gether. This allows for a better depiction of the biological patterns that might be common
to a subgroup of patients with similar clinical presentations. Furthermore, it provides a
possible explanation for the large number of genes implicated in ASD, as a change in any or
several of the multiple genes involved in a network can lead to a similar clinical phenotype
within the ASD spectrum.

Screening a large ASD dataset, we found UR LoF variants in 17% of the selected NS
genes, including some interesting novel candidate genes for ASD. The identified SNVs
were found in 11% of the individuals analyzed and, as expected since we focused on UR
variants, they were almost all private. However, several of the genes were targeted by mul-
tiple different variants. For instance, the genes with the highest numbers of variants were
PDE11A and SYTL3. The gene SYTL3 was not previously associated with ASD, and few
studies address the gene PDE11A in ASD individuals [69,70]; however, these genes encode
molecules that are very important for brain function. The PDEI1A gene encodes a member
of the Phosphodiesterases (PDEs) protein superfamily, which are enzymes that regulate the
intracellular levels of cyclic adenosine monophosphate and cyclic guanosine monophos-
phate, and, consequently, play a central role in multiple cellular functions [71]. Recently, an
exome sequencing study revealed PDE11A as a novel candidate for Alzheimer’s disease
(AD) and found significantly decreased protein levels of PDE11A in brain samples of AD
patients [72]. Studies on mice indicate that this gene is required for the formation of social
interactions [73]. The PDE11A gene may also be a target for the development of strategies
for personalized medicine, as studies in other neuropsychiatric disorders show that genetic
variation in this gene is associated with drug response [74,75]. The second gene with the
highest number of variants in our study, SYTL3, encodes a protein belonging to a family of
peripheral membrane proteins that play a role in vesicular trafficking [76]. Recent studies
show that SYTL3 regulates neuronal migration and neurotransmitter release in human
neurons [77]. Whole-genome sequencing studies highlight SYTL3 as a new candidate gene
for AD [78].

The NS genes carrying UR LoF variants in the analyzed dataset defined seven bio-
logical communities. This network community detection analysis suggests that ASD’s
etiology may result from a combination of specific synaptic pathways with other pathways
that are more ubiquitous and occur in several organs and systems. For instance, previous
studies implicate many of the biological processes underlying the communities identified
in this study in ASD, such as ion channels [32,79-81]; imbalances in neuronal development
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and in synaptic processes including synapse formation, stability and plasticity [82]; and in
excitatory and inhibitory synapses [83]. Several neurotransmission systems, such as the
cholinergic system, acetylcholine receptors and N-methyl-d-aspartate receptors (NMDARs),
have also been implicated in ASD.

However, while synaptic and neurotransmitter-related pathways have been well de-
scribed in ASD, our study also provides evidence supporting the implication of other path-
ways not so frequently studied in association with this disorder. For instance, metabolism
by cytochromes P450 (CYPs) is one of the communities that we identified, which is rel-
evant since CYPs constitute a superfamily of enzymes involved in the metabolism of
several compounds that are key for brain physiology [84]. Brain-expressed CYPs are
concentrated near drug targets in specific regions and cell types. The local activity of
cytochromes P450 plays an essential role in maintaining the levels of bioactive molecules
within normal ranges and modulating the metabolism of endogenous neurochemicals such
as neurosteroids, dopamine, serotonin, melatonin and exogenous substances, including psy-
chotropics, drugs and neurotoxins [84,85]. Some genes from the Cytochromes P450/fatty
acids metabolism /xenobiotics community were previously identified as strong candidates
for ASD, including ALDH5A1 (SFARI category 1), PCCA gene (SFARI category S) and
SLC27A4 (SFARI category 2). The G protein-coupled receptors and Ion channel commu-
nities also have NS genes with UR LoF mutations. Among the genes included in the G
protein-coupled receptors community, we find several well-established ASD candidate
genes, such as HTR3A, DRD3, OXTR, PRKCA (all in SFARI category 2) and TRIO (SFARI
category 1). The Ion channel activity community is also composed by a set of candidate
genes relevant for ASD, such as ANK2 and CACNAIC (both in SFARI category 1); SYNE1
(SFARI category 2S); and AKAP9, CACNA2D and SCN9A (SFARI category 2).

Energy metabolism is another community enriched in NS genes targeted by mutations
in the dataset analyzed. Our results suggest that the dysregulation of mitochondrial
biology, particularly the mitochondrial complex I NADH ubiquinone oxidoreductase,
may be important for ASD, since genes from the Energy metabolism community, such as
NDUFAS5, NDUFV2 or NDUFB3, are enriched in the mitochondrial complex 1 biological
pathway (Figure 2) and molecular functions (Supplementary Table S4a). Mitochondria
perform several functions at the synapse, and synapses that contain mitochondria have
been shown to have more vesicles, which are key players for synaptic functions such
as the uptake, storage and stimulus-dependent release of neurotransmitters [86] and are
associated with increased synaptic activity [87,88]. Previous studies suggest that the
expression of mitochondrial complexes is decreased in the brain of children with ASD,
eventually contributing to alterations in energetic metabolism and to increased oxidative
stress [89,90]. Our analyses suggest that genes from the mitochondrial complex I NADH
ubiquinone oxidoreductase may contribute to synaptic dysregulation in ASD. It is well
supported in the literature that ASD often co-occurs with mitochondrial dysfunction,
which may suggest that a disturbance of mitochondrial energy production is an important
underlying pathophysiological mechanism in a subset of patients [91-96].

Regional analysis of brain gene expression, for the genes included in the defined
biological communities, show that the enrichment of spatial gene expression is stronger
in several sub-cortical regions. The results highlight the importance of regions such as
the basal ganglia, which includes the globus pallidus and the caudate-putamen (dorsal
striatum). The basal ganglia is involved in motor functions and in higher-order cognitive
processes, speech, social interactions and repetitive behavior [97], reinforcing the notion
that variants in genes expressed in this structure may play a role in ASD. Neuroimaging
studies in ASD also validate these findings, as stereotyped behavior has been associated
with decreased globus pallidus volume [98]. There is evidence that the basal ganglia plays
a role in maintaining an inhibitory balance between cortical and subcortical structures,
which is important for motor and cognitive functions. In ASD, this inhibitory balance is
disturbed, affecting normal cortical activity. In addition, several studies have reported
abnormalities in the cerebellum from subjects with ASD [99]. The Neuronal development
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community (cluster 1; Figure 4) shows the highest scores of regional specificity of gene
expression, suggesting that the pathways involved in this community are the ones with
mutations targeting more specialized cellular functions.

The biological communities identified in this study are plausible target pathways for
therapeutic development. Pharmacological intervention in ASD is especially challenging
due to the considerable variability in its clinical presentation. Currently, there are no drugs
approved for treatment of the core symptoms of ASD, and evidence-based pharmacologi-
cal treatment mostly targets co-occurring symptoms including hyperactivity, inattention,
impulsivity or irritability [100]. For instance, risperidone is frequently prescribed for the
treatment of irritability symptoms in ASD, and acts through an antagonistic effect on
dopamine and serotonin receptors [101]. However, research focused on serotonin and
dopamine pathways suggests that these neurotransmitters are also relevant molecular
targets for core symptom treatment, namely, to improve repetitive behaviors [102,103]. Our
study reinforces several candidate pathways as possible biological targets to treat both core
ASD symptoms and associated comorbidities, including ubiquitous pathways involved
in neuronal development, neurotransmitter release or synapse transmission, as well as
cytochrome P450s and brain mitochondrial metabolism. The integration of genetics with
clinical data will be crucial for the clarification of the biological pathways underlying the
spectrum of ASD symptoms and respective therapeutic targets [104].

Overall, these results reinforce the role of synaptic and neurotransmitter-related pro-
cesses in the disorder and support the importance of brain CYPs and brain mitochondrial
metabolism in ASD pathophysiology. The results also highlight the role of several subcorti-
cal structures in ASD, particularly the basal ganglia.

In conclusion, the present study identified important novel candidate genes and
defined new biological pathways for ASD that are not usually addressed in brain ge-
netics studies. These provide further evidence for the role of NS genes and the path-
ways with which these genes interact in ASD, and suggest targets for future personalized
medicinal approaches.
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mdpi.com/article/10.3390/biomedicines11112971/s1, Table Sla: Pipeline for candidate NS gene
selection; Table S1b: List of studies analyzed from the Simons Simplex Collection; Figure Sla:
Workflow for building and analyzing the protein—protein interaction (PPI) network; Figure S1b: The
number of NS genes selected through each of the tools used for ASD candidate gene list selection;
Table S2a: List of neurotransmission and synaptic (NS) candidate genes; Table S2b: Ultra-rare loss-
of-function Single-Nucleotide Variants in ASD cases from the analyzed ASC cohort; Figure S2c:
The distribution of ultra-rare SNVs in NS genes by mutation consequence in the analyzed ASC
cohort dataset; Table S3a: Statistics for the network of NS genes targeted by predicted pathogenic
ultra-rare variants (MAF < 0.1%); Table S3b: Statistics for the seven network biological communities
in the present study and in other studies; Table S3c: Network NS genes with evidence in other
studies; Table S4a: GO, KEGG and Reactome pathways enrichment table for the seven communities;
Table S4b: The 208 network genes and the respective biological community; Table S5: Ultra-rare
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