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ABSTRACT: Autism is a neurodevelopmental disorder characterized by severe impairment of various behavioral functions. 
Mutations in several genes are known to be associated with autism. In this study, a meta-analysis was performed on 130 genes 
implicated in syndromic autism by the SFARI database. Results show that several genes are associated with known human 
pathological conditions, such as delayed speech and language development. Further analysis reveals that many genes are 
associated with functions related to head development, Rett syndrome (psychoneurological syndrome), and neuron projection 
morphogenesis. Protein network analysis revealed closely associated phenotypic terms with head development and neuron 
projection morphogenesis functional groups, suggesting that mutations in these genes significantly affect neuronal formation and, 
in turn, result in autistic characteristics. This study sheds light on the general role of autism-related genes, their interactions, and 
how mutations in them may disrupt normal neuronal function. 

  KEYWORDS: Behavioural and Social Sciences; Neuroscience; ASD; Autism Spectrum Disorder; Genetics; Meta-analysis; 
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� Introduction
Autism, or Autism Spectrum Disorder (ASD), is a neurode-

velopmental disorder in the category of pervasive developmental 
disorders characterized by severe and pervasive impairment in 
reciprocal socialization, qualitative impairment in communi-
cation, and repetitive or unusual behavior.¹ The word “autism” 
was first used in 1911 by German psychiatrist Eugen Bleuler 
to describe schizophrenia symptoms, such as replacing unsat-
isfying reality with hallucinations and vivid visions.² However, 
in the 1960s, the meaning radically changed as British child 
psychologists started using it instead to reflect a lack of imag-
inative thinking.³ ASD is a relatively widespread condition, 
with the Centers for Disease Control stating that 1 in 54 chil-
dren are affected by autism in the USA.⁴ Moreover, estimated 
rates of autism have increased in the period from the 1960s to 
the 1980s from 5 to 72 cases per 10 000 children in Europe 
and the USA.⁵,⁶ The underlying neurobiological pathology of 
ASD remains unclear. Research findings in this sphere suggest 
that children with confirmed autism have macrocephaly at 2-3 
years old. Brain growth is rapid at 12 months, and the frontal, 
temporal lobes, and limbic structures enlarge during the first 
two years of life, correlating with symptom development.⁷ Ad-
ditionally, fMRI studies have found that people with autism 
have abnormal hypoactivation in the fusiform face area, which 
can be connected with problems in human perception com-
pared with objects.⁸ ASD symptoms usually appear around 18 
months, and treatment is most effective when applied as ear-
ly as possible.⁹ Neurochemical studies have identified genetic 
differences in serotonin transport which are supported by em-
pirical data on ASD-related symptoms.

One of the main problems with identifying the cause of this 
disorder is that it is unknown whether environmental factors 
or the genetic heritage is most influential (although the genetic 

cause is considered most probable), but also the sheer num-
ber of genes associated with Autism. As estimated by SFARI 
(Simons Foundation Autism Research Initiative), a compre-
hensive database, there are 1003 genes implicated in ASD.¹⁰ 
Data from this resource shows that 130 of these genes are con-
sidered syndromic, meaning they were found to be associated 
with ASD symptoms and linked to additional characteristics 
not required for an ASD diagnosis. Analysis of these syndrom-
ic genes will further our understanding of the genetic basis of 
ASD. The study presented here aims to conduct a meta-anal-
ysis of these 130 syndromic genes using tools provided by 
open resources, including Metascape¹¹ (a gene annotation and 
analysis resource), and reveal their ontology and biological role 
in brain development. Results from this study will contribute 
towards a better understanding of this disorder and will pro-
vide a computational analysis of syndromic genes, which will 
be useful in ASD-related research.
� Methods
To perform a meta-analysis of syndromic genes implicat-

ed in ASD, a curated list of genes was downloaded from the 
SFARI Gene database, which classifies genes based on four 
scores: S (Syndromic), 1 (High Confidence), 2 (Strong Can-
didate), and 3 (Suggestive Evidence). The syndromic category 
includes genes with mutations reported to be associated with a 
substantial degree of increased risk and consistently linked to 
additional characteristics not required for an ASD diagnosis. 
It was reasoned that performing a meta-analysis on the Syn-
dromic category of genes would be essential to understand how 
mutations in these genes may manifest ASD. Therefore, a total 
of 130 genes in the “Syndromic” category were entered into the 
Metascape under express and custom analysis (Supplementary 
Table 1). The genes were analyzed for gene summary, develop-
ment of disorders, disease and gene association, gene placement 
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on the chromosome, molecular function, RNA tissue category, 
and gene expression in different tissues. 

The characteristics used for the custom analysis are reflected 
in Supplementary Table 2. Metascape has provided CAME 
analysis (Id conversion - convert input gene identifiers into 
Entrez gene²¹ IDs of a target species, annotation - extract an-
notation columns for the gene list, including gene descriptions, 
functions, and protein classes, membership - flag genes which 
fall under GO biological process terms that contain "invasion" 
as a keyword, function enrichment analysis of the gene list - 
identifying pathways (or complexes, published hit lists, etc.) 
that have statistically significant p-values and protein network 
analysis) on the bases of Homo sapiens genes. This information 
was further reflected in graphs and tables, taken from express 
analysis, which was discussed in this research's “Results” sec-
tion. 
� Results
The gene summary provided by Metascape reflected that all 

genes are protein encoding. Additionally, it was found that all 
genes are expressed, at least in some tissues. In particular, about 
12.3 percent of genes are expressed in brain tissue (16 out of 
130 genes) (Supplementary Table 2). Analysis of syndromic 
genes for known human phenotypes showed pathological con-
ditions associated with ASD (Figure 1). The most frequent 
phenotypes associated with these genes are delayed speech 
and language development, autistic behavior, downward slant 
of the palpebral fissure, strabismus, and neurodevelopmental 
disorder. Of them, two (downward slant of palpebral fissur-
behaviore and strabismus) are the causes of eye development 
pathologies. As stated by DisGeENT, a database of diseases 
associated with genes concerning NCBI,¹² autistic behavior is 
defined by: “Persistent deficits in social interaction and com-
munication and interaction as well as a markedly restricted 
repertoire of activity and interest as well as repetitive patterns 
of behavior” while a neurodevelopmental disorder is described 
as: “behavioral and cognitive disorder with onset during the 
developmental period that involves impaired or aberrant de-
velopment of intellectual, motor, or social functions.” Thus, it 
is evident that mutations in these genes are associated both 
with behavioral abnormalities and eye development patholo-
gies. The lowest p-value negative logarithm is associated with 
a depressed nasal bridge and is - 23.

The syndromic gene list was analyzed for enriched terms 
based on their functional roles. The highest p-values of the 
functions linked with the syndromic genes are found within 
the groups the head development, Rett syndrome (psychoneu-
rological syndrome), neuron projection morphogenesis, and 
covalent chromatin modification (Figure 2). The most signifi-
cantly enriched genes were found to be associated with head 
development (22 genes), neuron projection morphogenesis (19 
genes), and covalent chromatin modification (16 genes), as in-
dicated in the Metascape express analysis shown in Table 1. 

Next, the syndromic genes were analyzed for the network 
of enriched terms, the relationship between genes, and the 
functions of the proteins they code for. Gene function could 
be defined as the encoding of particular molecules and pro-
teins. In contrast, protein function depends on the processes in 
which they are involved, such as the structural integrity of cells 
or control over cell division. The nodes represent the similarity 
within a gene's function, and links between nodes represent 
similarities between functions of proteins, which are encoded 
by ASD-related genes (Figure 3). One of the first things that 
can be seen is the abundance of links between nodes of the 
same color (cluster ID). 

An example is the gene nodes, which influence sensory organ 
morphogenesis (brown cluster ID). They are strongly linked 
with each other and, due to the small number of links with 
genes of different cluster IDs, are separated from the main 
body of the diagram. In other words, genes of a similar coding 
function tend to code for proteins with a similar function. 

Slightly above the center of the diagram, the group of small 
nodes that mostly have different gene coding functions, judg-
ing from the cluster IDs, appear to have many links between 
each other. For example, the chromatin remodeling node (ma-
genta cluster ID) is surrounded by many links, which form 
a uniform circle around it. That means that small groups of 
genes, which code for proteins of different groups, make up 
the proteins with similar functions. It is also evident that these 
links appear to be thick. For example, DNA repair (turquoise 
cluster ID), which has few associated genes (small node), has 
many thick links between other nodes (different cluster ID). 
The thickness of the link represents that the function of one 
group of genes is strongly related to the function of the other 
group. This could mean that there are small groups of genes 
with different coding functions, which are firmly related to one 
another in two ways: similarity in the functions of proteins, 
which they code for, and the procedure of executing the gene’s 

Figure 1: DisGeNET13 summary. Bar graph shows -log10(P) values of 
syndromic SFARI genes implicated in known human pathological conditions. 
Note that top gene enrichment is with delayed speech and language 
development, which is a clinical phenotype in ASD.   

Figure 2: Bar graph of enriched terms across input gene lists, colored by 
p-values. The bar graph shows that most syndromic genes are associated with
head development, Rett syndrome (psychoneurological syndrome), neuron
projection morphogenesis, and covalent chromatin modification.
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For each given gene list, protein-protein interaction 
enrichment analysis has been carried out with the following 
databases: STRING,¹⁴ BioGrid,¹⁵ OmniPath, and ¹⁶ InWeb_
IM.¹⁷ The resultant network contains the subset of proteins 
that form physical interactions with at least one other member 
in the list. The Molecular Complex Detection (MCODE) 
algorithm has been applied to identify densely connected 
network components. The protein-protein interaction 
network (Figure 4) reflects a close relationship between four 
groups of genes encoding for similar proteins: Cohesin-SA1 
complex, membrane transport-associated proteins, chromatin-
associated genes, and modification-related genes. The fact 
that the proteins expressed by some ASD syndromic genes 
are closely related in their functional communication suggests 
possible mechanisms of ASD causation. However, it should 
also be stated that proteins depicted in the physical protein-
protein interaction network, which do not hold high p-values 
for the assigned functions, are not included in large groups 
of nodes, or are interconnected with many nodes of different 
cluster IDs in the Network of enriched terms. This condition 
differentiates illustrated findings from the Figure 3a data. 
Some of the connections within the group of proteins with the 
same functions depicted in Figure 3 have been deleted. Apart 
from that, it is evident that many genes stated in Table 4, such 
as the histone modification gene, are not represented in Figure 
3a legend. The possible explanation for these differences lies 
in the emphasis on the physical interactions between proteins 
and the fact that only genes with higher p-values were chosen 
to be depicted, as pointed out in the description of Figure 4. 
For instance, this condition limits the list of genes that could 
be included in the interactions between their proteins. Due to 
that fact, genes with more specific functions had to be chosen, 
while in Figure 3a, they might have belonged to more general 
function cluster IDs.

a)

coding function. It is also evident that cluster IDs of the small-
er nodes represent processes that are not directly connected 
to ASD symptoms, such as chromatin remodeling mentioned 
before. 

This data suggests two possible explanations for the ge-
netic causes of ASD. The first option is that the interactions 
between small separate groups of genes, which code for pro-
teins not directly linked to the ASD symptoms, result in the 
biological processes, which lead to the ASD-related pheno-
type, such as enlargements of the frontal, temporal lobes, and 
limbic structures. The second is that interactions between 
closely related genes of the same function, for example, head 
development genes, could result in the development of ASD. 
However, because even closely related groups of nodes have 
some links with other nodes, it could be stated that a more 
complex system of interactions between all the clusters results 
in the formation of ASD.

As shown in Figure 3b, which depicts the network of 
enriched terms from this analysis, the larger the cluster of 
genes with closely related functions, the lower the associated 
p-value. This relationship reflects a higher probability of the
stated genes expressing associated proteins. Head development
and neuron projection morphogenesis functional groups have
the lowest p-values compared to other cluster IDs. Such a
conclusion supports the idea that ASD causation might lie
in the interactions between closely related genes of the same
cluster-ID (function), as they are more likely to code for the
associated proteins. In particular, those genes might be in head
development and neuron projection functional morphogenesis
groups.

a)

b)

Figure 3: a) Network of enriched terms colored by cluster ID, where 
nodes that share the same cluster-ID are typically close to each other. The 
links between the nodes reflect the similarities between the function of the 
proteins expressed by the genes. The thickness of links represents the genes 
closely related to their function within the expressed phenotype, reflected in a 
color; (b) Network of enriched terms (nodes): colored by p-value, where terms 
containing more genes tend to have a more significant p-value.    
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b) �   Discussion 
The analysis results reflect that most syndromic genes 

analyzed from the SFARI database, indeed, most frequently, 
are associated with ASD-related symptoms. The data in Figure 
1 showing the phenotypes associated with p-values reflects a 
similar idea, as, for example, head development may be linked 
with ASD symptoms. It is characterized by enlargements of 
the frontal, temporal lobes, and limbic structures, which occur 
at the age of 2, simultaneously developing other symptoms. 
Also, there are two trends found within the network of 
enriched terms. ASD is formed by genes' interactions in 
many small functional groups not directly linked with ASD 
symptoms. In a few big functional groups, directly connected 
with ASD symptoms, such as head development. The latter 
option also corresponds with smaller p-values, indicating 
that these genes are more likely to be associated with their 
function. Protein-protein interactions reflect the enrichment 
term analysis graph trend, with a few differences. For instance, 
several links between the gene’s functional groups are deleted, 
compared to Figure 3. Although possible reasons for this and 
other differences were stated in the “Results” section, there is 
a lack of certainty.

Further investigations into detailed interactions between 
proteins of genes may provide more solid explanations for 
these findings. The genes represented in Figure 4 and Table 1 
are responsible for the phenotype, which is not directly linked 
with ASD symptoms. It should also be stated that the p-values 
of genes depicted in Table 1 broadly vary even in one indicated 
group, even though the genes were chosen about their p-values. 
For instance, in group MCODE_1 covalent chromatin 
modification gene (GO:0016569) has a Log10(P) of -8.1, 
while the histone modification gene (GO:0016570) has a 
Log10(P) of -6.6. It means that the probability that particular 
gene codes for the stated protein, which in turn interacts with 
other proteins in the group, is uneven. This identifies the 
possibility that a different gene, not included in the analysis, 
may take part in the interaction. The idea also compromises 
the validity of the gene-to-gene communications reflected 
both in Figure 3a and Figure 4, showing that the relationship 
between proteins may not correspond to the assigned genes.

The findings stated above reflect links between genes and 
ASD-related phenotypes. The links could be explored in 
further research to understand better genes that may cause 
ASD. Additionally, relationships between groups of genes and 
links between groups may shed light on ASD formation, which 
could result from interactions between these genes rather than 
an expression of one particular gene.

One study examining the causative role of SFARI genes 
in ASD reported confounding findings about the database.¹⁸ 
It combined information about gene expression ands clinical 
data across 80 samples and built a gene co-expression network 
analyzed at different granularity. The study found no significant 
link between SFARI’s gene expression and differential 
expression patterns comparing the group with diagnosed ASD 
and the control group. Also, no strong correlations between 
the expression of SFARI genes and ASD diagnosis were found 
through the gene co-expression network. 

Table 1: Color codes and descriptions for Figure 4. Three best-scoring terms 
by p-value as the functional description of the corresponding components, 
according to network plots within Figure 3.   

Figure 4: (a) Protein-protein interaction network and MCODE (Molecular 
Complex Detection) components identified in the gene lists. Only physical 
interactions in STRING (physical score > 0.132) and BioGrid were used. 
(b) The MCODE networks were identified for individual gene lists. It also
contains pathway and process enrichment analysis applied to each MCODE
component independently. The Figure shows interactions within one
MCODE group of genes, reflecting the relationship between individual genes 
within the group.
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These findings suggest that genes analyzed in this study 
might not fully represent the ASD symptoms and causes. 

However, the correlation between levels of expression and 
SFARI’s gene scores was statistically significant. It is valuable 
for the justification of the genes chosen for the study. SFARI 
genes were also connected with other neurodevelopmental 
disorders, such as Schizophrenia, Bipolar Disorder, Depressive 
Disorder, and others.

The study also suggested a new approach to using such 
databases against biases. Analysis of co-expression networks, 
including data from the whole network, can provide more 
meaningful information about genes linked to ASD diagnosis 
and even suggest new candidates. Incorporating this approach 
in further studies would be paramount for deeper investigation 
of ASD-related genes.

Another study investigated the variations of genes linked 
to ASD. To be more precise, they examined rare CNVs 
(copy-number variation) and proteins disrupting SNVs (single-
nucleotide variants).¹⁹ The study used Infinium PsychArray 
as a tool for the analysis. It was characterized as an array of 
SNP (single-nucleotide polymorphism). Using it, researchers 
performed an integrated analysis of CNVs and SNVs collection 
of the homogeneous cohort of 127 Italian ASD families 
genotypes. Researchers found a higher number of rare CNVs, 
most frequently deletions, in ASD individuals compared to the 
unaffected group. They also observed a multitude of rare CNVs 
in the SFARI gene collection used in the study. It was indicated 
that ASD affected group had an increased transmission of rare 
SNVs variants from heterozygous parents to probands. These 
findings support the idea of multi-genetic nature of ASD, 
which also corresponds with the conclusions of this paper.

Researchers also stated the significant role of the following 
genes in ASD development: VPS13B, WWOX, CNTNAP2, 
RBFOX1, MACROD2, APBA2, PARK2, GPHN, and 
RNF113A. From this list, only one gene (CNTNAP2) was 
included in this paper’s analysis. Hence, further investigation 
of the abovementioned genes would also provide more insight 
into ASD gene research.

As this research examined only human genes, it would be 
insightful to investigate genes of other species, such as mice 
(Mus musculus) or zebrafish (Danio rerio). Analyzing ASD 
genes in other organisms may provide a new understanding 
of their interactions and a fuller comprehension of ASD 
causation. Furthermore, as only syndromic genes from the 
SFARI database were analyzed, further research may examine 
other score sections from the same database or genes from other 
databases. Such examination would enrich the conclusions 
derived from the analysis described above and provide a better 
understanding of ASD. 

It should also be stated that some of the genes used in this 
research have been marked in Allen Brain Atlas²⁰ (actb ahi1 
vamp2 syt1 syne1 rps6ka3 prodh phf8 pax6 ntrk2 ntng2 ntng1 
nr2f1 mtor hcn1 gabra3 eef1a2 cux2 cep290 slc1a2 cntnap2 
camk2a). Analysis of the ASD-related genes in this database 
and others would provide an in-depth comprehension of ASD 
causes. 
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Table 1: List of SFARI human syndromic genes used for the following 
research.   
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Table 2: Characteristics used for custom analysis.   
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