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Abstract

Autism spectrum disorders (ASDs) are a group of diseases exhibiting impairment in social drive,
communication/language skills and stereotyped behaviors. Though an increased number of
candidate genes and molecular interactions have been identified by various approaches, the
pathogenesis remains elusive. Based on clinical observations, data from accessible GWAS and
expression datasets we identified ASDs gene candidates. Integrative gene network and a novel
CNV-centric Node Network (CNN) analysis method highlighted ASDs-associated key elements
and biological processes. Functional analysis identified neurological functions including synaptic
cholinergic receptor (CHRNA) families, dopamine receptor (DRD2), and correlations between
social behavior and oxytocin related pathways. CNN analysis of genome-wide genetic and
expression data identified inheritance-related clusters related to PTEN/TSC1/FMR1 and mTor/
PI13K regulation. Integrative analysis identified potential regulators of networks, specifically TNF
and beta-estradiol, suggesting a potential central role in ASDs. Our data provides information on
potential disease mechanisms, and key regulators that may generate novel postulations, and
diagnostic molecular biomarkers.
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1. Introduction

The impairment seen in children with ASDs in social, emotional, and communication skills
are clinically evident prior to three years of age (Bailey et al., 1996; Charman & Baird,
2002); they have difficulty interacting with others and their environment. Recent
epidemiological data established a marked increase in prevalence. According to the Center
for Disease Control and Prevention (CDC), an average of 1 in 90-100 children in the U.S

SCorresponding author: rennerto@mail.nih.gov, Address: 49 Convent Dr Room 2A06, MSC 4429, Bethesda, MD 20892-4429, Phone:
301-594-5975, Fax: 301-480-4579.

TLL: leeti@mail.nih.gov, MJR: RaygadaM@mail.nih.gov, OMR: rennerto@mail.nih.gov

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 2

has ASDs. This increased prevalence is ascribed to many factors such as improved
diagnosis, changes in diagnostic criteria, environmental insults, and other factors. Though
ASDs was described more than 67 years ago (Kanner, 1943), the diagnosis is still based on
behavioral factors, such as ADI-R and ADOS (Lord et al., 2001) assessments. Dependent on
clinical criteria, and geographic location, the prevalence of ASDs may vary from 0.05 to
0.6% (Bryson et al., 2003; Fombonne, 2003). Males are four times more susceptible than
females. Studies on monozygotic and dizygotic twins suggest ASDs may be regulated by
multiple genetic factors (Crespi & Badcock, 2008; Geschwind, 2009), and follow a
multifactorial inheritance pattern (Veenstra-Vanderweele et al., 2004). Existing
interventions include behavioral therapy targeted at enhancing communication and social
interaction skills (Vismara & Rogers, 2010), and medications for anxiety, depression and
anti-psychotic conditions (Malone et al., 2005). However, the response to these treatments is
limited (Malone et al., 2005; Posey et al., 2008).

Advances in genome technology provided new ways to examine the complexity of ASDs.
Large population genome-wide association studies (GWAS), and copy number variation
(CNV) technologies have led to identification of multiple genetic hotspots for ASDs
(Glessner et al., 2009; Ma et al., 2009; Merikangas et al., 2009; Pinto et al., 2010; Wang et
al., 2009; Weiss et al., 2009). Expression microarray analysis revealed ASDs candidate
genes that could result from the interaction of genetic background and environmental factors
(Enstrom et al., 2009; V. W. Hu et al., 2009; Walker et al., 2006). However, the evidence for
ASDs pathogenesis is still inconclusive, largely because of heterogeneity of patient
populations and diverse model systems employed among different studies. The fragmented
data presented in these studies may therefore only represent a subset of pathways or genes
affected in certain ASDs groups, which hinders a comprehensive understanding of ASDs.
To better understand the underlying mechanisms of ASDs, we attempted to identify
regulatory relationships, genetic contributions and susceptible targets through integrative
gene network analysis. We not only considered clinical evidence characteristic of ASDs, but
also assembled evidence from genome-wide genetics and expression studies. Finally we
applied CNV-centric Node Network (CNN) analysis to analyze potential genetic
contributors to ASDs based on DNA copy number variation (CNV) and expression data
from high-throughput genomic assays, which explore novel molecular interactions in ASDs
patients.

2. Methods

2.1 Clinical evidence—-based gene search

Based on our clinical observations (over 150 patients evaluated over an 8 year span) and
recent expert reviews on ASDs (Crespi & Badcock, 2008; Geschwind, 2009), seven
phenotypic features are suggested. These include 1. Impaired social interaction; 2.
Repetitive behavior; 3. Obsessive behavior; 4. Impaired communication; 5. Intellectual
disability, 6. Sensory abnormalities and 7. Restricted interests. Psychotic-spectrum
conditions were excluded. Genes related to these features were primarily retrieved from the
curated biological knowledge database from Ingenuity (Ingenuity Systems, Mountain View,
CA) and GeneGo (GeneGo, St Joseph, MI) and context-based database by HUGE navigator
(Yu et al., 2008). Gene search by gene ontology term-based database were also applied
using AmiGO (Carbon et al., 2009). Functional genomic evidence-based gene retrieval was
obtained through recent genetic studies from GWAS (Ma et al., 2009; Ronald et al., 2010;
Wang et al., 2009; Weiss et al., 2009), CNV (Pinto et al., 2010) and transcriptome studies
using lymphoblastic cells (Valerie W. Hu et al., 2009; V. W. Hu et al., 2009). For
microarray expression data, raw data were applied and re-normalized with the RMA
method. Differentially expressed gene sets for ASDs were determined by one-way ANOVA
with pair-wise contrast of ASDs to control group using Partek genomic suite (Partek, St.
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Louis, MO). Lists of genes with significant differences based on the above contrasts were
created using a false discovery rate (FDR, step-up method) of 0.01 to determine the adjusted
p-value. A p-value of less than 0.01 was taken as significant.

2.2 Gene network construction

Ingenuity pathway analysis (IPA)—Integrated gene network analysis of the gene set
exhibiting significant expression changes were generated by Ingenuity Pathways Analysis
(Version 6, Ingenuity® Systems, www.ingenuity.com). Each gene identifier was mapped to
its corresponding gene object in the Ingenuity Pathways Knowledge Base. The differential
gene list was overlaid onto a global molecular network developed from information
contained in the Ingenuity Pathways Knowledge Base. Networks of these focus genes were
then algorithmically generated based on their connectivity. The functional analysis identified
the biological functions and/or diseases that were most significant to the data set. Fischer’s
exact test was used to calculate a p-value determining the probability that each biological
function and/or disease assigned to that data set is due to chance alone. A p-value of less
than 0.01 was considered significant.

2.3 CNV-centric Node Network (CNN) analysis

CNVs feature small deletions and duplications of chromosomes. Such genetic alterations
could be transmitted through inherited (parental or maternal) or non-inherited (de novo)
mechanisms. Recent studies have suggested that CNVs could affect gene functions
implicated in the pathophysiology of ASDs. To visualize the gene network from this genetic
evidence, gene sets from a recent ASD CNV study were (Pinto et al., 2010) used
(Supplementary table 2). Gene networks were first constructed by the pathway common
evidence in Cytoscape software. To represent sex distribution and corresponding number
associated with the CNV in the network, we applied an enrichment map approach to show
the relative sex composition, followed by annotation with microarray expression data
showing the relationship of genetic and expression data. The calculation is based on the
Jaccard coefficient and overlap coefficient method previously published (Merico et al.,
2010). In contrast to the original algorithm design, the up or down state of expression data
combined with genetic outcomes in CNV analysis. CNN first considers the gene set
collection defined by genetic contributions through classification of inherited (parental or
maternal) or non-inherited (de novo) mechanisms, followed by significance calculation.
Significant CNVs were then clustered based on biological evidence derived from gene
ontology terms or the curated biological pathway database to generate hierarchically-
organized gene-set collections. The clusters were then annotated with gene expression data
associated with the given CNV to see if any concordant pattern could be identified. This is
based on the profile of a weight matrix that compares the frequency association of the
expression to a particular conserved CNV feature. The networks were generated using
enrichment map Cytoscape plugin (Merico et al., 2010). A weight matrix with p-values less
than 0.005 was used. Intergenic and non-coding regions were ignored in the calculation. The
modified Cytoscape plugin source code for CNN is freely available upon request.

3. Results and Discussion

3.1 Gene networks from clinical observations of ASDs patients

We postulate that ASDs are a symptom complex characterized, in part, by lack of social
drive. Based on published literature (Crespi & Badcock, 2008; Geschwind, 2009) and our
clinical observations (Table 1), ASDs features include: 1. Impaired social interaction; 2.
Repetitive behavior; 3. Obsessive behavior; 4. Impaired communication; 5. Intellectual
disability, 6. Sensory abnormalities and 7. Restricted interests. We utilized fundamental
neurobehavioral symptoms related to social drive and communication/vocalization for our
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analysis, and excluded seizures, and severe intellectual disability as central components.
This approach agrees with clinical observations by other groups (Crespi & Badcock, 2008;
Geschwind, 2009). Our criteria were utilized to contrast with “Autism sib” components
analyzed in a recent gene network study (Wall et al., 2009), which may have potentially
included overlapping features with other neurological disorders. Genes associated with
observed clinical features were then retrieved from the curated biological knowledge
database from Ingenuity (Ingenuity Systems, Mountain View, CA) and GeneGo (GeneGo,
St Joseph, MI), and the context-based database HUGE navigator (Yu et al., 2008)
(Supplementary Table. 1). Impaired social interaction, repetitive behavior and impaired
communication were the common components of all studies. By overlaying symptom-
related genes using a Venn diagram approach, we examined whether any genes were
functional for all the symptoms in our criteria (Fig. 1). Only SLC6A4/HTT, a serotonin
transporter, fulfilled this criterion, suggesting a potential central role in ASDs pathogenesis.
Serotonin (5-hydroxytryptamine; 5-HT) is a neurotransmitter in the central and peripheral
nervous system. Serotonin transporter plays a crucial role in synaptic neurotransmission by
retrieving released serotonin and regulation of neuronal activity through facilitating the
homeostatic balance of neurotransmitters in the synaptic cleft. Neurological disorders such
as obsessive-compulsive disorder and anxiety associate with coding and promoter sequence
polymorphism, while altered expression has been correlated with amyotrophic lateral
sclerosis, a neurodegenerative disease caused by degeneration of motor neurons,
andassociated with immune activation of proinflammatory cytokines like TNF and IL-6,
astroglial cells, macrophages and monocytes. Interestingly, abnormal levels of these
cytokines have been reported in cerebrospinal fluid (Pardo et al., 2005) and brain tissue (Li
et al., 2009) from an autism patient with motor skill deficits. Recent studies suggested
SLC6A4/HTT might be a candidate gene for autism based on the association of
hyperserotonemia with autism (Coutinho et al., 2004). Autism patients have been treated
with selective serotonin re-uptake inhibitors which appears to reduce repetitive and
aggressive behavior (Posey et al., 2008). These observations add plausibility to the potential
applicability of our symptom-based approach.

In addition to gene mining, we examined molecular interactions based on clinical features.
Gene network analysis of phenotype-derived gene sets yielded seventeen gene networks
(Supplementary Fig. S1). To reveal potential functional implications in a gene network,
input genes or other biological elements, known as nodes, were parsed to the phenotypic
feature and functional biological processes. This resulted in identification of gene network
connections not previously related to the phenotype/symptom and permitted postulation of
molecular mechanisms/signature pathways that may be operative in ASDs. For example,
network 1 (Fig. 2A) consisted of nodes from four phenotypic features, which were tightly
linked to each other through central key nodes. These key nodes may be viewed as key
regulatory elements; changes in them might lead to widespread effects in down-stream
genes and interacting key nodes. These included serotonin receptor, neuregulin (NRG), G-
protein coupled receptors and NF-kappaB (NF-xB) complex (Fig. 2A). Functional
association analysis of the network nodes by ingenuity pathway analysis (IPA) identified
extensive association with synaptic transmission and the synapse (Fig. 2B). The functional
associations were correlated with multiple phenotypic features previously observed in
ASDs. For example, synaptic transmission contained elements for cholinergic receptors
(CHRNA) that have been reported in families with impaired communication, and the
dopamine receptor (DRD2) was identified in families with obsessive and social disorders.
These findings are consistent with the central role of synaptic formation and connectivity for
cognitive development (Wang et al., 2009). Altered synaptic growth, as evidenced by the
impact of mutations in NLGN/SHANK/NRXN and mTOR/PI3K pathways may also
contribute to this phenomenon.
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Next, we attempted to determine if common gene regulators (central node) are involved in
controlling these pathways. Key central regulators involving different neurological functions
were identified (Supplementary Fig. S1). These included brain derived neurotrophic factor
(BDNF) and methyl CpG binding protein 2 (MECP2) in network 2, transforming growth
factor (TGF), collagen gene family related pathways in network 3, epidermal growth factor
(EGF) in network 6. The identified networks were involved in a wide variety of neurological
functions, including synaptic related functions (network 2, 4, 5, 6, 10, 14); growth of
neurons or brain cells (network 2, 3, 5, 9, 11, 13); neurotransmission (network 4, 9 and 16);
activation and adhesion of brain cells (network 14); and neuritis (network 10 and 15)
(Supplementary Fig. S1). For example, network 3 suggested TGF-p (a key central regulator)
not only regulated Monoamine oxidase A (MAOA) directly, but also via linked partners
(Dwyer & Winckler, 2010). MAOA is involved in axon guidance and related functions.
Aberrant MAOA function has been identified in several psychiatric disorders and exhibits a
significant prevalence in male patients similar to the male prevalence observed in patients
with autism and attention deficit/hyperactive disorder (ADHD). TGF-3 was also suggested
in auditory perception function through the COLA1, USH1C/G, CDH23, MYO7A, PCDH15
gene cluster; this potential relationship might be related to the speech and language
pathologies seen in ASDs patients (Schonweiler et al., 1998). We also found a significant
association with autism (Network 1, 2, 4, 6 and 16), suggesting these network elements and
biological processes are highly related to clinical features associated with ASDs. In addition
to de novo gene network analysis, the input gene set was analyzed with associated canonical
pathways in the IPA database. Canonical pathways are those well characterized metabolic
and cell signaling pathways generated based on the reported literature. The ratio and p-value
of input genes contained in each pathway were calculated. The top five pathways included
glutamate receptor signaling, circadian rhythm signaling, serotonin receptor signaling,
amyotrophic lateral sclerosis signaling and G-protein coupled receptor signaling
(Supplementary Fig. S2). These pathways have previously been associated with ASDs. For
example, CNV of the glutamate receptor family is linked to ASDs in various studies (Cusco
et al., 2009; Serajee et al., 2003). Recent microarray studies suggest circadian rhythm
dysfunction may be seen in severe autism (V. W. Hu et al., 2009). Glutamate is important in
circadian rhythm signaling (canonical pathway with the second highest ratio of input genes),
through N-methyl-D-aspartic acid (NMDA) receptor activation.

3.2 Generation of genomic data-based gene networks

Next, we attempted to re-engineer the gene networks through functional genomic evidence-
based gene retrieval. All were derived from recent whole-genome genetic and genomic
studies, namely, GWAS (Ma et al., 2009; Ronald et al., 2010; Wang et al., 2009; Weiss et
al., 2009) CNV (Pinto et al., 2010) and transcriptome studies using lymphablastic cells
(Valerie W. Hu et al., 2009). Four genes including cadherin (CDH9), cadherin 10 (CDH10),
semaphorin 5A (SEMA5A), taste receptor, type 2, member 1 (TAS2R1) were significantly
associated with ASDs in GWAS studies. These genes were all located in close proximity on
chromosome 5p14 (CDH9/10 at 5p14.1; SEMASA/TAS2R1 at 5p14.2). Similar functional
relationships were identified in our phenotypic feature-based networks. These included
axonal regulation by SEMA5 (network 3 and 15, Supplementary Fig. S1) and cell adhesion
function by CDH9/10 (network 14, Supplementary Fig. S1). Due to the limited number of
genes identified in GWAS studies, we were not able to construct gene networks. However,
by utilizing implicated gene functions we identified functions in our gene network
“phenotypic observation” dataset. For example, SEMASA is involved in axonal guidance
and connections; this pathway may affect the formation of functional synapses?®. As
mentioned previously, our results indicated synaptic dysfunction could be an etiologic
mechanism in ASDs; this was supported by identification of altered synaptic cell-adhesion
function in NLGN3 and NLGN4 mutations (Kumar & Christian, 2009). Altered adhesion
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function was also associated with other GWAS genes CDH9/10. Therefore, dysregulated
synaptic connection and/or adhesion may be a key feature in ASDs.

To analyze the qualitative nature of CNV dataset, we developed the CNV-centric Node
Network (CNN) method to depict gene network clusters based on significant genetic
association with biological functions and functional genomic data (Supplementary Fig. S3).
This allowed a dynamic representation of CNV data as compared to the conventional static
data presentation format. CNV genes that were significant in functional clusters were
compared to published expression data in an effort to relate it to their amplification or
deletion status. A total of 270 known genes showed unique CNVs with significant combined
p-values in ASDs patients (Fig. 3A, supplementary table. 2). CNN revealed seven functional
clusters. Some were noted in our level 1 analysis. For example, synaptic transmission and
neural system function represented by neurexin 1 (NRXN1), dystrophin, discs, large
(Drosophila) homolog-associated protein 2 (DLGAP2) and interleukin 1 receptor accessory
protein-like 1 (LIRAPL1) appeared in a CNN sub-cluster, further supporting its functional
importance in ASDs (Fig. 3B). Importantly, this cluster was predominantly associated with
male populations (Triangular nodes).

We examined whether there was any association between data from genetic and
transcriptional analysis. To reduce the bias from different data sources, re-normalized
microarray expression data from ASDs studies were applied to the CNN clusters for
correlation calculation (See methods). Although we did not observe significant relationships
in the majority of CNN clusters, concordant CNV characteristics and expression patterns
were found in some CNN sub-clusters within mapped pathways. Genes showing duplication
and increased expression patterns were found in the PTEN/TSC1/FMRL1 signaling cluster,
whereas genes with deletions and reduced expression were related to the mTor/PI3K
signaling pathways. Both clusters contained CNVs that were primarily related to inherited
mechanisms (>70%, Fig. 3C), whereas de novo CNV associated clusters were also found in
TNF-related pathways (>70%).

3.3 Comparison of phenotype and genomic data-based gene networks

Other than genetic-expression analysis by CNN, we also compared ASDs expression-gene
networks to the gene networks derived from phenotypic features as determined by IPA. We
identified common regulatory pathways or nodes that were shared by both. TNF, NF-xB
complex and beta-estradiol related pathways were commonly present in one of the networks
from both levels (Fig. 4). TNF decreases serotonin transporter function; since serotonin
related pathways had been correlated with the phenotype and gene-derived networks, this
would be an expected outcome. We were not surprised to see NF-«xB as a potentially
relevant molecule because it is a universal transcription factor involved in numerous cellular
processes. But we were intrigued to see beta-estradiol related effects. It is a molecule that
was suggested by IPA after assembling the input gene data relationships. Beta-estradiol is
involved in neuroprotective and neurotropic functions of central nervous system (CNS) that
are mediated by estrogen receptor signaling cascades. It activates key signaling pathway
candidates identified in this study, such as PI3K and MAPK pathways that are important in
neuronal survival. It may be formed from prenatal testosterone and has been reported to
promote male-typical behavior (Collaer & Hines, 1995). Whether it relates to the higher
male prevalence in ASDs is not clear.

4. Conclusions

Our gene network approach provides an innovative method to dissect the molecular
mechanisms of ASDs. Curated gene network and CNN analysis of different published
approaches permits formulation of a comprehensive overview of cellular regulation, and
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provides a framework, beyond the traditional approach, based on a disease-derived method
using OMIM and GeneCards to understand the complexity of ASD26, Our results in this
analysis of ASDs identify vast interactions far more complex than previously reported. The
large number of non-overlapping gene networks revealed in this study may reflect the
heterogeneity of ASDs (Table. 2). This approach may be useful to dissect the molecular
mechanisms operative in autism. Development of a more comprehensive molecular atlas of
ASDs requires integration of other lines of molecular evidence, such as protein-DNA/RNA
interactions, protein-protein interactions, RNA-RNA interactions, and others. Epigenetic
modifications of DNA/histone through methylation or acetylation may be important players
in the pathogenesis of autism since they can act trans-generationally, and interact with
metabolites and various environmental factors. This study is a beginning effort to prioritize
molecular interactions and requires follow-up experimentation for validation. The real
challenge is to find the meaningful and important connections derived from the networks by
careful design of in-vitro and in-vivo experiments.
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Refer to Web version on PubMed Central for supplementary material.
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Venn Diagram-phenotypic features

Repetitive behaviour (8)

0 Social dsorder (35)

Obsessive disorder (74)

134
Mental retardation (98)

Imparied communication (146)

Figure 1.
Venn diagram on genes derived from ASDs phenotype features through clinical

observations. Genes related to corresponding phenotypic features were retrieved from

Page 11

HuGO, GeneGO and Ingenuity databases (See methods, Supplementary Table 1). To look
for genes commonly represented in these features, gene symbols associated with each ASDs

features were compared using Venn diagram approach to examine the overall gene
distribution pattern in ASDs.
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Figure 2. Phenotype-derived gene network example
(A and B) Trace on symptoms and cellular function from network 1 of the seventeen
networks is presented. The network contained four the clinical criteria defined in
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Supplementary Table 1, and shows the corresponding contribution in the network.
Importantly, cellular functions showed multiple network node involvements (blue line
traces). This allows better understanding of underlying signaling contribution and associated
symptoms in a given cellular function or disease.
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Figure 3. CNV-centric Node Network (CNN) analysis on ASDs genetic data

CNV-centric Node Network (CNN) analysis on ASDs genetic data. (A) Overview of CNN
network. Significant association between CNV and expression data were constructed
through incorporating molecular interaction network and pathway information. CNVs with
affected males only were shown in the nodes as triangles, while female was circles. The size
of node corresponds to the number of cases observed in the CNV data. Mixed sexes were
shown as hexagons. Red nodes suggested expression is up while, yellow is down. Legends
are provided in the supplementary figure. (B) Significant function contained in the CNN
gene network cluster shows gene functions and (C) individual signaling clusters with
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consistent up (mTor/PI13K) or down-regulation (PTEN/TSC1/FMR1) of gene expression.
Gene nodes legend for CNN can be found in Supplementary Fig. 3.
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Figure 4. Comparison of phenotype and expression data derived network

Comparison of phenotype and expression data derived network. Gene networks generated
from phenotype data and transcriptome data were compared to identify regulators commonly
involved in both approaches. TNF, beta-estradiol and NF-kappaB related signaling pathways
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were present in both analyses. (A) Network 1 and (B) network 2 demonstrated distinctive
gene neighbors potentially regulated by these three regulators.
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Table 1

PhenotvDic observations of A5D patients

Crespietal. | Geschwindetal. | Rennert et al.

Impaired social interaction

Repetitive behavior

Obsessive behavior

Impaired communication

Intel ectua disability

Sensory abnormalities

Restricted interests

* * *
* * *
* *
* * *

*
N.D= Wot determined.
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