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Abstract
Autism spectrum disorders (ASD) are pervasive neurodevelopmental disorders that affect an
estimated 1 in 110 individuals. Although there is a strong genetic component associated with these
disorders, this review focuses on the multi-factorial nature of ASD and how different genome-
wide (genomic) approaches contribute to our understanding of autism. Emphasis is placed on the
need to study defined ASD phenotypes as well as to integrate large-scale ‘omics’ data in order to
develop a “systems level” perspective of ASD which, in turn, is necessary to allow predictions
regarding responses to specific perturbations and interventions.

Autism is among the most enigmatic disorders of child development in that it impacts a
broad range of functions and exhibits considerable heterogeneity in its behavioral and
physiological manifestations. Defined behaviorally, the 3 core functions affected are
centered on social understanding and reciprocity, language acquisition and usage, and
restricted interests often coupled with stereotyped, repetitive behaviors (American
Psychological Association, 1994; Freitag, Staal, Klauck, Duketis, & Waltes, 2010; Volkmar
et al., 1994). Although demonstrated to be highly heritable by twin and family studies
(Bailey et al., 1995; Bolton et al., 1994; Folstein & Rutter, 1977; Hallmayer et al., 2002;
Ronald et al., 2006), there is currently no gene or group of genes that can be used as
biomarkers for diagnostic screening nor have genes been identified that clearly describe the
etiology of autism. Thus, autism is generally regarded as a spectrum of disorders, which
includes severe, classic autism as described by Kanner (1944), pervasive developmental
disorders-not otherwise specified (PDD-NOS), and Asperger’s Syndrome, which is the
mildest form described by Asperger (1944) with no cognitive impairment or language delay.
Current assumptions are that autism spectrum disorders (ASD) may arise from different
etiologies (Geschwind & Levitt, 2007), each of which is likely to be multigenic, or a
disorder resulting from cumulative and multigenic risk factors (Jones & Szatmari, 2002).

Due to the expected multigenic nature of ASD, identification of causal genes through
classical genetics approaches has been largely unsuccessful, with the exception of genes for
syndromic disorders associated with autism (Benvenuto, Manzi, Alessandrelli, Galasso, &
Curatolo, 2009), such as Fragile X (Y. Feng et al., 1995), tuberous sclerosis (Smalley,
1998), Retts (Amir & Zoghbi, 2000; Kim & H., 2000; Van den Veyver & Zoghbi, 2001),
and Smith-Lemli-Opitz Syndrome (Kelley, 2000). However, the sequencing of the human
genome has ushered in a new era of genetic analyses in which the whole genome can be
efficiently screened for thousands of variations at once. In addition, similar large-scale
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genomic approaches (Chen, Jorgenson, & Cheung, 2009; Hawkins, Hon, & Ren, 2010),
typically using microarray platforms, have been developed for genome-wide investigations
of differences in gene expression (called transcriptomics) between and among individuals
with ASD and unaffected individuals as well as regulatory or epigenetic mechanisms that
control gene expression (epigenomics). Whereas each type of genome-wide analysis yields a
wealth of information, integration of such information is expected to provide a more
comprehensive level of understanding of ASD. Finally, given the likely genetic
heterogeneity underpinning ASD, it is clear that progress in defining the genetic
contributions to the etiologies of ASD as well as the pathobiology underlying different ASD
symptoms must rely, at least in part, on the subdivision of the autistic population into more
homogeneous subgroups or “phenotypes”, based upon similarity of the behavioral symptoms
on which the diagnosis rests or on defined biological parameters, such as a measurable
changes in brain structure and neuronal circuitry, which are ultimately responsible for many
of the behaviors associated with ASD.

In this review, I describe the large-scale genomics approaches that are required to construct
a molecular framework for a “systems level” of understanding of the molecular bases as
well as pathological mechanisms of autism. In addition, I emphasize how the integration of
genomic approaches, as well as the separation of ASD phenotypes, is necessary to identify
and prioritize candidate genes for further study. Finally, I describe the impact of sex
hormones on a novel candidate gene for ASD as an example of how gene by environment
(G × E) interactions may give rise to the higher levels of testosterone that has been
associated with autistic traits (Auyeung, Taylor, Hackett, & Baron-Cohen, 2010) as well as
introduce the higher male:female sex bias in autism.

Integrative genomics: Constructing a molecular framework for a “systems
level” understanding of autism

Since the first drafts of the human genome were published in 2001 (Lander et al., 2001;
Venter et al., 2001), the term “genomics” has been widely used in the scientific literature. In
its broadest definition, “genomics” is the “study of all of the nucleotide sequences, including
structural genes, regulatory sequences, and noncoding DNA segments, in the chromosomes
of an organism” (The American Heritage Medical Dictionary, 2007). Thus, genomics
encompasses not just the study of structural (or sequence) variation in deoxyribonucleic acid
(DNA), the heritable genetic material, but also the study of all of the regulatory factors that
control the expression of genes, including epigenetic mechanisms and the environment.
Figure 1 illustrates these factors in a hierarchical representation in which each level may
influence the level or levels below. For example, a particular phenotype of ASD (i.e., that
which is observable as a set of behaviors or symptoms reflecting aberrant neural circuitry) is
the likely result of gene expression, or ribonucleic acid (RNA) levels, in the brain as well as
other tissues in the affected individual. The expression profile, in turn, is a reflection of the
aberrant developmental trajectory or end-stage pathology associated with the specific
phenotype. Indeed, differentially expressed genes between individuals with and without
autism have been demonstrated to affect metabolic and signaling pathways as well as
cellular processes, such as cell migration and synapse formation, which are known to be
disrupted in autism (as reviewed by Persico and Bourgeron, 2006). However, the pattern of
gene expression is dictated by both genetic and epigenetic factors, which also exert
reciprocal influences on each other. Whereas genetic factors involve the sequence of
nucleotides in DNA which may have a direct impact on protein structure or gene
transcription, epigenetic factors, which include DNA methylation, histone modification,
chromatin remodeling, and microRNA expression, regulate the extent to which the genes are
turned on or off, often in a coordinated manner. Crosstalk between genetic and epigenetic
factors includes mutations in DNA which may affect epigenetic modifications, or
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aberrations in epigenetic mechanisms that result in abnormal chromatin structure leading
ultimately to dysregulation of genes.

The least understood of all the factors contributing to autism are environmental triggers,
which include not just external factors (e.g., drugs, toxins or pesticides), but also intrinsic
biological factors, such as hormones or inflammatory mediators, to which a fetus may be
exposed in utero, which in turn can interact with susceptibility genes to produce an ASD
phenotype. Such factors may exert their effect on gene expression and thus phenotype
through either a genetic or epigenetic mechanism or both. A “systems level” of
understanding of autism requires the integration of information pertaining to all of the
above-mentioned factors contributing to ASD with the ultimate goal of being able to predict:
1) how perturbation in one or more of these factors might result in a particular ASD
phenotype, and 2) how pharmacological or other therapeutic intervention might reverse or
ameliorate a specific deficit.

The remaining sections of this review first address the rationale for developing a phenotypic
approach to studying autism, and then summarize recent findings in each of the fields
encompassed by genomics, demonstrating where possible how the integration of different
types of ‘omics’ data can enhance our understanding of the pathophysiology of this complex
neurological disorder.

Rationale for a phenotypic approach to studies of ASD
There have been many attempts to subdivide autistic individuals according to a variety of
different symptoms in order to obtain more homogeneous subgroups of individuals for
genetic and other biological analyses. Some studies employ categorical subdivision of
affected individuals, for example, separating those who have exhibited regression (e.g., loss
of acquired language or social skills), from those who exhibited early onset of autism
without regression. Using this approach to subdivide autistic individuals for gene expression
analyses of their blood lymphocytes, Gregg et al. (2008) demonstrated that a set of genes
involved in natural killer (NK) cell cytotoxicity was shared among the different ASD
phenotypes. Inasmuch as ASD is a complex disorder exhibiting a wide variety of different
symptoms, other studies employed data from the Autism Diagnostic Interview-Revised
(ADI/ADI-R), Autism Diagnostic Observation Schedule (ADOS), as well as other test
instruments and clinical observations to identify distinct, phenotypic components within the
ASD spectrum (Lord, Leventhal, & Cook Jr., 2001; Nurmi et al., 2003; Rapin, Dunn, Allen,
Stevens, & Fein, 2009; Silverman et al., 2001; Stevens et al., 2000; Tadevosyan-Leyfer et
al., 2003; Tanguay, Robertson, & Derrick, 1998). One study, which analyzed 98 items on
the ADI/ADI-R assessment instrument from 292 individuals, identified six clusters of
variables that included spoken language, social intent, compulsions, developmental
milestones, savant skills, and sensory aversions (Tadevosyan-Leyfer et al., 2003). By
selecting for the "savant skills" phenotype, Nurmi et al. (2003) further demonstrated greatly
increased linkage to chromosome 15q11-q13 relative to that obtained with an unsegregated
ASD population. Similarly, incorporating language phenotypes into linkage analyses
highlighted markers on chromosome regions 7q and 13q (Bradford et al., 2001). However,
these loci were not replicated in an independent study focused on language-related
endophenotypes (Spence et al., 2006). As an alternative approach to reducing heterogeneity,
some studies have stratified individuals with autism dimensionally by quantitating severity
of a particular symptom. For example, stratifying the ASD population according to the
severity of repetitive behavior allowed quantitative correlations with altered sensitivity of
the 5-HT (serotonin) 1d receptor, as manifested by sumatriptan-elicted growth hormone
response (Hollander et al., 2000). Dimensional stratification also allows for inclusion of
endophenotypes in quantitative trait analyses of genotyped individuals which increases the
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power of associating a genetic variant with a particular trait. Using this approach, several
studies show that quantitative trait loci (QTL) can be clearly associated with social,
language-impaired, and nonverbal communication-impaired endophenotypes of ASD
(Alarcon, Yonan, Gilliam, Cantor, & Geschwind, 2005; Chen, Kono, Geschwind, & Cantor,
2006; Duvall et al., 2007).

In order to identify phenotypic groups for gene expression profiling, Hu and Steinberg
(2009) applied novel multiple clustering algorithms to 123 item scores from the ADI-R
diagnostic instrument. This resulted in the identification of 4 ASD subgroups based on
severity profiles across the ADI-R items used in this analysis. These subgroups included: 1)
individuals with severe language impairment (defined by high severity scores on items
related to “spoken language”), 2) those of moderate severity with a notably higher frequency
of savant skills (defined by high scores on items related to “savant skills”), 3) those with a
mild phenotype (~40% with a clinical diagnosis of Asperger’s Syndrome or PDD-NOS), and
4) those of an intermediate phenotype with neither severe language impairment nor notable
savant skills. Figure 2A illustrates the results of phenotype clustering using ADI-R scores,
whereas Figures 2B and C show the results of gene expression analyses in lymphoblastoid
cell lines (LCL) derived from lymphocytes of individuals selected from different phenotypic
clusters (Hu, Sarachana et al., 2009). Aside from demonstrating the distinction of at least 3
of these ASD phenotypes by gene expression analyses (Figure 2D), Hu, Sarachana et al.
(2009) discovered that genes involved in circadian rhythm were prominent among those
differentially expressed only in LCL from individuals with severe language impairment,
demonstrating the value of subtyping by symptomatic profiles. This observation is
particularly relevant in that it has been reported that sleep disturbances are prevalent in
ASD, particularly among those with more significant language deficits and epilepsy
(Malow, 2004). Similar application of phenotyping and quantitative trait analyses to
genome-wide genetic (genotype) data also proved to be valuable in identifying ASD
subtype-associated single nucleotide polymorphisms (SNPs), some of which were replicated
in different subtypes (see Figure 2E) (Hu, Addington, & Hyman, 2011). Thus, a strong
argument can be made for subtyping ASD subjects according to phenotype or severity
within a specific domain as well as for including related individuals without a clinical
diagnosis but expressing the “broad autism phenotype” (Piven, 2001) or a relevant
“endophenotype” (trait) (Gottesman & Gould, 2003) in genetic and molecular analyses. By
reducing the variability in this heterogeneous population, phenotypic or dimensional
approaches are expected to enhance sensitivity with respect to the identification of genes and
pathways contributing to, or associated with, the pathobiology of a specific behavioral or
symptomatic phenotype of ASD, which may be amenable to therapy.

Transcriptomics: Large-scale gene expression profiling
In comparison to genome-wide association or linkage analyses, there have been
considerably fewer large-scale or genome-wide analyses of gene expression (RNA levels) in
autism. The first such study was conducted with post-mortem brain tissues which revealed a
set of 30 differentially expressed genes in the cerebellum of individuals who had been
diagnosed with ASD vs. age-matched controls, which included 2 genes of the glutamate
excitatory system (Purcell, Jeon, Zimmerman, Blue, & Pevsner, 2001). To explore the
possibility that differential gene expression could also be detected in peripherally-derived
cells from individuals with or without autism, Hu, Frank, Heine, Lee, and Quackenbush
(2006) performed gene expression analyses on LCL from monozygotic twin pairs that were
discordant in diagnosis of autism. This study design was used because identical twins who
share the same genotype increase the power to identify differentially expressed genes that
may be responsible for the discordant phenotype. This study revealed significant differences
(≥ 1.5-fold) in gene expression levels between the co-twins, with many of the genes known
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to be involved in nervous system development and function. These included genes such as
ROBO1, EGR2, and CHL1 that are involved in neurite extension and migration as well as
genes that are involved in neuronal development and survival (e.g., DAPK1, HOXB2,
IL6ST, NTRK2). Aside from demonstrating the diagnostic potential for identifying
expressed biomarkers for autism in peripheral (non-neuronal) tissues, these findings also
strongly suggested the involvement of epigenetic mechanisms in autism, since the genotypes
(DNA sequences) are the same for identical twins.

Other genome-wide expression analyses using either LCL or primary lymphocytes have
revealed the involvement of natural killer (NK) activity in autism (Baron, Liu, Hicks, &
Gregg, 2006; Gregg et al., 2008) as well as semaphorin 5A (SEMA5A), a gene involved in
axon guidance (Melin et al., 2006). The possible involvement of NK activity is important
because NK cells are part of the innate immune system which is apparently activated in the
brain tissues of some individuals with autism (Vargas, Nascimbene, Krishnan, Zimmerman,
& Pardo, 2005). Another study investigated gene expression profiles of LCL from
individuals exhibiting autism-related disorders with known genetic etiology, specifically,
Fragile X syndrome and 15q11-q13 duplication (dup15) in order to gain insight into genes
that are possibly also dysregulated in “idiopathic” (of unknown cause) autism (Nishimura et
al., 2007). This study identified 68 shared differentially expressed genes between the two
disorders, and further showed that 2 of the genes identified in their study were also
differentially expressed in the LCL from male sib pairs who were discordant for idiopathic
autism. With respect to expression profiling of idiopathic autism, Hu, Nguyen, Kim,
Steinberg, Sarachana, et al. (2009) recently reported in a study of case-control sib pairs that,
aside from genes involved in nervous system development and function, genes involved in
steroid hormone biosynthesis and immune function were also differentially expressed.
Dysregulation of hormone biosynthesis may be responsible for some of the systemic
problems (e.g., sleep disturbance, gastrointestinal and immune disorders) associated with
autism (Cohly & Panja, 2005; Johnson & Malow, 2008; Jyonouchi, Geng, Ruby, &
Zimmerman-Bier, 2005; Pardo, Vargas, & Zimmerman, 2005; Valicenti-McDermott et al.,
2006).

Coupling gene expression to ASD phenotype
In a larger study involving unrelated case-controls in which individuals with ASD were
divided into subtypes by cluster analyses of ADI-R scores, Hu, Sarachana et al. (2009)
demonstrated that, dependent on ASD phenotype, hundreds to thousands of genes were
differentially expressed relative to non-autistic controls (see Fig. 2D). Of particular interest
were the circadian rhythm genes that were associated only with the subtype with severe
language impairment. This finding is of interest because circadian rhythm controls daily
physiological activities such as sleep and digestive functions, which are often disturbed in
individuals with ASD (Johnson & Malow, 2008). The 20 noncoding transcripts that were
found to be differentially expressed among all ASD subtypes relative to controls are
particularly intriguing because many of these transcripts were found to be responsive to
dihydrotestosterone (a potent metabolite of testosterone), further implicating the
involvement of the sex hormones in ASD. As noncoding transcripts do not code for proteins,
it is possible that these transcripts may have regulatory functions that are impacted by male
hormones. It was also noteworthy that some genes exhibited expression levels that were
directly or inversely related to the severity of the phenotype (see Fig. 2C), further suggesting
the relevance of these genes to ASD. By associating with severity of autism, transcript
abundance may be considered an intermediate quantitative trait connecting genetic variation
to behavioral phenotypes of autism. Thus, expression quantitative trait loci (eQTL) analyses
may be useful in identifying functionally relevant genetic polymorphisms.
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Genetics: The value of quantitative traits and subtyping in the analyses of
genome-wide genetic data

Epidemiological studies demonstrating the high heritability of autism (estimated at 60–90%
based on concordance rates between monozygotic and dizygotic twins) have long implicated
genetics as a major contributing factor towards ASD (Folstein & Rutter, 1977). Recently,
genome-wide approaches have been used in an attempt to identify genetic variants or SNPs
that are either causal for, or strongly associated with, autism. However, these efforts have
been hampered in part by the aforementioned heterogeneity within the autistic population,
resulting in the identification of relatively few significant and reproducible SNPs that are
associated with ASD. Because genetics and genome-wide association studies (GWAS) of
ASD are discussed by Connolly et al. elsewhere in this issue, I will confine my discussion
here to a recent study by Hu, Addington, and Hyman (2011) which reported 18 novel and
highly significant SNPs that are associated with 4 subtypes of ASD that were identified by
cluster analyses of ADI-R scores as described above. This study involved a reanalysis of
published GWAS data (Wang et al., 2009) and incorporated both quantitative trait and
subtype-dependent association analyses to identify SNPs associated with ASD (Hu et al.,
2011). Selected ADI-R item scores from a subset of the individuals genotyped in the original
study were first used to derive quantitative traits for deficits in language, nonverbal
communication, play skills, and social development, as well as for insistence on sameness.
Quantitative trait association analyses were then performed to identify SNPs that associated
with these five quantitative traits. These analyses resulted in the identification of 167 unique
SNPs out of the 513,312 SNPs on the array that survived quality control tests. These SNPs
or quantitative trait loci (QTL) were then used in case-control genetic association analyses in
which individuals with ASD were either combined into one group or divided by subtype as
described above. Whereas no significant SNPs emerged from the analysis of the combined
group of individuals with ASD vs. unaffected individuals, 18 novel SNPs were identified
across the 4 ASD subtypes, with 10 of the SNPs associated with two and, in one case three,
subtypes (Fig. 2E). The odds ratios for the shared SNPs which are related to the relative risk
for ASD were different for the different subtypes, further suggesting genetic heterogeneity
among the subtypes. This study thus demonstrates the increased statistical power to identify
significant common genetic variants when the heterogeneity of the individuals tested is
reduced by subtyping. Interestingly, all of the significant SNPs are located in nonexonic
regions of the DNA, which means that they do not affect protein structure and suggests that
they may instead play a role in gene regulation.

However, it is important to keep in mind that the candidate genes identified through such
analyses are still only “guilty by association.” Gene knockdown or overexpression studies in
appropriate animal models are still necessary to prove causation of specific ASD symptoms
and behaviors.

Epigenomics of autism: Seeking answers beyond genetics
Epigenomics refers collectively to the epigenetic mechanisms operating on the genome to
regulate gene expression and, ultimately, the phenotype of the organism. This includes
regulation by DNA methylation, histone modification, chromatin remodeling, and
microRNA expression, all of which have been shown to be important to nervous system
development and function (Chuang & Jones, 2007; J. Feng & Fan, 2009; Hsieh & Eisch,
2010; Martino, Di Girolamo, Orlacchio, Datti, & Orlacchio, 2009; Mill et al., 2008). So far,
there have been relatively few studies on the epigenetic mechanisms involved in autism,
although disorders of imprinting (that is, DNA methylation dependent on parent-of-origin)
such as Angelman and Praeder-Willi Syndromes which can give rise to some autistic
features, implicate methylation anomalies. As mentioned earlier, both behavioral as well as
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gene expression studies on discordant monozygotic twins are highly suggestive of epigenetic
factors in ASD (Bailey et al., 1995; Folstein & Rutter, 1977; Hallmayer et al., 2002; Hu et
al., 2006; Le Couteur et al., 1996). However, there are only a handful of studies to date that
specifically focus on epigenetics of autism, recently reviewed in Grafodatskaya, Chung,
Szatmari, & Weksberg (2010). One such study is that of Nagarajan et al. (2008) which
demonstrated increased promoter methylation in the MeCP2 gene that correlated with
reduced expression in the frontal cortex of males with autism. Mutations in MeCP2, a
methyl-CpG binding protein that is itself a mediator of epigenetic modulation, are causal for
Retts Syndrome, which may also be associated with autism (Benvenuto et al., 2009). A more
recent study demonstrated methylation differences in the oxytocin receptor gene, OXTR, in
both peripheral blood cells and post-mortem temporal cortex that correlated with a diagnosis
of ASD (Gregory et al., 2009). OXTR has also been implicated in ASD by family-based
association analyses involving the Chinese Han population (Wu et al., 2005) and more
recently, by association studies involving Caucasian children and adolescents (Jacob et al.,
2007; Yrigollen et al., 2008). With respect to ASD phenotype, the OXTR as well as its
ligand, oxytocin (OXT), have been shown to be critical for social cognition, as revealed by
OXTR-deficient (Takayanagi et al., 2005) and OXT knockout animal models (Crawley et
al., 2007; Winslow & Insel, 2002).

Global methylation analysis reveals a novel ASD candidate gene
To more fully explore the contributions of DNA methylation to gene expression in autism,
Nguyen et al. (2010) conducted a global methylation analysis of LCL from discordant
monozygotic twins and sib pairs, and compared the differentially methylated genes with the
differentially expressed genes from the same samples (Hu et al., 2006; Hu et al., 2009). This
study revealed an overlapping set of genes that exhibited increased methylation and reduced
expression. Figure 3 shows a gene interaction network that reveals the inter-relationships
between these genes and processes associated with ASD. Further analyses confirmed two of
the genes in the network, RORA and BCL2, as being both differentially methylated and
expressed. While BCL2 is a gene that is important for cell survival, RORA (retinoic acid-
related orphan receptor alpha) is a nuclear transcription factor that plays a critical role in
cerebellar development as well as other functions known to be impaired in ASD. It is
particularly interesting to note that both RORA and BCL2 proteins were reduced in the post-
mortem cerebellum (also frontal cortex for RORA) of individuals with ASD vs. age-
matched controls (Nguyen et al., 2010), demonstrating linkage between these molecular
alterations in a peripheral tissue and the brain.

Relevance of RORA to the pathophysiology of autism
Whereas reduction of BCL2 protein has been previously reported in the post-mortem brain
of individuals who had been diagnosed with ASD (Fatemi & Halt, 2001; Fatemi, Stary, Halt,
& Realmuto, 2001), RORA is a novel ASD candidate gene with important functions related
to the pathology observed in autism. RORA was originally identified as a spontaneously
mutated gene that is causal for the mouse staggerer phenotype (Dussault, Fawcett,
Matthyssen, Bader, & Giguère, 1998; Steinmayr et al., 1998). Using the mouse model,
RORA was shown to be critical for Purkinje cell differentiation (Doulazmi et al., 1999;
Hadj-Sahraoui et al., 2001) and cerebellar development (Gold et al., 2003; Harding, Atkins,
Jaffe, Seo, & Lazar, 1997). It is notable that Purkinje cell deficiency is one of the earliest
reported and most consistent neuroanatomical abnormalities in autism (Palmen, van
Engeland, Hof, & Schmitz, 2004). RORA also plays a neuroprotective role against oxidative
stress (Boukhtouche et al., 2006) and inflammation (Delerive et al., 2001). These functions
are significant as there is evidence for both increased oxidative stress (Chauhan & Chauhan,
2006) and inflammation in the brains of at least some individuals with autism (Pardo et al.,
2005). RORA is also a regulator of circadian rhythm (Akashi & Takumi, 2005; Sato et al.,

Hu Page 7

Child Dev. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2004), the disruption of which has been implicated not only by gene expression studies on
ASD phenotypes (Hu, Sarachana et al., 2009), but also by an increasing number of genetic
studies (Melke et al., 2008; Nicholas et al., 2007). Although RORA deficiency has been
studied primarily with respect to ataxia and hypotonia in the RORA knockout or staggerer
mouse models (Gold, Gent, & Hamilton, 2007), it is also associated with restricted
behaviors reminiscent of ASD, such as perseverance, limited maze patrolling (Goodall &
Gheusi, 1987), reduced exploration (Lalonde, 1987), and anomalous spatial learning
(Lalonde & Strazielle, 2003). Thus, the study by Nguyen et al. (2010), which demonstrates
reduction of RORA in both brain tissues and LCL derived from peripheral tissues of
individuals with ASD, suggests the value of integrating epigenomics with transcriptomics in
identifying critical and novel candidate genes with functional relevance to the pathobiology
of autism.

MicroRNA expression profiling in tissues and cells from individuals with autism
Another epigenetic mechanism that has been studied to a limited extent with respect to ASD
is microRNA (miRNA) expression. MiRNAs are endogenous, single-stranded, non-coding
RNA molecules of approximately 22 nucleotides in length that negatively regulate gene
expression at both transcriptional and post-transcriptional levels (Nilsen, 2007). There is
ample evidence that miRNAs are involved in the development and function of the nervous
system (Bicker & Schratt, 2008; Fiore, Siegel, & Schratt, 2008; Kapsimali et al., 2007;
Kosik, 2006). Abu-Elneel and colleagues first reported differences in miRNA expression in
cerebellar tissues from 13 autistic and 13 age-, gender-, PMI (post-mortem index)- and
hemisphere-matched controls (Abu-Elneel et al., 2008). Although not validated, NRXN1
and SHANK3 were postulated to be potential target genes of some of the differentially
expressed miRNAs. Talebizadeh, Butler, and Theodoro (2008) also profiled miRNA
expression, but in LCL from 6 individuals with ASD and 6 age- and sex-matched
individuals. They observed 9 miRNAs to be differentially expressed between the individuals
with ASD and controls, with the majority of the miRNAs having predicted gene targets that
had been previously identified as candidate genes for ASD by genetic analyses.
Interestingly, 4 out the 9 miRNAs overlapped with those identified by the Abu-Elneel study,
indicating that differentially expressed brain-related miRNAs can also be differentially
expressed in LCL.

In a recent study involving miRNA expression profiling of LCL from discordant
monozygotic twins and sib pairs, Sarachana, Zhou, Chen, Manji, and Hu (2010) also
observed differentially expressed brain-specific and brain-related miRNAs, in addition to
several that are induced by neuronal differentiation. Moreover, by overlaying previously
obtained gene expression data from the same samples (Hu et al., 2006; Hu, Sarachana et al.,
2009) onto predicted targets of the 49 differentially expressed miRNAs, Sarachana et al.
(2010) were able to identify genes that are likely to be regulated by miRNAs in autism. They
further validated two of the miRNA target genes (ID3 and PLK2) by miRNA overexpression
and knockdown studies, respectively. These genes are involved in circadian rhythm
signaling as well as synaptic modulation, a recurrent biological theme in ASD. To
summarize, this study once again demonstrates the value of integrating different types of
large-scale genomic data in order to obtain a clearer picture of the intricate gene regulatory
mechanisms involved in this complex developmental disorder.

Environmental contributions to autism
“Environment” as used here means any factor or agent that is not part of the genome per se.
Thus, it includes intrinsic factors, such as hormones, inflammatory mediators, and other
biological molecules that may make up the microenvironment around a developing fetus or
neonatal brain as well as extrinsic factors such as environmental pollutants, drugs, and food
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additives that may have an impact on maternal, fetal, or neonatal tissues. Whereas there is
much debate regarding the contribution of various environmental factors to autism, there are
few rigorous experimental studies that prove or disprove the causal nature of such factors.
Much of what we currently know about environmental contributions to ASD comes from
epidemiological studies that associate the occurrence of ASD with prenatal exposure or
conditions. This information is complemented by a few studies with animal models exposed
to suspected environmental agents or conditions. Landrigan (2010) described the
environmental contributions to autism in a recent review.

Epidemiological studies
There is cumulative evidence from epidemiological studies that fetal exposure to alcohol or
the drugs thalidomide (formerly used to treat morning sickness), valproic acid (VPA, an
anticonvulsant), and more recently, misoprostol (a prostaglandin analogue used to treat
gastric ulcers) are associated with increased incidence of autism (Landrigan, 2010;
Miyazaki, Narita, & Narita, 2005). As early as 1994, autism was diagnosed in 4 out of 100
cases of thalidomide embryopathy in a Swedish study (Stromland, Nordin, Miller,
Akerstrom, & Gillberg, 1994). In the same year, fetal valproate syndrome was reported to be
associated with a 50% rate of autism in 2 sibling pairs exposed in utero to VPA
(Christianson, Chesler, & Kromberg, 1994; Moore et al., 2000; Williams et al., 2001). Over
the years, additional cases of autism demonstrated that embryonic exposure to VPA carried
a risk factor of ~11% (Landrigan, 2010). While thalidomide is no longer used to treat
pregnant women, VPA is still used to treat seizures, bipolar disorder, and sometimes major
depression. However, given the elevated risk for craniofacial, skeletal, and limb
malformations as well as ASD in the developing fetus (Rodier, Ingram, Tisdale, & Croog,
1997), care must be taken to avoid treating women during pregnancy. Aside from the drugs
mentioned above, ASD has also been associated with immune activation (Vargas et al.,
2005; Patterson, 2009) or maternal infection with rubella or influenza during pregnancy
(Jones & Szatmari, 2002; Landrigan, 2010). These conditions implicate inflammation in the
microenvironment of the developing fetus as a risk factor for autism, among other
complications. What the epidemiological studies show is that environmental triggers may
play a significant role in the etiology of ASD, although little is known about the molecular
mechanisms through which these agents increase risk for ASD.

Impact of sex hormones on RORA: An example of an intrinsic
environmental trigger

As illustrated in Fig. 1, environmental triggers may impact any of the molecular processes
associated with proper expression and function of genes. Because of the reported increase in
testosterone levels in some individuals with autism as well as the strong bias towards males,
Sarachana et al. (2011) examined the effect of both male and female hormones on RORA, a
candidate gene for ASD which Nguyen et al. (2010) identified through a combination of
gene expression and methylation analyses. The former study showed that both male and
female hormones regulate the expression of RORA, but in opposite directions. The male
hormones suppress RORA, while female hormones enhance its expression. Furthermore, the
study demonstrated that RORA, a transcription factor, in turn regulates aromatase
(CYP19A1), an enzyme that is responsible for the conversion of male to female hormones.
Sarachana et al. (2011) therefore postulated that a deficiency in RORA would result in a
deficiency in aromatase, leading to the build-up of testosterone which can further inhibit
RORA expression. In fact, they observed a strong correlation between the levels of RORA
and aromatase proteins in brain tissues of individuals with autism vs. brain tissues from
unaffected individuals, with both proteins reduced in the brain tissues from affected
individuals (Sarachana et al., 2011). These results which demonstrate a specific gene by
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environment (G × E) interaction, provide a plausible molecular explanation for the
previously unexplained increase in testosterone levels in some individuals with ASD
(Auyeung et al., 2010; Ingudomnukul, Baron-Cohen, Wheelwright, & Knickmeyer, 2007).
Interestingly, RORA and the estrogen receptor (ER) are transcription factors that share a
consensus binding site on DNA (AGGTCA) and, consequently, common target genes.
Sarachana et al. (2011) therefore proposed that the existence of shared gene targets may
explain why females, with higher levels of estrogens, are less susceptible to autism. That is,
estrogens may not only protect females against autism by increasing the level of RORA
expression, but also by inducing shared target genes of RORA through ER, thus
compensating in part for RORA deficiency. The observation that RORA regulates many
genes that function at the glutamatergic synapse (Gold et al., 2003) further suggests that
deficiency of RORA will have an impact on synaptic structure and neuronal circuitry.

Connecting genes and pathways to neuronal circuitry
Although much progress has been made in recent years in the identification of genes,
pathways, and functions impacted by ASD, there is still a critical need to translate this
information into a better understanding of the defective brain circuitry that manifests
ultimately as aberrant behaviors. The growing number of ASD candidate genes clearly
converges on the synapse as a dysfunctional entity in the brain of individuals with ASD
(Geschwind & Levitt, 2007; Persico & Bourgeron, 2006). However, the picture that emerges
from the accumulated information on genes is still a static one in that we now know some of
the players, but not how they interact dynamically or over the course of development to
produce the atypical functional and structural connectivity that has been revealed by
numerous neuroimaging studies of individuals with ASD, as described in recent reviews
(Anagnostou & Taylor, 2011; Minshew & Keller, 2010). Clearly, there is a pressing need to
study the trajectory of genomic changes across both normal and ASD-impacted brain
development and to integrate this information with changes in neuronal circuitry and
structure that can be studied through a variety of brain imaging methods (Anagnostou &
Taylor, 2011).

Summary
This review demonstrates the value of defining phenotypes for genomic analyses of ASD
and of integrating the different types of large-scale genomic data to provide a more
comprehensive picture of the underlying biological deficits of ASD which are the likely
results of an aberrant developmental trajectory or end-state pathology. Identification of these
altered pathways and functions in cells and tissues from individuals with ASD is expected to
provide a better understanding of the pathobiology of ASD. In turn, this knowledge of the
biological underpinnings of autism is important to the identification of novel therapeutic
targets and interventions that will hopefully improve the long-term outcomes of the nearly
one in 110 individuals affected by this pervasive, yet fascinating, developmental disorder.
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Fig. 1.
A Hierarchical View of the Multiple Factors That Cause, or Affect Risk for, Autism. In this
view, the components of each level can influence those below.
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Fig. 2.
Linking Gene Expression and Genetic Profiles to ASD Phenotypes.
A) Identification of ASD phenotypes by cluster analyses of 123 severity scores from the
ADI-R diagnostic instrument described by Hu and Steinberg (2009). The figure shows the
results of a principal components analysis of ADI-R scores from 1351 autistic individuals as
reported by Hu et al. (2009). Each point on the graph represents an individual, with colors
corresponding to the indicated subtypes.
B) Gene expression profiling of lymphoblastoid cell lines (LCL) from the severely
language-impaired, mild, and “savant” subtypes identified in (A) and from non-autistic
controls (Hu, Sarachana et al., 2009). Note the gradient of gene expression represented by
color (red is up-regulated and green is down-regulated in comparison to a standard reference
RNA) that relates, either directly or inversely, to severity of ASD.
C) Principal components analysis of the gene expression data in (B) shows separation of the
ASD phenotypes, as defined by cluster analyses of ADI-R scores. Each point on the graph
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represents an individual with colors indicating ASD subtype, as in (A). Turquoise represents
controls without autism.
D) A Venn diagram showing the number of differentially expressed genes (RNA transcripts)
according to subtype of ASD. There are both overlapping as well as unique genes associated
with the 3 different subtypes of ASD that were studied by DNA microarray analyses.
E) Distribution of 18 novel SNPs across 4 subtypes of ASD (Hu et al., 2011). Note that 10
of the 18 SNPs are associated with more than one subtype.
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Fig. 3.
Network of Differentially Methylated and Differentially Expressed Genes. The network
shows interactions among 25 genes (circumscribed in boldface) that were found to be
differentially methylated in studies by Nguyen et al (2010) and differentially expressed in
separate studies on the same samples by Hu et al. (2006) and by Hu, Sarachana et al. (2009).
This interactive gene network was generated using Pathway Studio 5 network prediction
software and identified common biological themes, including apoptosis, cellular
differentiation, and inflammation. The analysis also revealed neurologically relevant
functions and disorders including synaptic regulation, development, and mental deficiency.
This information can be used to prioritize ASD candidate genes by function for further
testing.
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