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Abstract
Characterized by a combination of abnormalities in language, social cognition, and mental
flexibility, autism is not a single disorder, but a neurodevelopmental syndrome commonly referred
to as autism spectrum disorder (ASD). Several dozen ASD susceptibility genes have been
identified in the past decade, collectively accounting for 10–20% of ASD cases. These findings,
while demonstrating that ASD is etiologically heterogeneous, provide important clues about its
pathophysiology. Diverse genetic and genomic approaches provide evidence converging on
disruption of key biological pathways, many of which are also implicated in other allied
neurodevelopmental disorders. Knowing the genes involved in ASD provides us with a crucial
tool to probe both the specificity of ASD and the shared neurobiological and cognitive features
across what are considered clinically distinct disorders, with the goal of linking gene to brain
circuits to cognitive function.

Autism genetics: a decade of progress
In many ways, autism is a mysterious disorder, as it involves core abnormalities in social
cognition and language, both of which are central to what makes us human. Because of this,
understanding autism will have a significant impact on our basic knowledge of these
fundamental cognitive processes, in addition to the obvious critical role that such
mechanistic understanding has on therapeutic development. Until the last decade, virtually
nothing was known about the neurobiological basis of ASD. There was no consistent
neuropathology and only scant knowledge of a few causal genetic factors. The last decade
has brought an explosion of genetic findings in ASD, surpassing most other common
neuropsychiatric disorders, so that we now have knowledge of the etiology of ASD for
between 10–20% of cases. Here, I review these exciting findings with respect to what they
tell us about the genetic architecture of ASD and how this informs our mechanistic
understanding of the disorder and its relation to human brain function.

Definition and evolution of ASD
Autism is a developmental neuropsychiatric syndrome with onset before the age of three.
The fundamental conceptualization of the disorder is based on the initial observation of
Kanner in 1943 [1], where he described 11 children with autism, mostly boys with a
combination of severe social and variable language dysfunction and the presence of
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repetitive restrictive behaviors. Kanner made numerous interesting observations based on
these case studies, including the identification of large head size in about half of the subjects
and postulated a biological, genetic basis for the disorder. However, until the 1980s autism
was not considered a distinct disorder in the manuals of psychiatric diagnosis, nor was it
considered by most to be biologically based.

A major change in perspective came with the pioneering twin studies of Rutter and Folstein
that demonstrated a genetic susceptibility to the disorder, providing incontrovertible
evidence as to its biological origins [2, 3]. Over the last two decades, the concept of autism
has broadened from the strict diagnosis of autistic disorder to include those with normal
intelligence and language (Asperger syndrome) and those not quite meeting the strict
diagnostic criteria in all three domains (PDD-NOS). These diagnoses are not based on
etiology but on expert observation and assessment of behavior and cognition. So, on one
hand they can be considered arbitrary –which category one fits into depends partially on
subjective criteria. This is further emphasized by the current trend in the DSM-V (http://
www.dsm5.org/proposedrevision/Pages/NeurodevelopmentalDisorders.aspx), in which the
category of Asperger syndrome is removed and the diagnostic criteria for autism is modified
under the new heading of ASD. This change in diagnostic criteria is not based on known
similarities or differences in causation between these clinically defined categories, but rather
on the consensus opinions of expert clinicians.

Concurrently, over the last two decades, the notion that autism represents a quantitative
spectrum of impairments, rather than representing discrete disorders, has gained increasing
traction for researchers [4, 5]. From this perspective, the term autism spectrum disorders
(ASD) attempts to crystalize the notion that patients represent a clinically variable
population that suffers from pathologic levels of quantitative variation in the major cognitive
and behavioral domains that are disrupted, rather than a distinct clinical disorder. How these
two varying conceptualizations, autism as a unitary disorder, versus a spectrum of
dysfunction, relate to underlying etiologies is a key question facing the field. Furthermore,
how the clinical domains relate to underlying dysfunction in specific cognitive domains is
essentially unknown, although some clues are starting to emerge [6, 7].

Autism is a complex genetic disorder
Perhaps the biggest advance in understanding autism pathophysiology has been the
appreciation of a significant genetic contribution to ASD’s etiology. Three main areas of
evidence support a genetic etiology in ASD: Twin studies, comparing monozygotic twins
(MZ) and dizogotic twins (DZ), family studies comparing the rate of autism in first degree
relatives of affected probands versus the population, and studies of rare genetic syndromes
with a comorbid autism diagnosis. Because MZ twins share 100% of their genetic material
and DZ twins share 50% (similar to non-twin siblings) and both share in utero environment
with their twin, higher disease co-occurrence in MZ twins than DZ twins supports a genetic
etiology. This is what is observed in every twin study in ASD, overall consistent with
heritability estimates of about 70–80% [8, 9]. One exception is a very recent study with a
large sample of twins, which, despite showing a concordance of about 0.6 for MZ twins and
0.25 for DZ twins (consistent with a Falconer heritability of 0.7), comes to the conclusion
that shared environment plays a larger role than genetic factors [10]. Given that the
concordance for strict autism in DZ twins (who can be considered genetic siblings who
share the same in utero environment) is not clearly different from modern infant sibling
recurrence rates [11], how shared environment would have a more major role than genetics
is not clear. Moreover, studies in families show that first-degree relatives of autistic
probands have a markedly increased risk for autism relative to the population, consistent
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with a strong familial, or genetic, effect observed in twins [12]. This is not to dispute the
role of the environment, but to acknowledge that genes clearly play an important role.

First-degree relatives of ASD probands have an increase in behavioral or cognitive features
associated with autism, such as social or language dysfunction, albeit in lesser forms, when
compared with the population prevalence [13]. This has been called “the broader phenotype”
and includes restrictive repetitive behaviors and sub-threshold deficits in social cognition, as
well as language dysfunction [14–17]. For example, language delay is observed in a
significant proportion of non-autistic siblings of autistic probands [18, 19]. Similarly,
autistic-like social impairment clearly is heritable [20] and increased in unaffected parents
and children of autistic probands [21]. Studies using multiple measures of sub-threshold
autistic traits in population cohorts suggest that different components, separately
representing language, social function and repetitive or stereotyped behaviors contribute to
ASD [22–24]. On aggregate, these data suggest that different features of autism represent a
quantitative continuum of function that may be inherited in distinct patterns. This is
consistent with the knowledge that specific genetic factors contribute to the development
and function of specific brain structures, and that distinct brain circuits may underlie
different components of autism [25].

It has also been known for several decades that single rare medical or genetic conditions are
associated with autism. Dozens of genetic syndromes including Joubert Syndrome, Smith
Lemli Opitz, Tuberous Sclerosis, and Fragile X are known to cause autism, although many
with less than 50% penetrance [26, 27]. Although this provided strong evidence in favor of a
genetic cause for ASD, these syndromic forms were considered exceptional cases, and not
relevant for common forms of idiopathic autism because each was rare; none account for
more than 1% of ASD cases, and most are far less common [27]. Instead, similar to other
common diseases with genetic contributions, autism was thought to fit a model in which
multiple common variants, each with small to moderate effect sizes, interact with each other
and perhaps in some cases, environmental factors, to lead to autism – a situation referred to
as complex genetics [27]. In contrast to Mendelian genetics, under the complex genetic
model, specific common variants in genes increase susceptibility to ASD, but each is not on
its own sufficient to be causal (Figure 1). These same variants contribute to normal variation
in cognition and behavior in unaffected individuals, but when mixed unfortunately as they
are in the autistic proband, cause ASD. This model would explain the presence of sub-
threshold traits in non-autistic first-degree relatives, such as the siblings or parents of autistic
individuals, as they would be expected to harbor a subset of the genetic variants that cause
autism in the affected individual.

The role of rare mutations versus common polymorphisms in ASD
A series of important findings over the last four years clearly challenges the notion that
autism is mainly caused by combinations of common variants by identifying a large number
of rare, recurrent, and non-recurrent mutations that lead to ASD. At the same time, whole
genome association studies with common variants, while identifying a few loci with very
small effect sizes, have not yielded independently replicated results [28, 29]. These rare
mutations, mostly in the form of sub-microscopic chromosomal structural variation, called
copy number variants (CNV), are now known to account for up to 10% of cases of
idiopathic autism (those with no obvious clinical syndrome) [30–34]. Since many of these
CNV have large effect sizes and thus are thought sufficient to cause ASD, they are predicted
to significantly reduce reproductive fitness. Consistent with this, these causal CNV are often
not transmitted from the parent, but instead occur de novo in the germline [33, 35].
However, in some cases, such as CNV at 16p11 and 15q11-13, the CNV are transmitted
from an unaffected parent to cause the disorder in an offspring [33]. The genetic or
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epigenetic mechanism for the reduced penetrance for ASD in the mutation-carrying parent is
not known. However, it is also very likely that the parent carriers of such CNV have more
subtle neuropsychiatric or cognitive phenotypes that have not yet been systematically
identified.

One key issue in genotype-phenotype mapping in ASD is reconciling the role of causal rare
de novo variants that occur in probands and are not inherited by the unaffected siblings, with
the observations of broader sub-threshold traits in siblings. The latter suggests the role of
common variation, but as mentioned above, the genetic evidence for specific common
variants in ASD so far has been sparse. The former are major-effect genetic mutations that
are mainly observed in probands, and are therefore not expected to contribute to the broader
phenotype. In this regard, two observations may be informative. First, de novo CNV are
observed in 5–10% of ASD probands, but they are also observed in 1–2% of unaffected
controls. So all such CNV are not necessarily causal or fully penetrant [36]. From this
perspective, some CNV may be acting as complex genetic risk factors, with intermediate
effect sizes, and variable penetrance and expressivity. Such is certainly the case with 16p11
duplications, which are observed in ASD, schizophrenia, and various forms of
developmental delay [37–39] as well as Neurexin 1 CNV, which are observed in about 50%
of unaffected carriers [36], and observed across several neurodevelopmental disorders
(Table 1). Such pleiotropy and variable penetrance and expressivity is the rule, rather than
the exception (Table 1). Second, the frequency of de novo mutations is significantly lower in
multiplex (familial) cases of autism versus those with only one affected proband, so called
simplex families [30, 31, 34]. This difference in the frequency of rare de novo CNV in
families with different structures (simplex vs. multiplex) suggests that the contribution from
different types of genetic variation between simplex and multiplex autism may differ.
Recent family data based on the social responsiveness scale (SRS), which is a quantitative
measure of autism-related features heavily weighted on social factors, suggests that this is
indeed the case [40].

This discussion of rare and common genetic variants highlights an area of major tension in
autism genetic research. On one hand, the causal nature of Mendelian (recessive or
dominantly acting) mutations is fairly easy to establish, as there is essentially a strong
correspondence between the presence of a mutation and a disease phenotype. Certainly,
dominant or recessive mutations are easier to model in vitro and in vivo. At the same time,
few such variants cause autism alone, but instead may cause a wide variety of phenotypes
(variable expressivity) with or without autism, ranging from intellectual disability (ID),
epilepsy, psychosis, and global developmental delay to neurotypical [27, 41]. Thus, even for
the simpler Mendelian mutations, understanding which aspects of the phenotype observed in
a model system or a human patient relate to autism, and which may relate to more global
aspects of cognitive dysfunction, needs to be carefully established. This provides a great
opportunity for detailed phenotypic study of patients with and without autism who harbor
such rare causal mutations, so as to connect specific aspects of brain structure and function
with cognitive and behavioral phenotypes that underlie the clinical features of the disease.

Common variants, while not causal for the disease, seem to have more subtle effects,
making them harder to model in vitro or in animal models. However, perhaps because they
are common in human populations and may have more subtle or specific effects on
particular aspects of cognition and behavior, common risk variants may be easier to relate to
particular brain phenotypes or circuits in humans. This issue will be discussed below in
more detail with respect to imaging-genetic findings.

Last, it should also be emphasized that although they are often presented as dichotomous
models, the contributions of rare and common variants to ASD in an individual are not
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mutually exclusive [25]. For example, although rare de novo CNV are considered causal
mutations, it is clear that mutations may have intermediate effect sizes and variable
penetrance, as mentioned above [36, 42] so such mutations must be interacting with other
factors. Penetrance less than 50% for ASD is also observed in many Mendelian forms of
ASD, such as Fragile X, Jouberts Syndrome, and Tuberous Sclerosis, so other genetic,
epigenetic, or environmental factors must be contributing to autism causation in such cases
as well [27]. Thus, different rare variants may act as either susceptibility or strongly causal
alleles, and, in conjunction with common variation, may contribute in differing proportions
to ASD risk in individual patients [25]. Fortunately, over the next several years, whole
genome or exome sequencing if performed in large enough populations, will settle this issue
by providing an empiric assessment of the relative contributions of alleles of different effect
sizes, rare or common [43, 44].

The molecular diversity of ASD
Several recent reviews summarize the growing list of dozens of common and rare genetic
variants that have been associated with ASD at varying levels of statistical evidence [27, 41,
45–47], so I refer the reader to these reviews for comprehensive gene lists. Here, instead, I
will try to synthesize what these findings may be telling us about ASD pathophysiology at
what is still an early juncture in the search for ASD susceptibility genes.

The most obvious general conclusion from all of the published genetic studies is the
extraordinary etiological heterogeneity of ASD. No specific gene accounts for the majority
of ASD, rather, even the most common genetic forms account for not more than 1–2% of
cases [27]. Further, these genes, including those mentioned earlier, represent a diversity of
specific molecular mechanisms, ranging from cell adhesion, synaptic vesicle release and
neurotransmission, synaptic structure, RNA processing/splicing, and activity-dependent
protein translation. On one hand, this should not be surprising, as autism is defined based on
observation of cognition and behavior, not etiology. On the other hand, the diversity of
potential mechanisms and the apparent lack of specificity of mutations for ASD begs the
question as to whether ASD should even be viewed as a unitary disorder. Therefore, asking
whether the diverse genes implicated in autism might converge on common pathways
becomes an important question for understanding autism and developing new therapeutics.

Converging circuits and common pathways
Convergence of pathways may be assessed at many levels, ranging from molecular
mechanisms to brain circuitry. The earliest synthetic molecular model was based on the
notion that the primary area of convergence in ASD was the postnatal, experience-dependent
development of the synapse [48]. This was a highly productive model based on several
forms of Mendelian mutations in ASD, which has led to successful exploration of synaptic
scaffolding molecules and other synaptic genes as ASD susceptibility genes [27, 46].
Interestingly, because many mRNA for synaptic genes are alternatively spliced, and the
proteins regulated by ubiquitination, this paper was prescient in predicting alterations in
mRNA splicing and ubiquitination pathways that have since been identified [49, 50].
Nevertheless, since the synapse is integral to the function of all neurons, how the cognitive
and behavioral specificity of ASD emerges, distinct from ID or other synaptic disorders, is
not yet explained by this molecularly focused model.

Belmonte and colleagues have articulated a cogent unifying model based on imaging,
electrophysiological and anatomical data, which implicates abnormal neural connectivity
disrupting timing and information processing [51, 52]. This general model was subsequently
anatomically refined and modified to focus primarily on reduced long-range, and increased
short range frontal lobe connectivity [53]. Since the general connectivity model was

Geschwind Page 5

Trends Cogn Sci. Author manuscript; available in PMC 2013 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



proposed, many subsequent studies provide strong supporting data, including a recent study
showing weak interhemispheric functional connectivity in young toddlers with ASD [54].
This study is particularly important, as it shows altered connectivity in developing language
circuits to be an early (and thus potentially causal) feature of the disorder, which could not
be inferred from studies of older children or adults.

A more recent model, developed by Geschwind and Levitt [55], synthesizes several key
features of the synaptic and connectivity models above, and is based on developmental
disconnection of frontal and temporal cortical regions. This model strives to explain the
diversity of genetic findings without necessitating a particular molecular mechanism.
Instead, it relies on a behavioral neurologic framework to integrate many potential levels of
molecular dysfunction, from synapse formation and maturation, vesicle trafficking and
signaling, to defective neuronal migration, interneuron development, dendritic maturation,
or axon path finding, all of which could contribute to such a functional disconnection [55]
(Figure 2). Indeed several of the monogenic causes of ASD, including TSC [56] and Joubert
Syndrome [57, 58] show manifestations of abnormal axon path finding or migration
abnormalities that are known to lead to alterations in brain structural connectivity. The study
of common variants, for example in the gene CNTNAP2, also supports disconnection as a
causal phenomenon based on Initial imaging-genetic evidence. Two common
polymorphisms in a relatively circumscribed area of CNTNAP2 have been shown to
modulate language function in ASD and other conditions [59–61]. Van Zeeland and
colleagues [62] showed long-range disconnection of medial pre-frontal cortex and the
precuneus, and short-range over-connectivity of the prefrontal region in carriers of the
CNTNAP2 risk allele, regardless of whether they were autistic or neurotypical. This finding
is particularly important, as the genetic mediation of this disconnection supports its causal
nature.

Endophenotypes, common variants and domain specificity in ASD
The relationship of specific genetic variants with specific cognitive processes, such as
language, highlight the notion that the broad syndrome of ASD can be broken down into
many component, or intermediate phenotypes, referred to as endophenotypes. The familial
segregation of endophenotypes provides a genetic basis for the broader phenotype described
earlier. A logical extension of this concept is that these endophenotypes represent one end of
the continuum of the normal spectrum of behavior and cognition [25]. Several groups have
demonstrated that this is indeed the case with respect to CNTNAP2 [60, 61, 63], as the same
allele that increases risk for language delay in ASD, increases risk for specific language
impairment (SLI) and modifies language ability in the general population. Similarly,
common variation in different ASD-associated CNTNAP2 single nucleotide polymorphism
(SNP) [64], has been shown to modulate brain morphology in several ASD related cortical
regions in normal controls [65].

However, just as specificity for ASD is an issue for rare, Mendelian variants, it is also an
issue for common variation [66]. Since genes’ effects on behavior are mediated through
neural circuits that mediate a multiplicity of functions (e.g. frontal-striatal circuits), their
pleiotropic effects on behavior and cognition should not be surprising. In fact, pleiotropy
should be the rule, rather than the exception. Recently, CNTNAP2 variants have been
associated with mutism and social anxiety [67]. This complex relationship between genetic
variation and phenotype highlights the importance of in depth exploration of cognitive and
neurobehavioral phenotypes in ASD patients, their family members and in the general
population. Phenotype discovery and the relationship of core ASD-related endophentoypes
to each other and specific brain circuits in patients with ASD and related
neurodevelopmental disorders remains a key, but under-explored area.
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Evidence for converging molecular pathways
Several recent studies have suggested that in addition to convergent brain pathways, that
there may as well be convergence at the level of molecular mechanisms in ASD. One class
of such studies has asked whether putative ASD susceptibility genes are enriched in
members for specific molecular or biological processes more than expected by chance. The
value of this approach depends on the level of experimental support for the specific genes
tested and the degree to which current pathway annotations represent reality [25, 68]. For
genes identified within CNV this can be particularly problematic, as most known
pathological CNV contain more than one gene and it is not expected that all genes within the
CNV contribute to ASD, potentially increasing noise in this analysis. One recent study [69]
reduced such background by using a new phenotype-driven method to group genes within
high confidence de novo CNV [34, 69], identifying significant enrichment for several
categories of genes, including axon outgrowth, synaptogenesis, cell-cell adhesion, GTPase
signaling, and the actin cytoskeleton. These results replicate and extend earlier composite
pathway analysis of putative ASD susceptibility genes compiled from the literature [68], and
CNV pathway analysis in the Autism Genetic Resource Exchange (AGRE) and other
cohorts [32, 36]. Still, these studies place ASD genes within a multiplicity of pathways,
several of which are broad and do not necessarily demonstrate convergence on final
common molecular processes in individuals.

In this regard, two recent studies use quite different systems biology approaches to provide a
new perspective on the concept of molecular convergence. The first, an analysis of gene
expression in post-mortem autism brain, provides the strong evidence for a shared set of
molecular alterations in a majority of cases of ASD. This included disruption of the normal
gene expression pattern that differentiates frontal and temporal lobes (consistent with an
early developmental patterning defect), and two groups of genes dysregulated in ASD
brains: one related to neuronal function, and the other to immune/inflammatory responses
[49]. The neuronal function genes were enriched in genetic association signals, providing
evidence that these changes were causal, rather than the consequence of the disease [49],
while the immune/inflammatory changes did not show a strong genetic signal, implicating
environmental or epigenetic factors instead. It is also notable that the several of the same
biological pathways identified in this gene expression study overlapped with the pathway
analysis of CNV described above. This analysis of post-mortem autism brain also showed
down-regulation of several markers of GABAergic interneurons, suggesting potential
inhibitory interneuron dysfunction. These results provide the first strong evidence for both a
shared genetic and an environmental/epigenetic basis for ASD and the presence of an early
developmental patterning defect. It is tempting to speculate that the abnormalities in cortical
patterning and interneuron function provide a molecular basis for cortical-cortical and
cortical-fugal disconnection, linking molecular abnormalities with anatomical, physiological
and imaging findings.

The second study on molecular convergence in ASD identified protein interactors of known
ASD or ASD-associated genes [70]. This interactome revealed several novel interactions,
including between two ASD candidate genes, Shank3 and TSC1. The biological pathways
identified in this study include synapse, cytoskeleton, and GTPase signaling, demonstrating
a remarkable overlap with those identified by the gene expression and CNV pathway studies
discussed above. This study differs from other genome-wide studies (such as mRNA
expression) as it begins with known ASD genes and asks about their relationships. So
although it is “ –-omic” in nature [71], it is not quite as unbiased as methods that survey the
genome more agnostically. Despite the significant heterogeneity in ASD, these diverse
studies identify several common areas of molecular convergence in ASD. Understanding
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how these pathways relate to individual differences now becomes an important research
priority.

Concluding remarks
Many genes have been identified for ASD and some biologically coherent functional
pathways that link these genes are emerging. Few of the genes, whether contributing by
common or rare variation, are specific to ASD, but instead variably contribute to genetic risk
for ASD, ID, schizophrenia, SLI, epilepsy, and even attention deficit hyperactivity disorder
(ADHD). Therefore, understanding the specificity of specific variants to ASD is a crucial
challenge that requires several advances to be made (see also Box 1). Diseases of cognition
and behavior have their basis in brain circuit dysfunction. Therefore, we need to understand
how specific genetic risk leads to changes in neural circuitry and function in those with and
without a specific diagnosis. This will likely involve understanding gene – gene and gene-
environment interactions, as well as epigenetics, areas that have not yet been explored in
ASD. We need to understand how the implicated neural circuitry relates to specific
cognitive and behavioral elements, and we need to link the neural circuitry and behaviors to
disease. Additionally, such circuits are related to specific aspects of human higher cognition
and a more detailed notion of the autism cognitive phenotype is required. Components of
this have been achieved in a preliminary manner for only a few elements, but to understand
ASD from a systems level mechanistic perspective, we will need to integrate all of these
levels of understanding [71]. This will no doubt involve the use of model systems, including
mouse and invertebrates, so it will be important to be cognizant of evolutionary similarity
and divergence in the interpretation of such data with respect to a disorder of human higher
cognition. Regardless of the challenges, the identification of causal genetic variants provides
a starting point for a new mechanistic understanding of ASD, enabling connection of genes
to brain to cognition and behavior.

Box 1

Priorities for future genetic research in ASD

• Delineate areas of molecular convergence between diverse mutational
mechanisms underlying ASD susceptibility using unbiased, systems biology
methods.

• Perform whole genome sequencing in large numbers of patients with a variety
of neurodevelopmental and psychiatric disorders to clearly define genetic
overlap and differences in susceptibility.

• Define appropriate endophenotypes through family case-control designs, so as
to have a sound basis for understanding cross disorder genotype-phenotype
relationships.

• Translate the knowledge of mutational basis of ASD into mechanistic
understanding at the cellular and circuit levels.

• Characterize subtypes of ASD based on molecular or genetic signatures and
relate them to trajectory and treatment response.

• Identify environmental modifiers and gene by environment interactions.

• Define potential epigenetic contributions to ASD.
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Glossary

Complex genetics A term used in contrast to Mendelian patterns of inheritance,
whereby instead of being dominantly or recessively inherited a
phenotype is caused by multiple genes that may interact with each
other and the environment

Concordance The rate at which a second individual has the same phenotype as the
first, for example in the second sibling of a pair, or the second twin

Copy Number
Variation

A greater than one Kb change in chromosomal complement so that
a particular region or chromosome is diverges from the normal
diploid human copy number (aneuploidy) over that region. A
deletion would yield one copy, and a duplication of the region
would yield 3 copies. Copy number changes can be inherited or de
novo

De novo A genetic alteration that arises either in the gamete or in the
fertilized egg during its early development, but is not observed in
the somatic cells of the parent

Endophenotype A heritable phenotypic feature that is closely related to a disorder,
but represents a more narrow or simple component than the disorder
itself. An endophenotype should be observed in first degree
relatives more frequently than in the general population and may be
quantitative rather than binary

Epigenetic Non-sequence based changes to DNA that affect transcription,
leading to changes in the expression of the gene product. Known
major epigenetic modifications include DNA methylation and
histone modifications, such as acetylation or methylation

Heritability In general this refers to the extent to which a particular trait is due
to inherited DNA sequence variation. A heritability of 1.0 indicates
that a trait is 100% heritable and no environmental component
contributes. However, heritability is an estimate based on the
specific measurements taken in a particular population, and
therefore is only a rough guide

Mendelian
inheritance

A dominant or recessive pattern of inheritance first defined by
Gregor Mendel

Penetrance The extent to which a particular phenotype is observed, given a
specific genotype. Penetrance is always relative to the phenotype in
question

Pleiotropy When a gene influences more than one phenotype

Polymorphism A particular variant that is observed in more than 1% (common) in
the population. A single nucleotide polymorphism (SNP) is a single
DNA base pair change
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Proband The index case being studied, usually based on their having a
particular phenotype or disorder

Whole genome or
whole- exome
sequencing

The use of new high-throughput Next Generation Sequencing to
sequence whole genomes or the protein coding portion of the
genome (exome) in patients and controls
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Figure 1. Common and Rare Variants
We usually think of common and rare variants representing two extremes on the allelic
spectrum. Single nucleotide polymorphisms (SNPs) with modest effects sizes (gray oval)
have been identified through association studies. Rare events that segregate with disease
have also been identified through re-sequencing efforts and CNV studies. Less attention has
been directed at events not at either extreme, but also likely to modulate risk. Larger studies
will permit consideration of lower frequency intermediate effect alleles (ovals with dotted
lines). Current data do not support the presence of common alleles of large effect for
affection status (bottom right corner). But, it is possible that such associations may be
observed in the future when appropriate quantitative endophenotypes are used. Adapted with
permission from [87].
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Figure 2. Convergence of genes on neural systems
Here we illustrate a working model for how major affect autism risk alleles, such as those
shown at the left, might act to lead to autism. Because these Mendelian conditions are not
specific for ASD and typically lead to ID, either environmental or genetic factors must
modify their affects on brain development. The biological pathways through which such
genes are known to act (shown in the middle box) are myriad. Although the gene expression
and proteomic studies identify molecular and biological pathways that provide a source of
convergence, the ultimate convergence must lie in neural systems. At a neural systems level,
the convergent process will likely be disconnection of the circuits outlined in the far right
box, since these systems are thought to underlie the core deficits of ASD. Adapted with
permission from [88].
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Table 1
Pleiotropic effects of major genes/mutations associated with ASD and allied
neurodevelopmental disorders

Here we list genes, form of genetic risk variant, clinical disorders where the mutation has been observed, and
some representative references. This table is not meant to be exhaustive, but illustrative of the pleiotropic
effects of known ASD genes or loci with relatively large effect sizes (OR > 5–10 for ASD).

Gene/region Mechanism Disorders References

NRXN1 CNV, PM ASD, SZ [36], [50, 72, 73]

CNTNAP2 CNV, PM, CP ASD, ID, epilepsy, LD/SLI, TS [59, 61, 74, 75]

16pdel CNV ASD, SZ, DD, LD, normal carrier [33, 37, 42, 76–78]

16pdup CNV SZ, ID, DD, LD, ADHD, normal carrier [33, 39, 42, 78]

15q13.3del CNV SZ, epilepsy, ASD, normal carrier [42, 73, 79]

17q12del CNV SZ, ASD, ID [80]

15q11-13dup CNV ASD, SZ/psychosis [33, 81]

22q11 CNV ASD, ADHD, SZ, ID, epilepsy [73, 82–84]

1q21 CNV ASD, SZ, ID, epilepsy [42, 85, 86]

Abbreviation are as follows: SZ, schizophrenia; ID, intellectual disability, DD, developmental delay, TS, Tourette syndrome, LD, language delay,
SLI, specific language impairment, PM, point mutation, CP, common polymorphism.
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