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Lost in translation: Traversing the complex path from genomics
to therapeutics in Autism Spectrum Disorder

Nenad Sestanl”, Matthew W. State?”
1Department of Neuroscience and Kavli Institute for Neuroscience, Yale School of Medicine, New
Haven, CT 06510

2Department of Psychiatry, Langley Porter Psychiatric Institute, Quantitative Biology Institute, and
Weill Institute for Neurosciences, University of California San Francisco, San Francisco, CA 94143

Summary

Recent progress in the genomics of non-syndromic autism spectrum disorder (nsASD) highlights
rare large-effect heterozygous de novo coding mutations. This distinguishes nsASD from later-
onset psychiatric disorders where gene discovery efforts have predominantly yielded common
alleles of small effect. These differences point to distinctive opportunities for clarifying the
neurobiology of nsASD and developing novel treatments. We argue that the path ahead also
presents key challenges, including distinguishing human pathophysiology from the potentially
pleiotropic neurobiology mediated by established risk genes. We present our view of some of the
conceptual limitations of traditional studies of model organisms, suggest a strategy focused on
investigating the convergence of multiple nsASD genes, and propose that the detailed
characterization of the molecular and cellular landscapes of developing human brain is essential to
illuminate underlying mechanisms. Finally, we address how recent advances are leading to novel
strategies for therapeutics that target various points along the path from genes to behavior.

In Brief:

Sestan and State propose that the distinctive genomic findings in Autism Spectrum Disorder, the
deepening understanding of developing human brain, and the identification of spatiotemporal
convergence of large-effect risk genes will help clarify pathophysiological mechanisms and
identify novel treatment approaches.
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Over the past two decades, the genetics of autism spectrum disorder (ASD) has advanced
spectacularly. From the early hard-won successes cloning genes for monogenic forms of
intellectual and social disability (European Chromosome 16 Tuberous Sclerosis, 1993; van
Slegtenhorst et al., 1997; Verkerk et al., 1991) to current large-scale studies utilizing whole-
genome sequencing (Brandler et al., 2018; Sanders et al., 2017; Turner et al., 2017; Werling
et al., 2018; Yuen et al., 2015) the field has evolved to a point where discovery in so-called
idiopathic or “non-syndromic” forms of the syndrome (nsASD) is now highly reliable and
reproducible, yielding dozens of well-established risk genes (De Rubeis et al., 2014; Dong et
al., 2014; lossifov et al., 2014; lossifov et al., 2012; Neale et al., 2012; O’Roak et al., 2011;
O’Roak et al., 2012b; Sanders et al., 2015; Sanders et al., 2012). Importantly, in contrast to
later-onset psychiatric disorders, such as schizophrenia, bipolar disorder and major
depression, where genomic studies aimed at identifying individual genes have mainly
highlighted a highly polygenic risk architecture involving the simultaneous contribution of
multiple alleles of very small effect (Bipolar et al., 2018; Cross-Disorder Group of the
Psychiatric Genomics et al., 2013; Schizophrenia Working Group of the Psychiatric
Genomics, 2014; Wray et al., 2018), progress in nSASD has been notable for the discovery
of rare, de novo, coding, heterozygous mutations carrying large effects in the individual.
And while these variants contribute to about 20-30% of clinical cases of nsASD (De Rubeis
et al., 2014; lossifov et al., 2014; Sanders et al., 2015), we propose that they offer distinctive
opportunities to illuminate ASD-related biology and critically important avenues for the
development of novel and precision therapies.

Despite the obvious advantages at the bench of modeling large-effect likely gene disrupting
(LGD) coding mutations (that is stop codons, canonical splice site mutations and
frameshifts) versus the typical results of a genome-wide association studies (GWAS) (see for
review (Visscher et al., 2017), navigating the path from genomics to therapeutics in nsASD
nonetheless poses considerable obstacles. For instance, the phenotypes of greatest interest,
including emotion, social communication and complex behavior, are highly-derived in
humans, presenting challenges for faithful recapitulation in other species, including those
model systems most tractable for genetic studies. Moreover, the tissue of greatest interest,
living human brain, remains rarely accessible for direct investigation or manipulation.
Further complicating the issue, the genes so-far identified tend to be biologically pleiotropic
and drive multiple diverse functions across developmental time and anatomical distribution,
suggesting that only a subset of all the potentially observable neurobiological changes
present in any mutant model system may be relevant for the human disorder. Similarly, any
attempt to disentangle nsASD pathology must contend with the observation that many risk
genes are ubiquitously expressed, as well as biologically pleiotropic, and yet all have been
identified because they lead to shared core deficits that point to dysfunction of specific
human brain regions and circuits. Finally, risk variants in humans show variable penetrance,
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a great deal of phenotypic heterogeneity -- with a single variant potentially leading to
multiple distinct neurodevelopmental outcomes in different individuals -- and may be
sexually dimorphic, given the well-established male predominance in nsASD (Halladay et
al., 2015; Volkmar et al., 2014).

We argue that these considerations suggest that the widely-used approach of manipulating
individual risk genes and characterizing resultant biology in rodents or other evolutionarily-
distant organisms, gene-by-gene, is unlikely to be sufficient, in isolation, to clarify the
mechanisms underlying nsASD -- despite the large effect size of nsSASD associated
mutations and the evidence that often a single mutation in the individual confers the lion’s
share of risk. This is not to say that such mechanisms would necessarily not be observable or
manipulatable in distant species; only that differentiating the basis of pathophysiology in
human from the broader set of neurobiological processes related to these genes and
mutations in any non-human model poses key conceptual and experimental challenges.

We have proposed a strategy that augments more traditional model systems approaches by
the search for “convergence” among disparate risk genes (State and Sestan, 2012; Willsey et
al., 2018; Willsey et al., 2013). We use this term to convey the idea that studying multiple
nsASD genes in parallel can potentially contribute to a clearer understanding of human
pathology, based on the hypothesis that at some point on the path from genes to behavior,
subsets of distinct ASD large-effect risk genes intersect in a meaningful way to lead to a
shared, reproducible set of phenotypic features we define as nsASD. We propose that this
convergence may exist at multiple levels of analysis, from proteins, to cells, to circuits
(Figure 1), and that subsets of risk genes will intersect at different points along this
trajectory (Figure 1D). Moreover, we argue that derangements in a variety of overtly-distinct
biological processes can lead to identical consequences by impacting a particular point of
developmental or functional vulnerability. In short, we propose that strategies aimed at
clarifying pathophysiological mechanisms must explore overlap not only “what” multiple,
diverse nsASD genes do but “when and where” they do them (i.e., “spatiotemporal”
convergence) (State and Sestan, 2012; Willsey et al., 2018; Willsey et al., 2013; Willsey and
State, 2015).

What follows is our perspective on recent progress in the genomics of nsASD, the evolving
understanding of the molecular landscape of developing human brain, and a convergence
strategy for moving beyond gene discovery -- including the critical issue of how this
approach can help define and constrain future model systems experiments, offer an avenue
to begin to distinguish between mutation-related biology and pathophysiology, and suggest
hypotheses regarding the selective vulnerability of specific cells and circuits underlying the
manifestation of nsASD. It is not intended as a comprehensive review of the genetics or
biology of the autism spectrum, what has been gleaned from model system studies to date,
or a compendium of current advances in the neurobiology of brain development. There are
many outstanding reviews of these topics (see for example: (Bae et al., 2015; Bourgeron,
2015, 2016; Cameron et al., 2017; de la Torre-Ubieta et al., 2016; De Rubeis and Buxbaum,
2015; Di Lullo and Kriegstein, 2017; Krumm et al., 2014; Lein et al., 2017; Lodato and
Avrlotta, 2015; Nord et al., 2015; Silbereis et al., 2016; Vorstman et al., 2017). Instead we
address selected recent discoveries regarding allelic architecture— that is the types and
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distribution of genetic variants conferring risk -- and argue that this is particularly well-
suited in nsASD for convergence approaches. We present our view of some of the
conceptual limitations of studying model organisms in series, describe how advances in the
basic understanding of normal developing human brain may lend a deeper understanding of
pathophysiological mechanisms, and argue for the importance of complementing more
traditional approaches with those that leverage high-throughput, parallel studies and
hypothesis-free analyses of multi-scale omics data derived from typically-developing human
post-mortem brain. Finally, we consider how progress in genomics and in approaches
assessing the convergence of nsASD risk genes across multiple levels of analysis have led to
promising strategies for the development of novel therapeutics in nsSASD, including near-
term opportunities for gene-targeting based on the genomic characteristics of a substantial
subset of nsASD-related mutations.

Gene Discovery in Syndromic versus Non-syndromic (ns)ASD

Before delving into a description of the distinctive character of recent genomic findings, a
clarification of the notion of “idiopathic,” or “non-syndromic,” versus “syndromic” ASD is
in order. In general, the term syndromic is used to denote individuals who meet diagnostic
criteria — that is show fundamental deficits in reciprocal social communication and highly
restrictive interests and/or repetitive behaviors (Volkmar et al., 2014; Volkmar et al., 2009)—
and who also have evidence of a genetic syndrome, typically involving distinctive
dysmorphology and other associated findings, and/or a known monogenic form of social,
and very often concomitant intellectual disability (ID). Non-syndromic ASD refers to
diagnosed individuals without these associated features.

While such a distinction is commonly employed by both clinicians and researchers, there are
obvious definitional challenges. For example, successes in gene discovery among cohorts of
individuals with putative nsASD have shown that the lines between syndromic and non-
syndromic forms are decidedly blurry. Some of the first risk genes identified in well-
characterized nsASD cases (Autism Genome Project et al., 2007; Jamain et al., 2003;
Marshall et al., 2008; Neale et al., 2012; O’Roak et al., 2012b; Sanders et al., 2012) show
very-high penetrance, approaching that seen in monogenic forms of ASD and ID. These
nsASD genes point to pathways and processes that show obvious areas of overlap with what
is known about syndromic biology (De Rubeis et al., 2014; lossifov et al., 2014; lossifov et
al., 2012; Zoghbi, 2003); and, when phenotypically characterized in depth, some nsASD
individuals with deleterious mutations in a confirmed risk gene have shown clusters of
associated physical features suggesting a previously uncharacterized ASD syndrome
(Bernier et al., 2014; Earl et al., 2017; O’Roak et al., 2012a).

In short, evidence for a reliable distinction between affected individuals with and without
dysmorphology, with and without highly penetrant mutations, or based on specific pathways
to disease has not been forthcoming. Alternatively, in retrospect, it’s clear that genes such as
FMR1 (Verkerk et al., 1991) and 75C2 (European Chromosome 16 Tuberous Sclerosis,
1993) were cloned decades before the recent flurry of gene discovery in nsASD largely due
to a combination of the nature of the underlying genetic lesion and its “visibility” to the
available technology of the time; because affected individuals represented the extreme end
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of the distribution with regard to the reliability of the relationship of genotype to phenotype;
and due to the prominence and predictability of associated physical signs and symptoms.

Nonetheless, despite these definitional challenges and the leading role that syndromic ASD
has played in elaborating both the genetics and biology of neurodevelopmental disorders, we
have elected to focus this perspective on nsASD and associated issues for translational
science. This is in part because, as a group, these individuals make up the vast majority of
those affected and, until quite recently — long after the initial successes in cloning
monogenic causes of intellectual and social disability-- continued to present daunting
obstacles to systematic gene discovery. Consequently, these more recent findings offer the
first definitive molecular clues to underlying mechanisms in a large group of patients who
fall more into the center of the distribution: where the presence or absence of ID is more
variable, the associated physical features, if present, are subtler, the penetrance of the
mutations may be lower, and the range of diagnostic outcomes, broader. The important
question of whether studying this subgroup of individuals with nsASD will ultimately lead
to distinct conclusions regarding underlying biology and/or generalizable therapeutic targets
remains to be seen. However, these are important and now at least theoretically tractable,
questions that underscore the value of continuing work on the genetics and neurobiology of
both syndromic and non-syndromic autism, and of studying both rare as well as common
risk variants.

The Advantageous Allelic Architecture of nsASD

The genomics of ASD has only recently matured to a point where gene discovery is now
routine and systematic. The number of risk genes has increased from less than a handful at
the beginning of this decade (Autism Genome Project et al., 2007; Durand et al., 2007;
Jamain et al., 2003; Marshall et al., 2008) to dozens at present. In 2015, a comprehensive
analysis combining data from multiple research groups that all studied de novo mutations in
simplex families (those with only a single affected individual) identified 71 independent risk
genes and loci (Sanders et al., 2015). And in short order, additional publications from large
sequencing consortia will dramatically increase this number. The consensus, based on
existing data, is that /n fofo between several hundred to approximately a thousand genes will
be found to confer liability due to rare heterozygous de novo protein damaging mutations
(lossifov et al., 2012; Sanders et al., 2015; Sanders et al., 2012). As described in more detail
below, these genes and mutations only explain a small fraction of the population risk for
ASD (Gaugler et al., 2014; Klei et al., 2012; Weiner et al., 2017) but account for a
considerable proportion of patients seen in clinic (lossifov et al., 2014; Sanders et al., 2015).
While not representing the majority of genetic risk for nsASD in the population, we propose
that focusing on this particular segment of the allelic distribution provides key advantages
for convergence strategies, for translation to model organisms, and potentially for the
development of novel therapies:

De novo LGD mutations confer quite large effects

While there has been evidence for the contribution of rare transmitted alleles from the
earliest successful studies of nsASD, (Jamain et al., 2003; Laumonnier et al., 2004), the
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relatively much larger effect sizes of de novo LGD mutations have now been repeatedly
confirmed (De Rubeis et al., 2014; lossifov et al., 2014). And the associated statistical power
has been critical for the evolution of reliable and reproducible discovery (He et al., 2013; Liu
et al., 2014; Sanders et al., 2011).

From a theoretical standpoint, this observation is not terribly surprising. Germ line de novo
mutations arise prior to fertilization or immediately thereafter, and consequently, the window
for purifying natural selection to impact these changes before they can be observed in the
incident generation is quite limited. For this reason, mutations carrying large effects on early
brain development that otherwise would impair reproductive fitness and be removed from
the genome over time can nonetheless be detected in an affected proband. Conversely,
transmitted heterozygous mutations that carry risk across multiple generations would on
average be expected to remain in the genome only if they carried much smaller effects. And,
indeed, a recent meta-analysis of GWAS data, involving a discovery sample of nearly 8000
ASD cases failed to identify a single locus meeting the threshold for genome wide
significance (Autism Spectrum Disorders Working Group of The Psychiatric Genomics,
2017) despite incontrovertible evidence for the major contribution of polygenic inheritance
(Brainstorm et al., 2018; Gaugler et al., 2014; Klei et al., 2012; Robinson et al., 2016; St
Pourcain et al., 2018). These results strongly suggest that even larger samples will be
required to provide the power necessary to detect individual risk alleles due to their
extremely modest effects.

In contrast, the marked effect size of heterozygous de novo mutations has been a defining
feature of nSASD gene discovery. The earliest analyses of rates of de novo copy number
variations (CNVs)—submicroscopic changes in chromosomal structure -- detected
statistically significant differences in simplex versus multiplex cases versus controls in
cohorts consisting of only several hundred families (Sebat et al., 2007). Similarly, the first
finding of an increased rate of LGD mutations using whole exome sequencing, as well as the
first identification of significantly-associated risk genes, was accomplished in cohorts of
similar size (lossifov et al., 2012; Neale et al., 2012; O’Roak et al., 2012b; Sanders et al.,
2012). As these findings have now been widely replicated, they point to quite large overall
effects for this type of mutation. More directly, estimates of the increased risk contributed by
individual common risk single nucleotide polymorphisms (SNPs) to psychiatric disorders
generally don’t exceed 20-30 percent; the highest confidence nsASD genes show increases
in risk that are many-fold greater (De Rubeis et al., 2014). An illustrative comparison is that
one would have to be in the top decile of cumulative polygenic risk for schizophrenia
(Schizophrenia Working Group of the Psychiatric Genomics, 2014) to approach the effect
size of single de novo LGD mutation in one of the highest-confidence nsASD risk genes (De
Rubeis et al., 2014; Sanders et al., 2015).

Typically, only a single variant is responsible for the majority of risk in de novo LGD
mutation carriers

The cumulative evidence to date points to the conclusion that de novo LGD risk events
generally involve a single locus at a time in the affected individual and are acting /n cis.
With regard to this first observation, LGD, and to a lesser extent missense heterozygous de
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novo mutations, carry nsASD risk, but silent point mutations that have no predicted impact
on the encoded proteins do not (lossifov et al., 2012; Neale et al., 2012; O’Roak et al.,
2012b; Sanders et al., 2012). This suggests that the increase in frequency in de novo
mutation seen in cases is the result of ascertaining for causal or contributory events, not a
result of DNA hyper-mutability. In addition, overall the frequency and distribution of
individuals with multiple non-synonymous de novo sequence variants does not differ
between cases and controls (Sanders et al., 2012). And while some studies have identified
examples of putative “two-hit” mechanisms (Girirajan et al., 2010), large-scale sequencing
studies have consistently supported the conclusion that, as a general proposition, a single de
novo mutation in a confirmed ASD-gene, in an individual, carries the majority of risk
(Sanders et al., 2015). Finally, the functional impact of these single de novo heterozygous
mutations appears in most cases to be acting /n cis. Sequencing studies have identified a
small percentage of cases resulting from compound heterozygous mutations, but generally
have not suggested that cryptic recessive inheritance is a widely applicable mechanism (Lim
etal., 2013).

The value of pursuing the biology of large-effect heterozygous de novo coding mutations in
nsASD is not without debate. For example, there is compelling evidence that these types of
variants are acting in the context of a highly polygenic risk background (Weiner et al., 2017)
leading to the assertion that nsASD cannot be understood without a full elaboration of this
polygenic risk. There are tremendously important questions regarding how rare and common
variants interact and how this might influence disease course, treatment response, and
phenotypic outcomes or variability. Indeed, one of the most intriguing questions in this
regard is whether, and if so, how common polygenic risk might act as a disease-modifier and
potentially offer novel paths to therapeutics development. However, the data noted above
supporting the impact of a single de novo mutation, coupled with very high penetrance for
the highest confidence nsASD risk genes, strongly suggests that these individual mutations
and genes confer substantial main effects and, consequently, we argue that modeling them
holds the potential to provide important insights into central pathophysiological mechanisms
and potentially novel avenues to therapeutics.

De novo mutations account for a small percentage of population risk but a substantial
subset of patients seen in clinic

Current estimates of the proportion of explained clinical cases related to de novo mutations
range from about 10-40% of individuals diagnosed with ASD (Gaugler et al., 2014; lossifov
et al., 2014; Sanders et al., 2015). Because this calculation uses a clinically-defined
population as the denominator, it is dependent on ascertainment. For example, identifying
affected females, individuals with a history of seizure, families with only a single affected,
and multiple unaffected, siblings, and the presence of lower 1Q (Sanders et al., 2015) all
significantly increase rates of detection of a de novo mutation.

These observations are fully consistent with studies that demonstrate the vast majority of
population risk for autism is highly polygenic involving the cumulative impact of many
small effect SNPs (Gaugler et al., 2014; Klei et al., 2012). The explanation for what might
seem a contradiction is that in the general population, most individuals carrying genetic
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liability for nsASD will have no overt evidence of a clinical syndrome. Consequently, while
only a small proportion of all individuals will carry a de novo risk mutation, this equates to a
relatively large percentage of those who cross the diagnostic threshold for nsASD.

In sum, the recent advances in nsASD genomics have resulted in the identification of an
ample subset of clinical cases in which a single, heterozygous, functional, coding de novo
mutation accounts for the majority of the observed risk. For those not following these
developments closely, this statement might appear to run counter to the prevailing view of
psychiatric genetics — which are generally thought of as synonymous with highly polygenic
inheritance and the absence of genes of main effect. As a consequence, with later onset
disorders, the most immediate challenges involve confirming the relationship between
hundreds of associated non-coding SNPs and the specific genes they may be influencing; the
complexity of modeling many alleles simultaneously and the resulting very large number of
potential combinations; and the gap between the types of mutations that are typically
modeled in evolutionarily distant organisms, that is constitutive or conditional knockouts,
versus the much more subtle small-effect, often non-coding, SNPs that carry common-
variant risk in the human context.

We propose that nsASD provides an important counterpoint, with distinctive opportunities
for translation: first, the ability to interpret the result on protein structure or function of a
frameshift or canonical stop codon is far easier than for most common non-coding alleles.
Second, modeling heterozygous loss-of-function mutations in animal models provides an
opportunity to faithfully recapitulate the human genomic “lesion.” For strategies that rely on
investigating multiple models in parallel, the ability to manipulate one main variable in an
organism or culture at a time is far more experimentally tractable versus assessing for
convergence while modeling hundreds of small- effect alleles simultaneously.

Of course, many challenges remain: the genomic architecture of nsASD has already been
shown to be remarkably heterogeneous, the population frequency of mutations in any given
risk gene is very small - raising issues of statistical power for genotype-phenotype analyses
and introducing questions about the generalizability of any related findings-- and there is
ample reason to suspect that modeling heterozygous as opposed to homozygous mutations
will be relatively more difficult, in part because the phenotypes will be expected to be
subtler on average. Finally, as we address below, there are inherent challenges in studying
and modelling human neurodevelopmental phenotypes that impact complex behavior,
emotion, and communication, regardless of the types of underlying genetic variations.

The Challenges of Clarifying nsASD Pathophysiology

The foregoing has highlighted a genetic substrate that would seem particularly well-suited
for traditional model systems analyses. The immediate path from the discovery of a coding,
large-effect mutation to the bench is comparatively straight forward. The armamentarium to
illuminate the biochemistry, molecular and cellular biology, and physiology of these types of
mutations --including new nucleic acid editing techniques and improved tools and methods
to study and manipulate neural circuit-level functioning-- is both mature and still rapidly
advancing. Moreover, it is difficult to overstate the contribution of a wide variety of studies
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of model organisms to the understanding of neurobiology broadly, including human brain.
At this point it should not be controversial, but it is always worth pointing out, that these
contributions have not been restricted to models with extensive repertoires of higher order
behaviors. From fly, worm and fish, to rodent and non-human primate, induced pluripotent
stem cell (iPSC) models and neural organoids, a diverse range of models have all made
important contributions to our evolving understanding of the human nervous system, its
function, and its dysfunction.

With regard to ASD, neurobiologists have undertaken extensive modeling of monogenic
forms of ASD and many of the emerging nsASD genes both /n vitroand in vivo (see for
review (Varghese et al., 2017). Yet, despite the inarguable contribution of such investigations
for highlighting biological sequelae, important issues remain regarding the limitations of
these methods, particularly the typical practice of modeling one gene/mutation at a time in
an evolutionarily distant species, such as the mouse.

While there is little question that these approaches can both identify and illuminate key
aspects of biology that are conserved across species, there are some conceptual gaps as well.
For example, the nsASD risk genes so far identified are typically biologically pleiotropic
and the molecular and cellular underpinnings of human brain development are both dynamic
and exquisitely regulated spatially and temporally. Not only the overt function of the gene,
but the consequences of a given mutation may vary considerably depending on when in
development and where in the nervous system it is operating (and being examined).
Consequently, while studies of individual genes may identify dysfunction in a given process,
cell-type or brain region in a mouse, the question of how one can determine if this relates to
human social disability is not self-evident. Similarly, the observation of a consistent but
unexplained male predominance in ASD prevalence suggests that sexual dimorphism adds
another dimension of complexity. At present, regardless of how extensive the examination of
a single rodent model, it is simply not feasible to examine all brain regions, all cell types,
and all time points in development in both male and female in an unbiased fashion.
Moreover, it is not clear even if this could be accomplished how one would know in isolation
which of the many observations to pursue to illuminate causal mechanisms in the human.

Some investigations have relied on model system behaviors that appear to recapitulate
features of ASD, i.e. face-validity (resemblance to the human behavioral phenotypes), to try
to answer this question. For example, if deleting a bona-fide ASD risk gene in mouse leads
to observable molecular, cellular or circuit phenomenon as well as to a social phenotype, this
might be offered as evidence that the intermediate phenotype is part of a causal chain related
to the human disorder.

However, face validity has serious limitations with regard to the study of psychiatric
phenotypes, both empirically and theoretically (Nestler and Hyman, 2010). Indeed the
departure of large pharmaceutical companies from investment in psychiatric drug discovery
can be traced in part to the challenges of relying on face-valid behavioral models to establish
treatment targets showing efficacy in human (Hyman, 2013). Moreover, it’s clear that
mutations in well-established nsASD risk genes can lead to a wide range of non-overlapping
behavioral manifestations, some of which have no overt social content (Rothwell et al.,

Neuron. Author manuscript; available in PMC 2020 January 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sestan and State

Page 10

2014) --pointing to the absence of a reliable 1:1 relationship from genotype to social
phenotype. Consequently, it is problematic to rely on the presence or absence of any specific
behavioral manifestation in mouse as definitive evidence of a link (or lack thereof) to core
human pathology.

Clearly, face validity may be confounded by differences between humans and specific model
organisms. While the use of these models has revolutionized neurodevelopment and
biomedical sciences, they are not sufficient to fully reproduce all of the features of human,
particularly those affecting the most distinctly human aspects of cognition and behavior.
This fact is evidenced by the numerous cases of mouse models of human disease mutations
that lack a comparable or even observable brain phenotype (Barak et al., 2011; Liao and
Zhang, 2008). These discrepancies can be explained in part by evolutionary distance and,
consequently, differences in specific gene sequences and the spatiotemporal regulation of
gene expression. Alternatively, species differences in the underlying developmental,
molecular, cellular, and physiological context may be also responsible, with contextual
differences present even when the normal sequence and expression profile of a particular
gene appears to be conserved. Indeed, in the limited data available for direct comparison of
genome-wide expression profiles in human and non-human brains, major differences are
evident even between human and chimpanzee, our closest living relative (Geschwind and
Konopka, 2012; Sousa et al., 2017b).

Another critical limitation of current model organisms in drawing direct conclusions for
human brain is the compressed time window of development, for example in the case of
rodents. Comparative studies have shown that mammals with large brains require more time
to build and mature circuits and thus have far more pronounced regional and, in the case of
the cerebral cortex, areal, differences in the timing of major neurodevelopmental processes
(Figure 3). In addition, many of the neurodevelopmental processes that are temporally
dispersed in humans occur concurrently in rodents (Sousa et al., 2017a). These differences
are especially pronounced during the prenatal and early postnatal periods, crucial
developmental windows for the formation of neural circuits as well as for the understanding
of many neuropsychiatric disorders (Figure 3). Species differences seem to be particularly
pronounced during prenatal development, as several studies have indicated that perhaps an
order of magnitude more genes exhibit differential spatial or regional expression within the
prenatal human neocortex, for example, than in the mouse neocortex at a comparable period
of development--comparing data from (Johnson et al., 2009) for human and (Kudo et al.,
2007) for mouse. Together, species differences underscore the need for a deeper
understanding of molecular and cellular process in the developing human nervous system
and how this specially relates to the various model organisms used to examine risk genes.
Illuminating both the unique character of the human nervous system as well as developing a
far deeper understanding of when and where molecules, cells and circuits overlap across
species will be a critical foundational element in the search for pathophysiological
mechanisms underlying disorders of behavior, communication and emaotion.
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The Evolving Molecular and Cellular Landscape of Developing Human

Brain

Advances in high-throughput genomic technologies and analytic approaches have enabled
genome-wide analyses of gene expression and other genomic features across a wide range of
tissues, cells, conditions and species. One field that has greatly benefited from adopting
these technologies, and in turn has provided fresh insights into neurodevelopmental
disorders, is research using postmortem human brain tissue. Utilizing oligonucleotide
microarrays, RNA-sequencing (RNA-Seq), and other genomic technologies, a number of
studies have been conducted using bulk tissue samples to contrast gene expression patterns,
epigenetic modifications and regulatory elements in a variety of ways, such as comparing
expression and activity between multiple brain regions within a given time period,;
comparing expression in a single brain region between time periods; and comparing those
features between sexes, species or disease states. This work has revealed that, compared to
other human organs, the brain has a distinct transcriptomic profile including the second
highest number of tissue-enriched genes (after testis) and a greater diversity in expressed
transcripts (Uhlen et al., 2016). Comparisons of human and closely-related primate brain
transcriptomes have also yielded insights into the uniqueness of the human brain (Sousa et
al., 2017b), while comparisons of healthy adult profiles to those of individuals affected with
neurodevelopmental and neuropsychiatric disorders have identified key differences which
may contribute to disease symptoms or whose mature properties may be altered by the
condition (Bryois et al., 2018; Fromer et al., 2016; Hauberg et al., 2018; Psych et al., 2015;
Voineagu et al., 2011) — though extending such studies to distinguishing whether such
changes reflect cause or effect in the etiology of childhood-onset neuropsychiatric disorders
may be problematic.

Aiming to capture spatiotemporal molecular signatures underlying the development of the
human nervous system, our and other groups have initially focused on specific prenatal and
early postnatal time windows. Extensive spatial coverage of the mid-fetal human brain was
first provided by a microarray analysis of thirteen brain regions: the hippocampus, striatum,
mediodorsal nucleus of the thalamus, cerebellar cortex, and nine neocortical areas (Johnson
et al., 2009). Even greater spatial and temporal resolution of gene expression in the
developing human brain, has been generated by subsequent studies (Colantuoni et al., 2011;
Kang et al., 2011; Miller et al., 2014), yielding valuable public resources. A common finding
of these and other relevant investigations is that human brain transcriptomes differ more
prominently across time and space than they do between sexes, ethnicities or individuals,
despite the underlying genetic variations between people and populations and epigenetic
differences between the sexes.

The spatiotemporal dynamism of gene expression mainly reflects regional differences in
cellular composition, biological processes and developmental timing. Given this, it’s not
surprising that transcriptomic differences across brain regions and neocortical areas were
particularly prominent during prenatal development and included specific transcriptomic
signatures associated with prospective prefrontal and perisylvian areas (Kang et al., 2011),
thought to be involved in complex cognitive behavior, personality expression, decision
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making, moderating social behavior, and language comprehension and expression
(Gazzaniga and Mangun, 2014). These robust regional transcriptomic differences of the
prenatal period are also transient and diminish during late fetal development and infancy
(Pletikos et al., 2014), likely reflecting the reorganization of the cellular architecture and
changes in the maturational states of cells of the human brain during that time.

Gene co-expression analyses have also revealed that the developing human brain
transcriptome can be organized into distinct co-expression networks with often prominent
spatial or temporal patterns and enriched for specific biological functions (Johnson et al.,
2009; Kang et al., 2011; Miller et al., 2014; Pletikos et al., 2014). Interestingly, genetic
variations in some of the most well-connected genes in the networks with dynamic patterns
have previously been linked to psychiatric or neurological disorders (http://www.szgene.org;
https://gene.sfari.org; http://alsgene.org; http://pdgene.org) suggesting that they may have
converging functions in specific brain regions and developmental periods (Gulsuner et al.,
2013; Parikshak et al., 2013; Willsey et al., 2013).

Analyses of both male and female tissue samples have revealed that more genes exhibit sex-
biased expression during prenatal development than during postnatal life, with the adult
brain having the greatest similarity between males and females (Kang et al., 2011).
However, although hundreds of genes show sex-biased expression and splicing, included
those previously implicated in brain development and function as well as some disease-
related genes, no evidence for systematic sex-differential expression of ASD risk genes has
been found (Kang et al., 2011; Werling et al., 2016). Consequently, there is at present no
simple explanation for the male bias in ASD prevalence based merely on sex-biased gene
expression.

Until a few years ago, the majority of functional genomics studies of the human brain
examined whole-tissue samples. As a result, observed differences in gene expression or
regulation represent some combination of differences in the underlying transcription within
cells as well as differences in the cell composition between brain regions. The cellular
composition of the human brain and the molecular profiles, anatomic locations, and
physiological properties of the cells that make up the human brain change throughout
development, in response to neural stimuli, environmental and external stimuli, and cell-
intrinsic variation in gene expression and activity.

Historically, challenges in deciphering cellular heterogeneity have hindered our
understanding of human brain development and pathology. For example, some common
brain disorders, such as Alzheimer, Huntington and Parkinson’s diseases, are associated with
dysfunction of particular cell types (Saxena and Caroni, 2011), which may be traditionally
defined based on anatomical location, morphology, connectivity, neurotransmitter
utilization, electrophysiological properties, or the expression of one to a few marker genes
(Fishell and Heintz, 2013; Jones, 1986). Consequently, incomplete knowledge regarding the
cell types present in any given region will limit the conclusions that can be drawn from the
analysis of that region. Unfortunately, studies conducted at the level of the tissue do not
readily offer the resolution necessary for identifying and studying cell types and their
corresponding functions.
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Recent advances in genomic technologies offer the ability to examine gene expression and
other genomic features of individual cells or pooled cell populations at unprecedented
resolution and in a largely unbiased fashion. These cell population-specific and single cell
approaches have not only characterized rare and not well understood cells types in the
developing human, but also complemented the existing tissue level data through global or
comprehensive deconvolution of individual cell types and cellular heterogeneity. This
approach takes us one step closer to creating a complete molecular inventory of human
neural cell types and, consequently, identifying differences in those cell types across time
and region. Systems biology approaches and ASD research will likely benefit immeasurably
from these single cell-level resources (for example see: (Camp et al., 2015; Darmanis et al.,
2015; Fan et al., 2018; Nowakowski et al., 2017; Onorati et al., 2016; Pollen et al., 2015;
Pollen et al., 2014; Zhong et al., 2018).

Combining Genomics and Transcriptomics to Identify Convergence in

nsASD

While there has been some consternation regarding the sheer number of distinct nsASD risk
genes, for example whether “1000 different ASD genes will require 1000 different
treatments,” we argue that it may well be this extensive heterogeneity, combined with the
deepening view of the molecular and cellular properties of developing human nervous
system, that will prove the key to illuminating pathophysiology. The presence of so many
large-effect mutations in genes provides the opportunity to interrogate for convergence
among disparate risk genes and potentially triangulate pathological mechanisms. Similarly,
given that various types of mutations or proteins may be differentially targetable from a
therapeutics development standpoint, the heterogeneity of individually important genes may
allow multiple diverse paths forward simultaneously.

The search for convergence can take place across multiple levels of analysis. Some of the
earliest efforts to investigate overlap of emerging risk genes focused on their overt functions.
These have consistently pointed to two categories encompassing the majority of those
associated with nsASD risk: genes encoding synaptic proteins and those involved in
transcriptional regulation (Figure 2) (De Rubeis et al., 2014; lossifov et al., 2014). Indeed,
some of the earliest discoveries in both syndromic and nsASD were noted at the time to
implicate convergence at the synapse (Zoghbi, 2003). And the very first significantly-
associated genes identified in exome sequencing prima face suggested important roles for
synaptic function and chromatin modification (lossifov et al., 2014; lossifov et al., 2012;
Neale et al., 2012; O’Roak et al., 2012b; Sanders et al., 2012). Additional findings with
regard to functional intersection of nSASD risk genes have highlighted overlap with the
earliest discoveries in syndromic ASD. For example, there has been a consistent observation
of enrichment of confirmed nsASD risk genes among targets of the Fragile X Mental
Retardation Protein (De Rubeis et al., 2014; lossifov et al., 2014; lossifov et al., 2012). Of
course, these categorizations do not capture all nsSASD risk genes, and it may be that
outliers, for example SCNZA — one of the most frequently mutated genes in nsASD — will
turn out to provide critically important biological and therapeutic insights (Sanders et al.,
2018).
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However, these results reflect something of a watershed for a field that historically has been
devoid of experimentally-validated molecular genetic findings. At the same time, the
insights provided by grouping genes based on existing ontologies and functional
categorizations have some inherent limitations. For example, finding that risk genes
contributing to nsASD, a paradigmatic neurodevelopment disorder, parse into functions
involving neurons and development may be viewed as something of a glimpse into the
obvious. In addition, the data underlying these categorizations is often not based on direct
experimentation in central nervous system but rather on pre-existing databases and a variety
of assays with variable relevance for human brain (Willsey et al., 2018). Finally, simply
because a protein has been assigned a function based on prior hypothesis driven studies does
not confirm that this is its only role or one that is necessarily relevant to the emergence of
nsASD.

We have proposed that an interrogation of spatiotemporal convergence of nsSASD genes may
be as important as assessing overlap in their overt functions. We hypothesize that at some
point in the trajectory from the molecular scale to complex behavior (Figure 1) subsets of
multiple, functionally diverse molecular effectors encoded by disease-risk genes are bound
to converge at the cellular or circuit level (or both) (Figure 1). Identifying the points of
convergence of risk genes in typically developing human brain may therefore begin to offer
a means to constrain both /n vitro and /n vivo experiments aimed at understanding disease
mechanisms. That is, data-driven hypotheses can be developed regarding which specific sets
of mutations might be studied in specific anatomical and developmental contexts to look for
overlapping properties/phenotypes that reflect shared nsASD pathology.

Early efforts to pursue this strategy, by our group and others, were constrained by multiple
difficulties including tissue acquisition, limited pre-existing reference datasets, technical
limitations, and the general infancy of bioinformatics approaches. In retrospect, given the
tremendous cellular diversity, developmental dynamism, and functional complexity of the
human central nervous system, the questions of time and space we sought to investigate
might easily have been fatally confounded. Similarly, other limitations, including the
reliance exclusively on bulk tissue gene expression; the absence of cell-type specific data
across development; and the paucity of information on male versus female brain
development could well have thwarted our and other contemporaneous analyses facing
similar challenges.

Nevertheless, efforts by multiple laboratories to capture anatomical and developmental
variables in systems analyses, have yielded strong evidence for convergence among nsASD
risk genes in glutamatergic excitatory projection (pyramidal) neurons during mid fetal
development (Ben-David and Shifman, 2013; Chang et al., 2015; Lin et al., 2015; Parikshak
et al., 2013; Pinto et al., 2014; Uddin et al., 2014; Willsey et al., 2013; Xu et al., 2014). Our
initial efforts in this regard (Willsey et al., 2013) demonstrated convergence of the highest
confidence nsASD risk genes in frontal lobe (i.e., prefrontal and primary motor cortex) in
deep layer projection neurons from 10-24 postconceptional weeks (PCW) or approximately
spanning the end of the early fetal period and the entire mid-fetal period. Among the 16
regions of the developing human brain we initially analyzed, we also observed a weaker
convergence signal in early post-natal cerebellum and the medial dorsal nucleus of the
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thalamus. Similar systems biological analysis that included transcriptomic data from mice
and humans has found evidence for enrichment in the neocortex and striatum, as well as
specific cell types within those two regions (i.e., neocortical deep layer projection neurons
and striatal medium spiny neurons) (Xu et al., 2014).

Even though limited by the breadth and depth of available datasets, these findings
associating the mid-fetal timeframe with specific ASD genes and LGD mutations offer
concrete avenues for further studies aimed at identifying pathophysiological mechanisms.
They suggest that, for example, characterizing specific heterozygous LGD mutations in
projection neurons in the mid-fetal prefrontal and motor cortex promises may offer insights
into the neurodevelopmental underpinnings of ASD and that future mechanistic studies
should involve these cell types and developmentally relevant time points. Importantly, the
foregoing points to a general experimental strategy, not a unifying theory of nsASD
causality. For instance, as expected, there is already evidence for convergence at other time
points and brain regions (Parikshak et al., 2013; Willsey et al., 2013; Willsey and State,
2015; Xu et al., 2014) suggesting that some genes and mutations should be interrogated in
specific contexts other than cortical projection neurons. Crucially, these studies also suggest
that the neurodevelopmental processes leading to ASD start in utero, well before ASD is
diagnosed (Figure 3).

These initial insights into the spatiotemporal dimensions of genetic risk may also turn out to
contribute significantly to an understanding of when and under what circumstances other
factors, including gene-environment interactions and the impacts of maternal and placental
health (Bauman et al., 2013; Cattane et al., 2018; Meltzer and Van de Water, 2017;
Thompson and Levitt, 2010), may be operative. However, importantly, this timeframe does
not necessarily identify a unique window of vulnerability that opens and closes in mid-fetal
development. For example, other regions, such as thalamus and cerebellum, exhibit a later
convergence with the same gene set. Moreover, it is not clear from the available evidence
whether the convergence identified relates to what would classically be considered
developmental abnormalities or some combination of fixed and plastic functional deficits. A
wide range of investigations of monogenic neurodevelopmental disorders that show
phenotypic overlap with ASD have successfully rescued the sequelae of human causative
mutation(s) even into adulthood (Sztainberg and Zoghbi, 2016). These surprisingly
consistent results across disorders are one of several lines of evidence suggesting that some
optimism is warranted with regard to post-natal intervention.

Examining spatiotemporal convergence may also help clarify some of the more confounding
aspects of nsASD, including how seemingly common and essential molecular and cellular
processes can be implicated so specifically in a well-recognized and clinically defined
disorder. NSASD risk genes generally fall into two large categories (Figure 2). One involves
synaptic proteins and includes cell adhesion, scaffolding and signaling molecules that can
affect synapses at various times in synapse formation and elimination, synaptic transmission
and plasticity, as well as proteins mediating the levels of synapse-related proteins. The
expression of these synapse-related genes increases during late mid-fetal and late fetal
development and peaks just after birth in the cerebral cortex (State and Sestan, 2012), as
would be predicted given their function in synapse development (Huttenlocher and
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Dabholkar, 1997). The second group of high-confidence ASD risk gene products include
various chromatin remodeling proteins and transcriptional regulators with a broad
expression pattern in the developing human nervous system. Of course, both synaptic
function and chromatin/transcriptional regulation are necessary for all brain functions,
raising the critical question of how mutations in these genes might lead in some individuals
to a specific disorder such as ASD, to a specific spatiotemporal location within the brain or
even to a specific species such as ours? Why would neural circuits and networks involved in
social and linguistic functions, sub-served largely by prefrontal and temporal association
areas and interconnected subcortical regions, be more selectively affected than those
involved in, for example, visual processing?

The integrated analysis of molecular and cellular atlases/maps suggest an answer: that the
spatiotemporal specificity we observe in ASD is a consequence of the spatiotemporal
specificity of the gene regulatory networks and neurobiological processes in which those
genes are involved. Many of the synapse and chromatin/transcription-related genes are
present in co-expression networks converging in mid-fetal human frontal cortex and deep
layer projection neurons (Willsey et al., 2013).

Foremost, the human nervous system develops heterochronologically and hierarchically
(reviewed in (Silbereis et al., 2016). The fact that distinct areas mature at different rates
(heterochrony) helps explain many of the intellectual and emotional changes seen in
children, teens and young adults. Furthermore, the development of certain structures of the
human nervous system unfolds over a long time, with some processes such as synaptic
pruning and myelination lasting to the middle of the third postnatal decade in the prefrontal
cortex and higher-order cortical regions (Figure 3) (Petanjek et al., 2011; Rapoport and
Gogtay, 2008). This extended period of synaptic pruning and axon myelination allows these
regions to retain juvenile characteristics (i.e., plasticity) well into postnatal life, while also
rendering these regions potentially vulnerable to a broad range of developmental disorders.

Furthermore, this prolonged development amplifies regional differences in maturation,
providing another level of potential specificity as to why certain neural circuits are affected
in nsASD. In general, the assembly of cortical circuits progresses in an orderly
spatiotemporal pattern such that the neurons in the anterior regions (e.g., the prefrontal
cortex) are chronologically older, and start to form synapses earlier, than the neurons of
equivalent subtypes in the posterior regions (e.g., the primary visual cortex) (Kostovic and
Rakic, 1990; Rakic, 2002). Indeed, some of the earliest signs of neuronal differentiation and
synaptic circuits are present in the regions of the early and mid-fetal prefrontal and limbic
cortices (Kostovic and Rakic, 1990; Kwan et al., 2012) that ultimately give rise to neural
circuits underlying executive control, social affective processing, and language - all
functions affected in ASD. Interestingly, the long-range axonal projections to and from the
primary motor and sensory cortices are the first to myelinate, followed by adjacent cortical
areas, and with delayed axonal myelination in higher-order cortical regions (Yakovlev and
Lecours 1967), indicating that the period of circuit development and maturation starts early
and ends late in prefrontal and limbic areas of the cortex, making them vulnerable to
developmental disorders where intrinsic genetic or extrinsic environmental stimuli provide
insults altering the native context.
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Regional and laminar differences in the timing of processes such as neurogenesis,
synaptogenesis and myelination may also help explain why neural circuits that begin to
develop earlier and end later, and the genes that are involved in these processes, are
particularly vulnerable in nsASD. For example, the subplate and prospective deep layers
(layers 5 and 6) of the cortical plate contain neurons born early in development, during the
embryonic, early fetal, and mid-fetal period, and that belong to diverse projectional and
physiological phenotypes. For example, many of these neurons send long-range axonal
projections that target sub-cerebral regions such as thalamus, brainstem and spinal cord (Han
and Sestan, 2013; Lodato and Arlotta, 2015) and another subset of deep layer neurons
project exclusively to other cortical areas within the same hemisphere (i.e., associational
axons) or opposite hemisphere (i.e., commissural axons). Conversely, the later born
projection neurons of the upper layers (L2-4) that project exclusively to form synaptic
connections within the cerebrum (e.g., cerebral cortex and basal ganglia) are still being
generated or migrating toward the outer parts of the cortical plate (the future layers 2 to 6)
during mid-fetal development. As such, their projections are much less developed compared
to those in the deep layers and largely lack synaptic connections at this developmental
period (reviewed in (Kostovic and Judas, 2010; Silbereis et al., 2016)

The rarity and functional immaturity of nascent synapses, such as those in the mid-fetal
frontal cortex, may make them especially susceptible to perturbed function of nsASD-related
genes, which appear to be dynamically regulated during the same developmental window.
Crucially, deep layer projection neurons, especially those in prospective layer 5, form
synapses, differentiate (Kostovic and Judas, 2010; Kwan et al., 2012), and establish the first
descending projections from the fetal neocortex (Clasca et al., 1995) during this time,
perhaps making them susceptible in ways not possible for upper layer neurons that are still
being born or migrating. The precise spatiotemporal timing of convergence may also explain
why some areas of the neocortex are particularly affected in ASD while other areas, such as
those involved in visual perception, are less affected.

Finally, building a neural circuit requires coordinated gene expression and electrochemical
activity among developing cells. Indeed, studies in model organisms have shown that early
in development, neurons form spontaneously electrochemically-active networks whose
activity patterns are important for properly wiring-up different synaptic circuits (Katz and
Shatz, 1996; Sur and Rubenstein, 2005). Perturbing the precise spatiotemporal sequence of
gene expression in cells within these circuits as well as various non-genetic factors can thus
lead to disruptions in synaptic function and connectivity. We conjecture that due to the high
level of interconnectedness between gene regulatory networks and between molecular
pathways active within a developing neuron, alterations in many of the genes expressed in a
given cell type during the critical period in circuit formation (i.e., developmental
vulnerability), may affect the neuron’s connectivity and function. Genes highly specified for
neuronal functions such as synaptic transmission or those having a broad effect on gene
expression (e.g., chromatin remodelers and transcription factors), may be more likely to alter
the development and consequently the function of those circuits.
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The Path Ahead to Therapeutics Development

The foregoing has highlighted some of the recent progress in the genomics of nsASD and
the neuroscience of human brain development as well as the challenges in distinguishing
between the biology of risk genes and relevant pathophysiological mechanisms underlying
the syndrome. And clearly, despite the advances noted, the most pressing and still-elusive
goal for the next epoch of ASD research is the development of novel, more effective
therapies. Current pharmaco-therapeutics do not target the defining social deficits of ASD,
structured educational and behavioral interventions provide important but generally limited
relief of core symptoms, and the prospect for effective prevention or cure remains a distant
aspiration. However, as the genetics of nSASD begins to come into focus, avenues are
emerging to conceptualize new approaches to somatic treatment development that, until very
recently, would likely have been considered out of reach.

The notion that there might be a straight-line path between genes on the one hand and a
complex behavioral disorder on the other (Figure 1A) is clearly implausible (Geschwind and
Levitt, 2007; State and Levitt, 2011). Instead, the search space for therapeutic targets is
dictated by a host of complicating factors, including isoform variation and biological
pleiotropy (Figure 1B), sexual dimorphisms and the spatial and temporal dynamics of
human brain development and ASD risk (Figure 1C). However, despite the expansive
territory existing between gene and behavior, it is becoming increasingly possible to
conceptualize strategies to attack points along this path. Three examples are introduced
below: one leveraging functional genomics and proteomics to target “close to the gene”; a
second using systems biological/convergence approaches to identify intermediate
phenotypes, and, third, electrocorticography (ECoG) and deep brain stimulation to move
“distally,” directly targeting circuit mechanisms.

Haploinsufficiency and Protein-Focused Therapeutics

The foregoing has highlighted that a significant percentage of the identified nSASD risk
genes share a common genomic mechanism, namely haploinsufficiency. Given the evidence
in nsSASD that a single LGD mutation in the individual is conferring the lion’s share of risk
and /n cis, a broad therapeutic strategy could focus directly on enhancing expression from
the remaining normal allele(s). With the development of advanced nucleic acid editing,
antisense oligonucleotide (ASO) technologies, viral targeting, traditional small molecule
screening and repurposing of existing pharmacotherapeutics, along with a widening variety
of higher throughput model systems, including iPSCs, multiple approaches to address this
goal are now increasingly plausible (Dugger et al., 2018).

The identification of interventions that return the level of the nsASD- related protein in
haploinsufficient cells to wild-type levels offers a tractable screening strategy. And, to date,
the absence of clarity on what a reliable high-throughput screening phenotype would consist
of has been a key rate limiting step in nSASD therapeutics development. An additional
advantage of such an approach is that strategies might be pursued that restore expression to
wild-type in the mutant while leaving intact many native regulatory mechanisms, preserving
developmental expression patterns and isoform diversity.

Neuron. Author manuscript; available in PMC 2020 January 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sestan and State

Page 19

Some of the most exciting work in this area at present involves efforts either to reactivate
silent alleles or to repress over-expression contributing to syndromic ASD (Sztainberg and
Zoghbi, 2016) for example in Angelman and MECP2 duplication syndrome (Sztainberg et
al., 2015). With regard to the former, loss of function mutations in UBE3A have been found
to be causal for Angelman syndrome due in part to silencing of the remaining normal allele
via imprinting. Several studies have shown that topoisomerase inhibitors (Huang et al.,
2011) and anti-sense oligonucleotides (ASOs) (Meng et al., 2015) can de-repress the silent
allele. Recent studies have moved to the screening of compounds with sustained penetration
into the CNS (Huang et al., 2011; Lee et al., 2018). While in this case, the pathology is
related to the functional equivalent of homozygous loss of the UBE3A gene, the concept of
leveraging the biology of the normal intact allele is highly analogous to the approach we are
proposing in nSASD.

Similarly, dramatic progress in the treatment of spinal muscular atrophy (SMA) (Finkel et
al., 2016; Mendell et al., 2017; Mercuri et al., 2018) mirrors this approach and has been
transformative for severely ill children and their families. Recently both ASO and viral
vector approaches have shown substantial evidence for efficacy. The ASO strategy is
particularly interesting vis-a-vis the notion of leveraging the remaining normal allele in
nsASD. ASO approaches in SMA rely on existing genetic substrate, in this case the gene
Survival Motor Neuron 2 (SMN2) which differs at only a single base pair from SMN1,
homozygous loss of which results in the disease phenotype. The single base change
differentiating SMNI from SMNZ2 results in the exclusion of a critical functional exon.
ASOs targeting the splice site variation retain the key exon, allowing SMNZ2 to substitute
functionally for the loss of SMNL1. This strategy has leveraged intrathecal injection and
targeted anterior horn cells. Clearly this initial success is far from a guarantee that, for
instance, deep layer cortical neurons could be effectively targeted in nsASD. However,
progress in this devastating early onset pediatric neurological disorder is likely to pave the
way forward for experimentation in a range of other conditions, including neurodegeneration
and epilepsy, that may offer additional insights into the challenges and opportunities for
broader use in nsASD.

Of course, there are significant challenges that would confront any effort to deploy a similar
approach in nsASD even if the appropriate cell type(s) could be identified and targeted:
First, the ability to predict the specific phenotypic consequences of highly-penetrant nsASD
mutations is still limited. Second, the nature of the behavioral or cognitive pathology, as well
as the severity, can vary widely. For this reason, early studies would likely have to focus on a
very small number of risk genes with the greatest penetrance for serious neurodevelopmental
outcomes, for example CHDS8, SCNZA or ARID1B have all been shown to confer very high
degrees of risk due to putative loss-of-function de novo heterozygous mutations.

An additional complexity arises due to the extreme rarity of de novo LGD mutations in any
given gene even in the affected population, raising questions regarding how potential
research subjects might be identified. The increasing frequency of pre-natal or early post-
natal exome or genome sequencing in large health systems appear poised to help address
such challenges. The extreme rarity of mutations in any given gene could also conceivably
be a practical/financial obstacle to therapeutics development. However, the recent examples
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of SMA (Finkel et al., 2017) and of Chimeric Antigen Receptor (CAR) T-Cell therapy (June
et al., 2018) suggests this might not be insurmountable — though the ultimate costs of
treatment and related ethical concerns would not be trivial.

The timing of intervention would also pose difficult questions. While there is now good
evidence for convergent risk for a subset of high-effect LGD mutations in mid-fetal
neocortical development, one would imagine that for a variety of reasons -- including the
variable outcomes from identical risk mutations -- that participation in a trial would most
likely be considered only postnatally and after symptoms emerged. With continually
advancing early detection approaches, this would still conceivably be within the first several
postnatal months, well before clinical diagnosis is typically made but substantially after the
mid-fetal period (Hazlett et al., 2017; Jones and Klin, 2013; June et al., 2018; Shultz et al.,
2018; Zwaigenbaum and Penner, 2018).

Of course, waiting on intervention would risk increasing the liability for type Il error. It
could well be that early post-natal intervention would still be too late to be effective.
Conversely, it’s important to recall that it’s far from certain how the emergence of
vulnerability in mid-fetal brain development might relate to a therapeutic window. Several
lines of evidence suggest that such a window might be open for longer than expected: as
noted, studies in a variety of models of Mendelian neurodevelopmental syndromes indicate
that ongoing functional abnormalities are rescuable into adulthood (Sztainberg and Zoghbi,
2016). In addition, despite the current limited armamentarium of therapies in humans, and
even more limited understanding of the specific circuits that are being targeted, affected
children can improve with structured educational and behavioral intervention (Volkmar et
al., 2014), suggesting that ASD pathology is not set in stone in utero.

Finally, even if one could identify strategies to increase expression of the normal allele and
address all the challenges noted above, measuring the trajectory of social functioning in the
developing child would remain an obstacle. Similarly, developing a large enough case and
control group to confidently assess outcomes in the face of interindividual variability, and
identifying what time period would be required to assess change, would all constitute
substantial logistical challenges.

Nonetheless it is worth reflecting on the foregoing discussion: the breakthroughs in reliably
identifying large- effect heterozygous LGD mutations in nsASD, the use of systems
approaches to begin to identify spatiotemporal vulnerability, and advances in functional
genomics and gene therapies now allow for a detailed consideration of a plausible, if
challenging, path forward toward rational therapies.

Systems Biology and Convergence:

As discussed above, systems biological approaches focusing on the intersection of nsASD
risk genes, with regard to function and interaction, can refine hypotheses regarding
pathophysiological mechanisms. In this regard, higher throughput model systems promise to
be quite useful in interrogating many established nsASD genes and mutations, in parallel, in
search of experimentally-validated, overlapping pathways (Willsey et al., 2018).

Neuron. Author manuscript; available in PMC 2020 January 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sestan and State

Page 21

Moreover, we argue that there is likely to be particular traction in investigating
spatiotemporal convergence. In this regard, the data from studies of human transcriptome
have already begun to provide initial clues with regard to when and where nsASD risk genes
may be having an effect. Genes identified based on de novo LGD mutations have been
combined with transcriptome data from overtly normal developing human brain leading to
the identification of glutamatergic projections neurons during mid-fetal cortical development
as one key point of intersection for a subset of high-confidence nsASD risk genes.
Moreover, while there has been some variability in the precise localization of this signal,
deeper layers (V and V1) have been a common denominator (Parikshak et al., 2013; Willsey
et al., 2013). It is not difficult to imagine that with the rapidly advancing characterization of
the molecular landscape of human brain, including at single-cell resolution, studies such as
these may well be able to refine further and to resolve the particular cell-types and/or
circuits implicated by distinct sets of functionally-divergent nsASD risk genes.

This initial step in identifying spatiotemporal convergence can help constrain subsequent
experiments in a variety of model systems by restricting analyses to specific genes carrying
specific mutations and having a putative impact in a specific anatomical region, cell-type or
circuit. Of course, while is seems reasonable to suppose that having a data-driven hypothesis
about when and where to model a set of mutations is better than the alternative, this strategy
is clearly not devoid of serious challenges: For example, important questions have yet to be
answered with regard to how closely one would need to match the human context in a given
model system in order to be able to generate useful data from these types of experiments.
This issue of recapitulating relevant contextual properties across model systems speaks to
the critical importance of foundational data regarding the molecular, cellular and circuit-
level developmental properties of a wide range of organisms. Similarly, it points to the
importance of a broad experimental armamentarium -- as some questions may be tractable in
for example, frog or fly while others might require iPSCs, marmoset or other non-human
primates.

Moreover, if a cell type and developmental stage could be adequately — if not precisely —
recapitulated in a particular model, one would still need to establish a robust statistical
framework to evaluate whether any observed overlap in phenotype from divergent risk genes
was shared more often than would be expected by chance. In addition, even if one observed
a convergent cellular or circuit level phenotype, ultimate confirmation of the relationship of
this to nsASD pathology in human would still potentially remain a question. One could
imagine gaining some confidence regarding the import of a statistically significant
overlapping phenotype based on the observation across either multiple sets of nSASD risk
genes and/or across multiple models. In this regard both the expansion of the current
armamentarium to include iPSCs, neural organoids and non-human primates, in addition to
improved methods for the parallel investigation of multiple risk genes are welcome
developments. While it seems likely that no single model, apart from living human brain,
can provide a complete answer, leveraging a wide variety of systems, while recognizing the
strengths and limitations of each, may be the most productive approach to identifying
convergent pathology among nsASD risk genes.
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Electrocorticography (ECoG) and Closed Loop Stimulation

The examples above target different points of entry in the complex path from genes to
behaviors. A third approach could conceivably leverage ECoG arrays in human patients and
deep brain stimulation to directly modify brain activity in order to target human behavior
and emotion.

Over the last several years the development of thin film electrode arrays and sophisticated
analytic approaches have demonstrated the tremendous potential to dissect complex neural
processes. The spatial and temporal resolution of such approaches compared to non-invasive
imaging and EEG is remarkable — leading to transformative findings. For example, recent
work has dissected the microanatomy of language perception and the regulation of prosody
(the musical quality of vocal pitch)— abnormalities of which are a central feature of higher-
functioning ASD (Chang et al., 2011; Chartier et al., 2018; Dichter et al., 2018; Mesgarani
and Chang, 2012).

Given the high rate of seizures in individuals with ASD it is certainly plausible that subjects
could be ascertained for studies, in cases where telemetry to localize epileptic foci and/or
surgical resection is clinically indicated. Very recently, emerging data regarding speech and
language as well as mood regulation (Kirkby et al., 2018) suggests that quite complex
higher-order phenomena can be effectively studied and manipulated in the human. Still the
additional question of whether persistent deficits in social communication could be either
detected, targeted or mediated remains to be seen. And, of course, all of the aforementioned
challenges regarding phenotyping, assessing change and deriving sufficient statistical power
would remain. However, the notion that there may already be emerging machine brain
interface technology that could allow efforts to treat ASD to circumvent the complexities of
elaborating molecular and cellular mechanisms in favor of manipulating circuits directly is
quite intriguing.

Conclusion:

Recent progress in the genomics of complex human disorders and in the characterization of
the molecular, cellular and circuit landscapes of developing human brain have opened new
avenues to an actionable understanding of nsASD. Recent genomic findings have been
remarkable for the identification of rare, de novo coding heterozygous mutations carrying
large effects. This contrasts with the state-of-the-science with regard to typical later-onset
psychiatric disorders where GWAS has been tremendously successful. In nsASD, discovery
cohorts, reaching more than 7000 cases, still have not had adequate power to identify
individual common alleles, given their extremely small effects. Consequently, these studies
provide no immediate avenue to illuminate molecular mechanisms.

In contrast, the earliest studies of syndromic ASD and, more recently, the systematic
identification of de novo LGD mutations in nSASD has revealed an allelic architecture that is
particularly tractable for model systems approaches. Traditional strategies to pursue these
large-effect, heterozygote LGD variants have provided critical insights into the underlying
biology of risk genes. However, differences between the developing human brain and other
more evolutionarily distant model systems have led to a still incomplete picture, particularly
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with regard to the distinction between nsASD gene related biology and pathophysiological
processes in the human. Likewise, assessing gene expression or epigenetic regulation in
adult postmortem ASD tissue, relative to neurotypical controls, has identified intriguing
differences, but whether these are primary drivers of ASD, moderators of clinical course, or
reflections of compensatory mechanisms is difficult to determine.

Though not without challenges, integrating data from genetics studies with that from
developmentally timed and spatially (i.e., brain regions and cell types) distinct postmortem
human tissue provides an avenue to begin to constrain experiments aimed at elaborating
causal mechanisms. Already, these approaches have yielded something of a consensus about
the importance of mid-fetal cortical glutamatergic projection neurons for a subset of the
highest confidence nsASD risk genes. This example suggests that with the rapid elaboration
of the developing human brain at the single cell and circuit level it is conceivable that
specific mutations may, in the near future, be assignable to increasingly more precise
biological contexts relevant to disease pathology — and in turn set the stage for a more
informed assessment of convergence among functionally distinct nsASD risk genes across a
range of model systems.

Importantly, these recent advances are beginning to reveal novel avenues to advance
treatment. Whether these strategies leverage the common observation of haploinsufficiency
as a genomic mechanism in nsASD, the identification of therapeutic targets based on a
deeper understanding of cellular and circuit-level contexts and mechanisms, or the
development of advanced machine brain interfaces, the field is poised for a profound
transformation.
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Figure 1: Spatiotemporal convergence among high confidence ASD risk genes
The figure provides a conceptual illustration of the path from risk genes to behavior in

nsASD. Panel A illustrates an idealized path from genes to proteins to cells, circuits and
behavior. This is shown as a line connecting color spheres representing the noted levels of
analysis (orange = cells, blue = proteins; green =cell etc.); Panel B shows the complexity
added by consideration of isoform diversity and biological pleiotropy, with a single gene/
mutation leading to multiple transcripts and proteins and corresponding to multiple cell
types and circuits. Panel C represents the further complexity added by the consideration of
spatial and temporal influence on expression and function during brain development. This is
shown as a three-dimensional space connecting a single gene to multiple isoforms, protein,
cell types and circuits. Sexual dimorphism potentially adds another dimension of
complexity. Panel D represents the strategy of using multiple independent risk genes in an
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effort to triangulate on specific cell types and circuits that show overlap among functionally
diverse risk genes.
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Figure 2: High confidence ASD risk genes encode synaptic proteins and chromatin and
transcriptional regulators

Genetic studies have identified a large number of risk genes for ASD, many of which have
pleiotropic functional properties. Synapse function, chromatin modification and
transcriptional regulation top the list of statistically enriched functional categories. On the
left, a simplified schematic of the major cellular components of neural circuits in the
cerebral cortex: Pyramid-shaped glutamatergic excitatory projections neurons, GABAergic
inhibitory interneurons, and glial cells. On the right, diverse intracellular distribution and
pleiotropic roles of ASD risk genes (Sanders et al., 2015). Red circles depict a view of the
synapse with its many protein products of ASD risk genes (top) and the ASD proteins in the
nucleus (bottom). Proteins in synaptic signaling pathways encompass cell adhesion,
scaffolding and signaling molecules. Nuclear protein products of ASD risk genes are mainly
associated with chromatin modification and transcriptional control, suggesting that
alterations in chromatin structure and gene expression may contribute to ASD.
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Figure 3. A timeline of major human neurodevelopmental processes and neuropsychiatric

disorders
The illustrations in the top panel demonstrate the dramatic changes in the anatomical

features of human brain over the course of prenatal and postnatal development. The gray bar
provides a timeline of major phases of human development (Kang et al., 2011), which are
plotted on a logarithmic scale. Age is shown in postconceptional weeks (PCW) and postnatal
years (PY). The second panel shows the age of onset for selected psychiatric and
neurological disorders. The beige bars indicate the age range at which each disorder is most
commonly diagnosed, with less frequent ages of diagnosis denoted as dotted lines. Note that
the age of diagnosis is highly variable between disorders. The schematic in the third, fourth
and fifth panel details the approximate timing and sequence of key cellular processes in the
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prefrontal cortex, the primary visual cortex and cerebellum, respectively. Bars indicate the
peak developmental window in which each feature is acquired. Dotted lines indicate that
feature acquisition occurs at these ages, though to a relatively minor degree. Arrows indicate
that the feature is present throughout postnatal life. DL, deep layer excitatory projection
(pyramidal) neurons; ExN, excitatory projection neurons; Granule, granule cells; IN,
Interneurons; PN, Purkinje neurons; and UL, upper layer excitatory projection neurons.
Based on figures from Silbereis et al., 2016. Light red squares denote two spatiotemporal
windows (i.e., the prefrontal and motor-somatosensory cortex during mainly the midfetal
development, and thalamus/cerebellar cortex during infancy and early childhood) that were
identified in Willsey et al., 2013 to be significantly enriched for risk among high-confidence
ASD genes. The shade of red denotes the significance level of the enrichment after
correction for multiple comparisons (darker shade denotes greater enrichment). Relevant
references pertaining to information detailed in the panels are provided in the rightmost
column: a (Kessler et al., 2007) and (Lee et al., 2014), b (Myers, 2004), ¢ (Pagano et al.,
2016), d (van der Flier et al., 2011), e (Clancy et al., 2001) (Bystron et al., 2006), f (Paredes
etal., 2016), g (Kang et al., 2011); (deAzevedo et al., 2003);(Choi and Lapham, 1978), h
(Yeung et al., 2014); (Kang et al., 2011)), i (Petanjek et al., 2011); (Huttenlocher and
Dabholkar, 1997);(Kostovic and Rakic, 1990); (Kwan et al., 2012), j (Yakovlev and Lecours
1967); (Gilles, 1976); (Miller et al., 2012), k (Petanjek et al., 2011); (Huttenlocher and
Dabholkar, 1997)), | (Clancy et al., 2001)), m (Huttenlocher and Dabholkar, 1997), n
(Sidman and Rakic, 1973), o (Kiessling et al., 2014; Riedel et al., 1989), p (Yakovlev and
Lecours 1967); (Gilles, 1976)).
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