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Abstract

ASD is a largely heritable, multistage, prenatal disorder that impacts a child’s ability to perceive
and react to social information. Most ASD risk genes express prenatally and fall into two
categories: broadly-expressed regulatory genes that express in the brain and other organs and
brain-specific genes. In trimesters 1 to 3 (Epoch-1), one set of broadly-expressed (the majority)
and brain-specific risk genes disrupt cell proliferation, neurogenesis, migration and cell fate, while
in trimester 3 and early postnatal (Epoch-2) another set (the majority being brain-specific) disrupt
neurite outgrowth, synaptogenesis and “wiring” of cortex. A proposed model is that upstream
highly interconnected regulatory ASD gene mutations disrupt transcriptional programs or
signaling pathways resulting in dysregulation of downstream processes such as proliferation,
neurogenesis, synaptogenesis and neural activity. Dysregulation of signaling pathways is
correlated with ASD social symptom severity. Since the majority of ASD risk genes are broadly-
expressed, many ASD individuals may benefit by being treated as a broader medical disorder. An
important future direction is the non-invasive study of ASD cell biology.
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A QUIET REVOLUTION: UPENDING CONVENTIONAL BELIEFS ABOUT ASD

ASD impacts an individual’s ability to both perceive and react to social information[1-6]. It
has captured the attention of clinicians, scientists and the lay public because of its
debilitating social, emotional, language and cognitive symptoms and unexplained clinical
heterogeneity. First described >75 years ago[7], its causes and neural developmental origins
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remained elusive for many decades. However, research this past decade has revolutionized
our understanding of ASD, and many previous unfounded speculations and misconceptions
have been disproven. For example, it is now clear that ASD is not caused by parents, nor by
vaccines. It is also not rare, nor does it start in early childhood. Instead, it is clinically
detectable and highly diagnostically stable by 14 months of age[8]. In most individuals,
ASD is not due to a single stage of deviate development. It also is not due to abnormality in
a single brain region, and remarkably, in some subjects might not even be exclusively a brain
disorder.

Instead, recent computational, cell line model, animal model, clinical, genetic and
postmortem findings show that ASD is a highly heritable, multistage, multi-process
progressive, brain-wide disorder of prenatal and early postnatal development, with prenatal
subtypes leading to clinical outcome heterogeneity[9]. Rather than a single stage of deviant
development, multiple stages are involved (Fig. 1A) including cell proliferation[10],
neurogenesis, migration[11], laminar organization[11], and neurite outgrowth during the 15t
and 2" trimesters, and spine development, synaptogenesis, and synapse functioning in the
3" trimester and early postnatal life[9, 12—-20].

Here, we first review new biological and genetic as well as direct postmortem findings, and,
from these, we identify two often undiscussed attributes of the new findings that open new
concepts and directions for ASD genetic, genomic and cellular research.

ASD BEGINS IN PRENATAL LIFE: It Involves Multiple Prenatal Stages,
Processes and Brain Regions

iPSC studies of idiopathic ASD individuals implicate multiple prenatal stages and

processes.

Recent ASD subject-derived inducible pluripotent stem cells (iPSC) studies have provided
insights into prenatal origins in idiopathic ASD[20-23]. In the largest study to date (n=8
ASD and n=5 healthy controls), every ASD child studied showed disruptions in multiple
prenatal-stages including proliferation, maturation, synaptogenesis and neural activity (Fig.
1B). ASD displayed high rates of cell proliferation, G1/S shortening, reduced differentiation
and neuronal maturation, abnormal inhibitory and excitatory synaptic maturation, and
reduced neural activity (Fig. 1B). Excess proliferation and abnormal differentiation, neurite
and synapse development were also found[21] during iPSC to neuron differentiation in 4
ASD adults with brain enlargement. An iPSC study of 6 idiopathic ASD males and 3
controls found dysregulation of genes involved in neuronal differentiation, axon guidance,
cell migration, and regional patterning[22], and another small sample iPSC study of
individuals with idiopathic ASD and those with risk gene or CNV deletions also reported
delayed neuronal differentiation[23].

Confirming ASD postmortem findings (Text Box 1) and extending them to living ASD
subjects, iPSC-derived molecular and cellular evidence depicts idiopathic ASD as a
multistage disorder of prenatal development. The disrupted stages begin with shortening cell
cycle G1-S and excess cell proliferation. It then continues with deviant neuronal
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differentiation, maturation, migration, synaptogenesis and neural network activity[9].
Abnormal cell proliferation explains reports of overabundance of cortical neurons[24],
excess brain weight[24-26], and early brain overgrowth in ASD[27-30]. Excess prenatal
neurogenesis causes an overabundance of upper layer cortical neurons, imbalance of
excitation and inhibition, altered neural functioning and ASD-like behavior in ASD animal
models[31].

GWAS evidence further implicates early prenatal corticogenesis in idiopathic ASD.

A recent GWAS study implicated multiple genetic loci in strong association with idiopathic
ASD[32]. Analyses of genes at these loci identified 34 genes. These genes are involved in
prenatal corticogenesis during late 15t and during 2"d and 3" trimesters but are not strongly
expressed postnatally (Fig. 2A, B). Peak expression is during proliferation, neurogenesis,
migration, cell fate and cortical layer formation. These results are predicted by the iPSC
studies and, as discussed below, by the finding of a strong expression of high confidence
ASD (hcASD) risk genes (see Glossary) during early prenatal corticogenesis.

ASD risk gene mutations strongly implicate prenatal beginnings in multiple brain regions.

Most ASD risk genes are expressed in neocortex during prenatal life (Fig. 2A, B, C and D)
[9, 13, 14, 17, 19, 33-36]. This effect has remained robust and unchanged despite the
expanding list of ASD risk gene mutations over the years. For example, our recent analysis
showed 94% of hcASD genes are expressed in prenatal development (Fig.2C). In another
recent ASD gene discovery study of 102 putative ASD risk genes, 98 had their highest
expression in prenatal cortex as compared with postnatal[36]. Moreover, prenatal expression
of ASD risk genes is consistently reported for most ASD-implicated brain regions including
cortex, cerebellum, amygdala, hippocampus and striatum (Fig. 2C and D)[9, 17]. The
expression of hcASD genes fall into two prenatal developmental periods, Epoch-1 (68% of
ASD genes) and Epoch-2 (32% of ASD genes), as shown in Fig.2C[9]. Thus, risk gene
evidence shows ASD is a prenatal disorder of every major brain region implicated to date by
anatomical and functional imaging[10, 37-42] and postmortem studies (see Box 1).

ASD risk genes point to multiple prenatal stages, diverse biological processes, pleiotropy
and neuron types.

To understand the prenatal pathobiology and mechanisms leading to ASD, many hcASD
genes are functionally characterized through cell line and animal models. A recent literature
survey of several hundreds of published reports found that ASD involves multiple prenatal
stages [9]. Specifically, of the 58 hcASD genes with characterized neurofunctional roles, 33
(57%) are involved in proliferation, 15 (26%) in migration and cell fate specification, 30
(52%) in neurite outgrowth and 34 (59%) in synaptogenesis and synapse functioning (Fig.
2F)[9]. About two-thirds of hcASD genes are pleiotropic, influencing two or more
processes. This evidence adds a genetic explanation to the developmental pathobiology
revealed by postmortem, neuroimaging and iPSC evidence. It shows that ASD risk genes are
involved in excess cell proliferation, disrupted neurogenesis and maturation, mis-migration,
disrupted synaptic development and function, and deviant neurofunctional activity and
connectivity. While excess proliferation and dysregulated differentiation appear to begin
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ASD prenatal maldevelopment, the pleiotropic nature of most hcASD genes and their
involvement in successive prenatal stages, serves to emphasize that ASD is a multifaceted,
progressive disorder beginning with dysregulation of cell numbers, neurogenesis, migration,
cell fate and early neural maturation, but then transitions to a layered prenatal to postnatal
path where effects of ASD-synaptic risk genes interact with activity- and experience-
dependent postnatal factors. Supporting a possible successive propagation of the
perturbations, it is found that aberrant excess excitatory neurogenesis is sufficient to cause
ASD neurophysiology and behavior in animal models due to a cascade of maldevelopment
triggered by the early excess (see Box 2).

Multiple prenatal biological processes also emerge from functional clustering of ASD risk
genes[17]. Clusters included cell cycle G1-S and G2-M regulation; histone modification and
chromatin remodeling; synapse-relevant processes and structures; and PI3K/AKT, RAS/
ERK, and WNT/g-catenin, gamma interferon, TGFP and TLR signaling. Importantly, many
of the implicated signaling pathways are highly conserved and pleotropic, affecting multiple
neurodevelopmental stages.

TWO PRENATAL EPOCHS OF RISK GENE EXPRESSION: Regulatory Genes
Begin Prenatal Maldevelopment in ASD

By analysing the gene expression pattern of ASD risk genes in a systematic and unbiased
way, one may better understand when ASD genetic dysregulation begins, what genes may be
driving its initiation, and what biological mechanisms and processes may be involved.
Different approaches have been used (see Box 3 and Fig. 3A and B).

In a recent approach, we utilized an unbiased analysis of high confidence ASD genes
identified in large-scale genome-wide genetic samples reported by two sources[43, 44] (see
Supplementary Table S—1). In this approach, we clustered all of these hcASD genes based
on their temporal expression trajectories in neocortex at prenatal and early postnatal ages[9].
This unbiased approach revealed hcASD genes that have similar and dissimilar prenatal ages
of expression, regardless of what type of gene it might be.

This approach revealed two separate prenatal neurodevelopmental Epochs: Epoch-1 in the
15t to 3 trimesters, has 68% of the hcASD genes; Epoch-2 in the 3" trimester and early
postnatal life, has 32% (Figs. 2C, 4C). Importantly, it also found two categories of hcASD
genes -- regulatory and brain-specific — that were both present in both Epoch-1 and Epoch-2
(Fig. 2F, 3C and 4C).

The set of regulatory and brain-specific hcASD genes in Epoch-1 impact cell proliferation,
neurogenesis, migration, and cell fate, while the different set of regulatory and brain-specific
hcASD genes in Epoch-2 impact neurite outgrowth, synaptogenesis and wiring of cortical
functional networks. The great majority ---79%-- of Epoch-1 hcASD genes are regulatory
(Fig. 2F and Fig. 3C), while the majority of Epoch-2 hcASD genes are brain-specific (Fig.
2F and Fig. 3C). Overall 67% of all Epoch-1 and Epoch-2 hcASD genes are gene expression
regulators[9].
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This high percentage of regulatory ASD risk genes is consistent with other recent work. For
example, 34 high confidence common gene variants in idiopathic ASD[32] were largely
regulatory and involved in prenatal corticogenesis (Fig. 2A)[32]. In another, 9 of the top 12
de novo recurrent ASD genes were regulatory, and across the top 38 in that study, 27 (71%)
were regulatory[44]. In a recent study, 59% of 102 genome-wide significant ASD risk genes
were regulatory and prenatal expressing in both ASD with and without intellectual
disability[36]. Thus, across studies, high confidence ASD risk genes are most strongly
enriched for regulatory genes, which play roles in chromatin modelling, signaling pathway
modulation, and transcription programs (Figs. Fig. 3C and 4C) (Supplementary Table S-1).

The abrupt end of Epoch-1 just before birth (Figs. 2C and 4C), suggests that the functions of
Epoch-1 hcASD genes are largely restricted to prenatal development. Meanwhile, Epoch-2
expression upregulation begins gradually late in the 2"d trimester but strongly upregulates
just before birth when nearly all Epoch-1 genes normally downregulate. This switch
coincides with a dramatic upsurge of cortical synaptogenesis and axonal and neuronal
growth in the developing brain. Consistent with this timing, Epoch-2 is significantly and
strongly enriched for brain-specific genes involved in synaptogenesis and synapse
functioning (Fig. 2F). Building on this rapid increase in synaptogenesis and connectivity and
in the context of the beginning of behavioral experiences, experience-dependent and
experience-expectant neural plasticity rapidly accelerate during this early postnatal time.

The different trajectories of ASD risk genes exemplified in Fig. 3A and B (see also Box 3),
have led to various interpretations including that they reflect different ASD subtypes or that
ASD may involve separate and non-interacting molecular mechanisms with severity being
related to additive risk from one or both types of gene disruption.

However, the neurodevelopmental expression patterns in Fig. 3C and Fig. 4C (Key Figure)
lead to a new view of prenatal ASD gene trajectories that is illustrated in Fig. 4D. The figure
illustrates that ASD prenatal development is not strictly defined by a switch from regulatory
to brain-specific hcASD gene processes, but instead from one combination of regulatory and
brain-specific processes in Epoch-1 to a second set in Epoch-2 (Fig. 4C and D). In Epoch-1,
we hypothesize, the first set may together disrupt early prenatal cortical formation, while the
second set may disrupt later prenatal and postnatal cortical “wiring”. Thus, evidence
supports a yet-to-be-tested hypothesis that ASD may be the consequence of dysregulation of
different sets of regulatory and brain-specific genes acting in spatiotemporal combination
across two successive, overlapping prenatal Epochs (Fig. 4D). Regardless, the evidence
supports the conclusion that dysregulation of regulatory ASD risk genes dominate and drive
the first Epoch of prenatal maldevelopment in ASD.

ASD AS A MULTI-ORGAN DISORDER: Most Regulatory High Confidence
ASD Genes Express Broadly Across Organs and Tissues

Most early prenatal ASD regulatory genes are broadly-expressed in multiple organs and
tissues in addition to the developing prenatal brain (Fig. 4A,). Thus, broadly-expressed
regulatory genes might be both a major driver of prenatal neural maldevelopment in ASD
and affect development and function of other organs and tissues. For example, prenatal
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mouse models of three hcASD genes, Chd8, Chd7 and Chd2, show wide-spread expression
during organogenesis, such as in the gut, lungs, kidney, thymus, thyroid, heart, kidney, lung,
and eye as well as in cerebellum and neocortex (Fig. 4B)[45]. Many other hcASD genes are
involved in diverse organs, tissues and disorders involving the gastrointestinal system, heart,
kidneys, eye, muscles, lungs, arterial maldevelopment, medulloblastoma, cone-rod
dystrophy, facial dysmorphology, eye and vision defects, whole body overgrowth, finger
clinodactyly, colorectal cancer, and leukemia (e.g., ADNP, ANK2, ARID1B, BCL11A,
CHDS8, MED13L, RIMS1, TBR1, TCF7L2)[46]. These observations predict clinical
comorbidities from negligible to syndromic, across genes and ASD subjects in terms of
tissues and organs affected. Thus, not only is ASD a prenatal multistage, regulatory disorder
of multiple developmental brain molecular processes, but it is also a broadly-expressed,
multi-organ, multi-tissue disorder among some ASD cases.

ASD IS A REGULATORY DISORDER OF CORE BRAIN PROCESSES: A
Unifying Model of ASD Prenatal Development

The above evidence provides insights on when and what neural development is disrupted in
autism. The other key question is how do these many Epoch-1 and Epoch-2 hcASD genes
operate to cause prenatal-age abnormalities and ASD symptoms? As described above,
hcASD genes do not all fall into an obvious pattern of mechanisms, but rather represent a
multitude of neural developmental functions and mechanisms, including, in many instances,
those impacting non-brain organs and tissues. For instance, while some broadly-expressed
hcASD genes are involved in chromatin remodelling, some brain-specific hcASD genes
encode proteins precisely tuned to calcium channels.

In the face of this ambiguity, many theories and models have emerged. Some theories and
models focus on Epoch-2 synapse genes, ignoring the large percentage of early Epoch-1
regulatory genes, due to the ease of single synapse-theory of ASD in which synaptic
dysfunction is attributed to the behavioral dysfunction in individuals with ASD. Other
speculations arose that perhaps each ASD risk gene is a specific form of autism; this gene-
centric view appears to simplify molecular modelling but massively multiplies the number of
different “autism” disorders to tackle and explain. Moreover, ASD in most individuals is a
result of the combination of genetic aberrations and, except for a hand full of genes, ASD
risk genes are not fully penetrant to the disorder, further challenging such a gene-centric
view of ASD. Consequently, some have hypothesized that diverse hcASD genes converge on
a yet-to-be-identified common pathway or that the whole group of heterogeneous hcASD
genes might form a coherent single network in specific neuronal cell types and at a specific
spatiotemporal space to perform a specific biological function (eg. [47]). Such views are
challenged by the above compelling evidence that ASD is a multi-stage, progressive disorder
involving two major prenatal developmental Epochs, one generating the cortex and the
second creating functional wiring of the cortex. Together, these Epochs span much of
prenatal and early-age neural development and many brain-specific mechanisms. Such
speculations are likewise challenged by evidence of microglia[48] as well as neuronal
pathology and the involvement of multiple organs and tissues in many in the ASD
population.
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Yet other perspectives, such as the oligogenic or polygenic models, posit the complexity of
the ASD genetic landscape is attributable to the existence of hundreds of ASD risk genes,
each with a small effect on molecular processes controlling an ASD neural or clinical trait.
The polygenic model, for instance, hypothesizes existence of a set of specific risk genes for
a complex trait. However, identified risk loci by genome-wide association studies (GWAS)
and other genetic studies (e.g., de novo damaging mutations or CNVs) explain only a small
portion of heritability under the polygenic model, and a large fraction of heritability remains
“missing”[49]. For ASD, the missing heritability could partly be explained by identification
of novel risk variants through analysis of far larger cohorts and utilization of more
comprehensive genome sequencing approaches than previous work. However, based on
lessons learned from other complex diseases, there is a possibility that a large fraction of
heritability will remain elusive even after vastly expanded efforts[50].

Recently, Gazestani et al[51] hypothesized that an individual ASD risk gene per seis not a
function or mechanism standing alone, but rather each is a participant with many other risk
genes in multiple early developmental functional molecular networks and pathways (Box 4).
To test this hypothesis, they examined the connection of ASD risk genes with molecular
perturbations present in leukocytes from ASD toddlers. Importantly, their analyses showed
many ASD risk genes are upstream regulators of key signaling pathways (e.g., PI3K/AKT,
RAS/ERK, and WNT/g-catenin[9, 52]), and converge on these pathways through chromatin
remodelers, transcriptional factors, and ubiquitination and protease complexes[9, 51, 52]
(Fig. 5A). They also found that processes downstream of these signaling pathways are
perturbed at the transcriptome level in ASD. Thus, in leukocytes, they show many prenatal-
stage regulatory ASD risk genes are not at the core of neural developmental processes, but
rather target these key signaling pathways thereby disrupting multiple core prenatal
neurodevelopmental processes. The study[51] further showed disrupted signaling networks
enrich early Epoch-1 prenatal-stage networks, and the degree of dysregulation in these
signaling pathways correlate with ASD social symptom severity in the ASD toddlers. This
ASD toddler RNA expression evidence[51] is consistent with the hypothesis from our recent
review of the large ASD animal, cell and genetic literature[9] that dysregulation of these
signaling pathways disrupts a succession of prenatal stages implicated in Epochs-1 and
Epoch-2, namely cell proliferation, neurogenesis, cell fate determination, migration, growth
and synaptogenesis and synaptic wiring (Fig. 5B). These pathways are highly pleiotropic,
regulating multiple core neural developmental processes, while also impacting other organs
and tissues[9, 51, 53].

Since Epoch-1 hcASD genes are predominantly broadly-expressed regulators, there are
major implications on how ASD is perceived and studied. In contrast to neurons, which have
a limited time window to proliferate and mature, other cell types constantly regenerate in
postnatal life. Thus, molecular dysregulation associated with the genetics of ASD could in
part, reoccur at postnatal ages in non-brain tissues. Indeed, in addition to [51], ASD blood
transcriptome studies found dysregulations overlapping with dysregulated processes from
iPSC studies[20, 21, 53-56]. Blood signatures are also predictive of ASD, neurofunctional
hypoactivation to language stimuli in ASD, and early postnatal brain sizes[54-56].
Furthermore, genetic variations in neurodevelopmental genes correlate with their blood
expression patterns in large cohorts of healthy individuals[57, 58].
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To further investigate the influence of gene regulatory networks on ASD, we utilized
available GWAS data on ASD[32] and overlaid it here with adult tissue expression
quantitative loci (eQTL) data from the GTEx consortium. Consistent with the importance of
gene regulatory networks in ASD genetic liability, we found eQTLs from the adult frontal
cortex have a higher impact on the liability of ASD (Fig. 5C). These results are consistent
with observations in schizophrenia wherein genetic risk loci alter gene expression in brain
and other tissues (e.g., blood)[59]. Thus, genetic aberrations associated with the broadly-
expressed genes substantially influence ASD liability.

A proposed new model of ASD prenatal development.

By demonstrating how the heterogeneous genetics of ASD may dysregulate signaling
networks to influence prenatal brain development and, thereby, the severity of early-age
ASD social symptoms, Gazestani et al[51] propose a new regulatory/core-process
mechanistic model of ASD prenatal development: Upstream highly interconnected
“peripheral” regulatory ASD risk gene mutations and variants --through either direct
transcriptional regulation or modulation of interconnected signaling pathways (PI3K/AKT,
RAS/ERK, WNT/gB-catenin)-- dysregulate downstream core genes and developmental
processes (Fig. 5D). A small number of “master” regulatory ASD gene mutations, such as
CHDS8 (Fig. 5D), that more directly dysregulate core prenatal neurodevelopmental genes and
processes can also be sufficient to cause ASD symptoms.

These peripheral regulatory networks are governed by developmental- and tissue-specific
spatiotemporal programs, making them ASD prenatal-brain critical but also potentially
relevant to other organs and tissues in prenatal as well as adult life. This new hypothesis
awaits empirical analyses and raises many questions about whether there may indeed be a
unified mechanistic model of ASD and whether such a model explains ASD early-age
clinical heterogeneity and outcome (see Outstanding Questions).

This new ASD prenatal developmental model focusing on hcASD genes underlying
regulation of core prenatal processes, may also speak to and serve as a disorder-specific
example of more general emerging models, such as the omnigenic model. The omnigenic
model of the genetics of complex traits suggest that regulatory gene mutations and
epigenetic changes often propagate their effects through peripheral regulatory networks and
converge on tissue and cell specific core pathways relevant to complex traits[60, 61] (Box
4). In the omnigenic model, regulatory networks are so interconnected that large numbers of
genes contribute to a phenotype through expression in relevant cells[60, 61]. While
displaying interesting attributes of the omnigenic model, here we theorize ASD results from
dysregulation of developmentally delimited and transiently activated regulatory networks
such as those described here and elsewhere[51].

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Recent research has revolutionized our understanding of ASD early-age origins. We now
know ASD is largely an inherited, progressive disorder of prenatal and early postnatal
development (Figs. 1-4) and is highly diagnostically stable from very early ages[8].
Broadly-expressed regulatory genes appear to be major drivers in Epoch-1 prenatal stages of
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ASD in both children with hcASD mutations (Figs. 2—4) and in idiopathic ASD (Fig. 2).
Furthermore, two major hcASD gene expression Epochs exist. Epoch-1 is dominated by
broadly-expressed regulatory risk genes that may disrupt early stages of corticogenesis,
while Epoch-2 is dominated by brain-specific risk genes that may disrupt late prenatal and
postnatal synaptogenesis and wiring of cortex. It remains to be studied if disruption of these
two epochs occur independently, resulting in distinct subtypes of ASD, or if ASD emerges
when disruptions of both converge on similar neurodevelopmental processes that generate
ASD pathobiology. Alternatively, they could result in both similar and distinct perturbations,
each contributing to the different dimensions of the autism spectrum, while the similarities
contribute to some phenotypic overlap.

Evidence reviewed here leads to the conclusion that ASD begins as a prenatal-age regulatory
disorder of multiple brain developmental processes. One model proposes a modular structure
for ASD where mutations in regulatory ASD risk genes combine to disrupt transcriptional
programs or signaling pathways (eg, PI3K/AKT, RAS/ERK, and WNT/g-catenin) and
thereby dysregulate multiple downstream prenatal processes such as proliferation,
neurogenesis, maturation, neurite outgrowth, synaptogenesis and functional neural network
assembly (Fig. 5). Interestingly, some hcASD genes, such as CHD8 and FMR1, appear to
directly regulate such core prenatal processes, suggesting a high impact of their genetic
aberrations on ASD [62] (Fig. 5D). While the combined impact of child-specific genetic
aberrations may not be easily detected or measured, dysregulation channelling onto
downstream prenatal brain processes that are commonly perturbed across individuals, can be
detected and correlated with symptom severities[51, 54, 56] (Box 4). While additional
innovative experiments are needed to further test this model, it provides a novel perspective
about how ASD genetics may lead to multiple stages of prenatal pathobiological processes
and initial ASD clinical symptoms and neurofunctional outcome heterogeneity.

It is therefore critical to discover how these ASD prenatal processes are mechanistically
linked with early-age ASD neural and clinical features. As a multistage, complex disorder
spanning prenatal and early postnatal brain development, ASD could stem from disruption
of multiple key processes with each contributing to postnatal heterogeneity ASD clinical
outcomes. Since multiple prenatal processes are expected to be commonly dysregulated
during Epochs-1 and -2 but to varying degrees, this model suggests that functional genomic
experiments on large ASD cohorts are needed to systematically parse molecular and cellular
heterogeneity, identify the bases of variation in prenatal processes, and examine how they
account for very early-age ASD clinical heterogeneity. Therefore, large-sample ASD
subject-derived cortical organoid technologies become critical for cell biology research into
neurodevelopmental molecular and cellular bases for ASD and their connections with ASD
genetics, early age clinical trajectories, and outcome[9].

In ASD children, insights into broadly-expressed regulatory genes and signaling pathways
via non-invasive studies of accessible tissues, may shed light into ASD causes, mechanisms,
development and interventions. Furthermore, this could identify molecular diagnostic,
prognostic and treatment signatures from pathways and networks such as PI3BK/AKT, RAS/
ERK, and WNT/g-catenin in large cohorts of ASD infants and toddlers via various cell types
and iPSC-based neural models[51, 53, 63]. Indeed, a correlation was found between
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signaling network level dysregulations and ASD social symptom severity[51, 56] (Box 4). It
will be important to determine how broadly-expressed hcASD genes impact other tissues
and organs during prenatal and early postnatal development, and thus connect comorbidities
with ASD. Since broadly-expressed regulatory hcASD genes impact development in other
cell and organ types[45], physiological comorbidities in ASD children may stem from the
primary genetic etiology. Thus, ASD may also benefit by being treated as a broader medical
disorder followed by a careful medical molecular, cellular, physiological and symptom
assessments of other tissues. We suggest the cell biology of ASD, via non-invasive methods,
should be a major future clinical translational research direction.

As a largely heritable disorder, ultimately precision medicine for most ASD children will
require knowledge of the underlying genomic, molecular and cellular pathobiology and
discovery of appropriately targeted therapeutics. Such precision medicine does not currently
exist for ASD, but in principle it can be accomplished via the “ASD living biology”
paradigm. This paradigm aims to derive clinical-relevant individual pathobiology
information from living ASD children via non-invasive studies of ASD cell biology. This
can be done through large-scale studies that leverage individual child derived-iPSC models
and omics assays of accessible cell and tissue types. Such data will link neural-clinical-
medical features in living ASD children with their own cell biology to drive personalized
diagnosis, prognosis, and therapies[9].
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GLOSSARY

Broadly-expressed genes
Broadly-expressed genes are strongly expressed in multiple organs and tissues

Brain-specific genes
Brain-specific genes are expressed in the brain and are not strongly expressed in multiple
other organs and tissue types

Core brain processes

Core brain processes are critical for brain development during prenatal and early postnatal
stages. Here, we speculate that ASD directly involves perturbation of several core brain
processes

Cortical organoid
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Human cortical organoids are cellular models generated from human inducible pluripotent
stem cells (iPSCs). They are organized into layers resembling those present in the
developing human cerebral cortex. They recapitulate many cellular and molecular aspects of
human prenatal neurodevelopmental stages. They can provide in vitro 3D cortical models for
the study of neurological development and disease processes that are unique to the human
nervous system

High confidence ASD risk (hcASD) genes

High confidence ASD risk genes are recurrent, reported across multiple independent
samples and not present in the typical, non-psychiatric population. Across different studies
and criteria used, the number of hcASD genes vary from a few dozen to more than 100.
There is not a fixed list or definition as such, and accrual of evidence may add new genes or
remove previously considered genes. Examples of hcASD gene lists are shown in
Supplementary Table S-1

Omnigenic model

The omnigenic model is an expansion of the polygenic model and theorizes effects in every
gene with spatiotemporal expression relevant to a complex trait, has a chance to propagate
through highly interconnected peripheral regulatory gene networks to influence a set of core
processes and genes connected with a trait of interest. Thus, while many genetic variants of
peripheral regulatory genes do not meet statistical significance thresholds, they nevertheless
make non-zero contributions to disease heritability

Peripheral regulatory genes

Expression effects of peripheral genes propagate through gene regulatory networks to impact
downstream core genes and processes. However, their genetic aberration is not necessary for
a complex trait. These are expressed and functional in disease relevant cell types at relevant
developmental time points. Master peripheral regulator genes can strongly dysregulate core
processes and genes

Signaling pathway

A group of molecules that interact in series to relay a message to drive a cellular response,
such as neurogenesis or synaptogenesis. Alterations in the activation of a signaling pathway
can change the cellular response and ultimately organism development and function
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TEXT BOX 1:
Postmortem evidence implicates multiple prenatal stages

Postmortem cellular, molecular and genetic evidence shows that ASD is a multistage,
multi-process disorder of prenatal development,[9] and that it involves one or a
combination of common gene variants, de novo variants, and somatic mosaicism in a
subset of subjects[11, 66]. While most postmortem findings reflect neuropathology
pertinent to the age at death of the case and not to early ASD pathobiological origins, a
few key postmortem studies of idiopathic ASD children as young as 2 years find
definitive signs of prenatal 15t, 21 and 3" trimester maldevelopment[9, 11, 15, 16, 18,
24]. In prefrontal cortex at young ages, there are excess numbers of neurons in each child
studied. On average, ASD children have 67% more prefrontal neurons than controls[24],
30% more overall in cortex at young ages (see Table S2 in[9]), and 57% more von
Economo neurons in cortex involved in socioemotional processes[67]. Because
proliferation of cortical neurons is exponential between 10 and 20 weeks of gestation[68,
69] and does not occur postnatal, pathological neuron excess shows that neuropathology
of ASD has a prenatal origin, likely by the 15t or 219 trimester. /n7 utero brain overgrowth
occurs in ASDJ[70]. In animal models, cell cycle disruption leading to excess prenatal
cortical cell proliferation causes brain overgrowth and ASD-like symptoms[31]. In
postmortem brains from young ASD cases, cell cycle, differentiation, and DNA damage
detection genes and pathways are dysregulated in prefrontal cortex[71]. Also, living ASD
toddlers with enlarged brain size have dysregulation of cell cycle gene expression
indicative of G1/S shortening[54].

Disruption of 2" and 3" trimester development in ASD is signalled by focal
disorganization of cortical layers and nearby clusters of mis-migrated neurons in
prefrontal and temporal cortices[11, 72—75]. Multiregional dysregulation of neurogenesis,
neuronal mis-migration and multifocal cerebral dysplasias is reported in several ASD
cases[72]. Dysregulation of maturation and neuronal growth are signalled by reduced
neuron size and dendritic arbors in many postmortem ASD studies[73] [24, 76, 77]. In
living ASD toddlers, evidence is also consistent with reduced axon size and growth but
increased axon numbers in the cerebrum (likely from excess small neurons)[40, 78].
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TEXT BOX 2:

Excess proliferation of excitatory cells in early prenatal life may be
sufficient to cause ASD

Fang et al[31] developed a unique ASD animal model showing prenatal generation of
excess excitatory cortical neurons is sufficient to cause ASD-like brain overgrowth,
imbalance in excitation and inhibition, aberrant cortical-cortical circuit formation and
function, and abnormal social, communication and behavior. In a new study of 102 ASD
risk genes, early maturing and mature excitatory cortical lineage neurons had the most
robust enrichment among all cell types examined, with 71 of the 102 risk genes[36].
Furthermore, early excitatory cortical neurons expressed the most ASD risk genes; ASD
genes were also expressed in striatal inhibitory lineage neurons, oligodendrocyte
progenitors and astrocytes. A 67% overabundance of frontal cortical neurons is found
postmortem at young ages in ASD[24]. An abnormal excess cell proliferation occurs in
ASD toddler-derived iPSC models and correlates with early-age brain overgrowth in the
ASD toddlers[20]. Thus, excess cell proliferation may be sufficient to cause ASD. This
additionally evidence supports the long-standing theory that ASD cortical
pathophysiology involves imbalance between cortical excitation and inhibition[79], and
suggests the possibility that, in cortex, imbalance could be related to pathological excess
excitatory cortical neurons.
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TEXT BOX 3:

Analyses of temporal patterns of expression of ASD risk genes during
prenatal development

One approach to identification of developmentally critical periods and pathobiological
mechanisms in ASD has been to analyze temporal patterns of expression of ASD risk
genes during prenatal development. Some studies first cluster genes into co-expression
modules and next examine their enrichment for ASD risk genes (Fig. 3A)[14]. Other
studies use a priori selection of specific gene types or gene modules/networks of interest
and then ask how these selected genes change in expression during early development
(Fig. 3B)[36]. Such analyses have commonly used BrainSpan normative data on prenatal
and postnatal brain gene expression. Across studies, different lists of ASD risk genes
have been examined, primarily due to the changing and expanding set of discovered and
consensus ASD genes. Such gene lists have ranged from several dozen to about 100;
recent studies have used substantially overlapping gene lists. See Supplementary Table
S-1.

Two separate prenatal temporal patterns of gene expression trajectories have commonly
been reported: one for regulatory ASD risk genes and a second for neural
communication/synapse ASD risk genes, as shown in Figs. 3A and B. Findings can
appear to support the interpretation of non-overlapping, non-interacting impact of these
seemingly separate patterns of change in expression.

This is not fully supported by data from four studies shown in Fig. 3C. In these studies
(which includes data from Fig. 3B), regulatory and neural communication/synapse-
relevant hcASD genes are enriched in both prenatal Epoch-1 and Epoch-2 periods,
contrary to the impression of the trajectories graphed in Fig. 3A and B. See
Supplementary Table S-1.

Also at odds with the interpretation of two non-overlapping, non-interacting regulatory
and synapse risk gene trajectories, is a recent detailed model of ASD risk gene-based
synaptic developmental dysfunction [47] which thoroughly delineates the deeply
intertwined and interactive importance of regulatory genes as well as calcium and sodium
channel, GABAergic and glutaminergic receptor, cell adhesion and scaffolding protein,
and other types of neural communication/synapse-relevant genes. This synaptic model
suggests that theory-driven approaches as distinct from a priori selection approaches,
may reveal different insights into prenatal trajectories and interactions of critical
regulatory and synaptic processes.
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TEXT BOX 4:

Leukocyte studies unite ASD genetics with molecular dysregulations and
clinical outcomes

New studies of leukocyte transcriptomics in toddlers[51, 56] provide evidence that gene
expression dysregulation associated with ASD genetics is present in tissues other than
brain. This is in line with the finding that hcASD risk genes with regulatory roles (e.g.,
CHD8, CHD2, PTEN, ADNP) are broadly-expressed and functional across tissues (Figs.
210 4).

Blood transcriptomic analyses allow for the recruitment of large ASD cohorts from the
general pediatric population. The observation that dysregulation in these ASD cohorts is
connected to ASD risk genes suggests that there exist common molecular and cellular
mechanisms between subjects with and without hcASD mutations[51]. This is consistent
with the molecular and cellular similarities seen in iPSC lines from idiopathic ASD
individuals[21], such as seen with subjects harboring deleterious SHANK?2
mutations[80]. Similarly, a postmortem transcriptome study found similar transcriptional
dysregulations in postmortem brain samples from idiopathic subjects and those with
15911.2-13.1 duplication syndrome[81].

In the blood transcriptome studies, hcASD genes were not differentially expressed, but
their downstream regulatory targets were significantly enriched among the differentially
expressed genes[51, 54]. Similar patterns have been observed in the transcriptomic
analysis of ASD postmortem brain samples[81-84]. These findings suggest that ASD risk
genes, rather than being directly involved in the core brain processes related to ASD, are
the main regulators of such processes. In the omnigenic model, each ASD subject has a
unique genetic architecture, while showing high similarities in the downstream brain
processes. In the omnigenic model, the core genes have the strongest disease effect when
damaged, but mutations in these may be extraordinarily rare due to their highly
deleterious effects. Thus, more peripheral genes (i.e., genes with regulatory impact that is
expressed in the right time in the right tissue) may drive the disease as they more subtly
dysregulate core brain genes in a dose dependent manner.

Findings from blood and hcASD neural cell models transcriptome suggest that a few
ASD risk genes including CHD8 and FMR1 could act as “master regulators” by directly
modulating the expression levels of the perturbed network. Mutations in such genes can
have dramatic impact on the core brain processes, resulting in a more pronounced
phenotype.

Except for a handful of genes, the common belief is that ASD risk genes are not fully
penetrant to ASD. Blood transcriptome studies suggest that the regulatory impact of a
large number of ASD risk genes is channelled through signaling pathways[51].
Congruently, studies on cell line and animal models of hcASD genes demonstrated the
convergence of hcASD genes on these signaling pathways[9]. Moreover, transcriptomic
studies reproducibly find the dysregulation of these pathways and their downstream
processes in ASD blood[51, 53, 63]. These signaling pathways are known to be highly
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preserved and active across human tissues. Such multi-functionalities could be the reason
that their dysregulation was detected in leukocytes of toddlers with ASD[51].
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OUTSTANDING QUESTIONS BOX

How do broadly-expressed regulatory and brain-specific ASD risk genes interact with
each other during Epoch-1 and/or Epoch-2 to cause prenatal-age molecular and cellular
abnormalities, early postnatal pathobiology, and initial clinical symptoms?

What are the critical developmental periods and processes for such pathogenic
perturbations to lead to ASD?

What are the Epoch-1 and Epoch-2 genetic, genomic and cellular bases for ASD clinical
heterogeneity, treatment responsiveness and outcome, and what are the differential roles
of abnormal broad and brain-specific gene expression in this clinical heterogeneity?

Does the genetic structure of ASD result in molecular perturbations in non-neuronal cells
in the brain? Are such perturbations due to the broadly expressed genes and do they
overlap with the processes perturbed in ASD neurons?

How do dysregulations in broadly-expressed ASD risk genes perturb transcriptional
programs in tissues and organs other than the brain?

Do early Epoch-1 dysregulations in broadly-expressed ASD risk genes have larger impact
on brain development than brain-specific dysregulations?

Do findings of when, what and how of ASD prenatal Epoch- and Epoch-2 pathobiology
apply at the individual ASD child level, and if so, what are the predictive individual-level
signatures?

Does a unified model of prenatal genomic and cellular development underlie idiopathic
ASD as well as ASD with risk mutations or do they have distinctly different
developmental mechanisms?

At the molecular and cellular levels of prenatal cortical development, are there subtypes
or a continuum of pathobiology, and how do effects relate to early-age clinical
presentation, progression, treatment response and outcome?
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HIGHLIGHTS
ASD begins in prenatal life.

In Epoch-1 (15t to 3" trimesters), cell proliferation, neurogenesis, cell fate and migration
are disrupted. In Epoch-2 (3" trimester and early postnatal life), cortical wiring is
disrupted, including neurite outgrowth, synaptogenesis and neural network organization.

ASD is highly heritable. Most ASD risk genes express in prenatal life and fall into two
major groups of broadly-expressed regulatory genes and brain-specific ones.

Broadly-expressed regulatory risk genes are the majority of ASD risk genes. In
combination with brain-specific risk genes, they drive aberrant proliferation,
neurogenesis, cell fate and migration in Epoch-1. A different set of broadly-expressed
and brain-specific risk genes disrupt synaptogenesis and cortical wiring in Epoch-2.

Broadly-expressed risk genes may impact development and function of other organs as
well as brain.

A new hypothesis proposes how Epoch-1 and Epoch-2 ASD risk genes operate to cause
prenatal-age abnormalities: The effect of genetic aberrations in broadly expressed genes
propagate through regulatory networks and key signaling pathways of PI3K/AKT, RAS/
ERK, and WNT/gB-catenin to converge upon and dysregulate multiple downstream core
prenatal processes.
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Figure 1. ASD is a progressive multi-stage disorder of prenatal and early postnatal development.
(A) ASD involves multiple stages of prenatal cortical maldevelopment as compared with

typical development (from[9]). ASD begins with aberrant cortex formation that involves
disruption of cell cycle processes and excess cell proliferation (left panel); neuronal
maturation, neurite outgrowth and spontaneous neural activity (next panel); and continues
with disruption of later prenatal and postnatal synaptogenesis and neural network expansion
(third panel); and “wiring” of cortex and coordinated neural circuits activity (right panel)
(from[9]). Upper series of child icons from red to green, illustrates the hypothesis that ASD
outcome severity (darker red) may be related to severity of dysregulation in some or all of
these prenatal and postnatal stages. (B) In one study, ASD subject-derived iPS cell (iPSC)
models show that abnormal increases in cell proliferation are correlated with each child’s
early brain overgrowth (left panel). iPSC-derived ASD neurons also show reduced
spontaneous neuronal activity (middle panel) and deviant synapse formation (right panel)
(from[20]). See Box 1 for more details.
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Figure 2. ASD genetics uniformly implicate prenatal beginnings in multiple brain regions and
multiple functional processes.

(A-B) Genes implicated in ASD by a recent GWAS study show strong expression during
prenatal corticogenesis but not during postnatal cortex development (from[32]). (C)
Neocortex expression pattern of 69 hcASD genes during brain development. 94% of 69
hcASD risk genes express at prenatal ages across multiple brain regions (from[9]). The
heatmaps also show there are two major groups of hcASD genes: Epoch-1 (green bar in
heatmaps) consisting of 68% of hcASD genes and Epoch-2 (purple bar in heatmaps)
consisting of 32% (from[9]). FC: Frontal cortex; OC: Occipital cortex; PC: Parietal cortex;
TC: Temporal cortex; Hippo: Hippocampus; Str: Striatum. (D) Similar to hcASD genes, an
extended set of ASD risk genes show peak expression at prenatal ages across multiple brain
regions (from[17]). (E) Co-expression activity of genes perturbed in leukocytes of
individuals with ASD implicate prenatal neurodevelopmental stage across frontal and
temporal cortices and the striatum, hippocampus and amygdala (Str.Hippo.Amy)(from[51]).
(F) hcASD genes are highly pleotropic and are involved in multiple stages of prenatal neural
development. Epoch-1 (green bars) is heavily dominated by regulatory hcASD genes (79%
of Epoch-1 genes) that can disrupt proliferation, neurogenesis and other early stages of
cortical formation, while Epoch-2 (purple bars) is dominated by brain-specific hcASD genes
(>60% of Epoch-2 genes) that may disrupt late prenatal and postnatal synaptogenesis and
“wiring” of cortex. Percentages across functional clusters add up to more than 100% because
the majority of hcASD gene mutations affect more than one developmental process.
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Figure 3. Dysregulation of regulatory ASD genes dominate the earliest prenatal stages of ASD.
The identification of critical developmental periods and changes in pathobiological

molecular mechanisms in ASD is of paramount importance. (A) In one approach,
researchers first cluster genes according to co-expression patterns and next examine their
enrichment for ASD risk genes (from[14]). M2 and M3 = modules enriched in gene
expression regulator ASD risk genes; M13, M16 and M17 = modules enriched in
synaptogenesis and synapse functioning ASD risk genes. (B) In a second approach,
researchers make an a priori selection of genes, modules, functions or ontologies of interest
from among all possible ones, and then analyze those selected for age-related changes in
expression. A recent example is shown in this panel (from[36]). GER = gene expression
regulator ASD risk genes; NC = neural communication ASD risk genes. Using such a priori
selection of regulatory and synapse-relevant genes shows that ASD genes that are regulators
normally upregulate expression as early as 15t and 219 trimesters and then downregulate in
perinatal and postnatal life, and the opposite pattern for synapse/neural communication
genes, namely downregulation in early prenatal life followed by upregulation in later
prenatal and postnatal life. Note that mutations in these ASD risk genes would therefore
result in their dysregulation during these critical prenatal periods and disruption of these
brain development processes. This approach has led some to view this as evidence of two
largely non-overlapping and non-interacting types of genes, mechanisms and processes. (C)
Bar graphs of hcASD genes from four recent studies[9, 19, 36, 47]. List of hcASD genes
from each study were manually annotated by literature search (see Supplementary Table
S-1). hcASD genes from each study were assigned to Epoch-1 or Epoch-2 based on their
correlation with the neurodevelopmental time stages considering the time point as an ordinal
variable. In all four studies, regulatory and synapse-relevant hcASD genes are present in
both Epoch-1 and Epoch-2. In each study, Epoch-1 has a greater percentage of regulatory
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hcASD genes than does Epoch-2, while Epoch-2 has a greater percentage of synapse-
relevant hcASD genes than does Epoch-1.
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Figure 4, Key Figure. ASD as a multi-organ disorder: Most regulatory high confidence ASD
genes express broadly in other organs and tissues as well as brain.

(A) The great majority of ASD regulatory genes are broadly-expressed in multiple organs
and tissues in addition to the prenatal brain. The majority of all Epoch-1 hcASD genes are
broadly-expressed regulators of gene expression in multiple body organs and tissues as well
as brain. In contrast, the majority of Epoch-2 hcASD genes have largely brain-specific
expression. The y-axis represents the effect size of median expression strength in Epoch-1
and Epoch-2 genes compared to all protein coding genes present in each tissue as measured
by Cohen’s D. TPM-level median gene expressions each tissue were retrieved from the
GTEX portal[64]. Positive values show stronger expression than expected and negative
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values show weaker expression than expected by chance. (B) Gene expression of three top
ASD genes, Chd8, Chd7 and Chd2, in embryonic mouse models (from[45]). There is
widespread expression of these genes during organogenesis, such as in the gut, lungs,
kidney, thymus, thyroid, heart, kidney, lung, and eye as well as in cerebellum and neocortex
(from[45]). Many other top ASD genes are also known to be involved in different organs,
tissues and disorders involving the gastrointestinal system, heart, kidneys, eye, muscles,
lungs, arterial maldevelopment, medulloblastoma, cone-rod dystrophy, facial
dysmorphology, eye and vision defects, whole body overgrowth, finger clinodactyly,
colorectal cancer, and leukemia. (C) Heat map of 69 hcASD genes shows broadly-expressed
regulator and brain-specific hcASD genes in Epoch-1 and Epoch-2. Bar graphs show
percentage of each type in each prenatal developmental Epoch. (D) Based on our
interpretation of the heat map and bar graphs in this Panel C and in Fig. 3C, we propose a
new model of how expression changes in broadly-expressed and brain-specific hcASD
genes. Beginning in the 15t trimester, a large number of broadly expressed regulatory hcASD
genes (represented by thick green lines) and a small number of brain-specific hcASD genes
(thin dashed green lines) normally upregulate and later downregulate. Mutations in these
genes thus would dysregulate Epoch-1 prenatal corticogenesis. Conversely, during Epoch-2,
many brain-specific hcASD genes (thick dashed purple lines) and a smaller number of
broadly-expressed hcASD genes (thin purple lines) upregulate in the 3 trimester and early
postnatal life. Thus, mutations in these later expressing genes would dysregulate later
prenatal and early postnatal cortical wiring. This new model shows a pattern of prenatal and
postnatal ASD risk gene dysregulation that differs from previous work: Namely, rather than
regulator genes and brain-specific genes each having a separate, opposite and single
expression trajectory, both categories of genes — broadly-expressed regulatory and brain-
specific -- were both present in both Epoch-1 and Epoch-2; moreover, each Epoch had its
own set of broadly-expressed regulator and brain-specific genes (compare to this Fig. 4D to
Fig. 3A and B).
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Figure 5. A unifying genetic model of ASD and its connection with the ASD molecular
perturbations.

(A) In a recent study of large samples of ASD and typical toddlers, analyses of leukocyte
gene expression identified a highly interconnected network of differentially expressed genes
in ASD. In the panel (from[51]), each node represents a biological process that is
significantly enriched in an expanded ASD network that included the differentially
expressed genes and ASD risk genes. Nodes in green are signaling pathways (eg., PI3K/
AKT, RAS/ERK, mTOR) and prenatal processes that are perturbed transcriptionally in
leukocytes from toddlers with ASD. The purple nodes are enriched with ASD risk genes
including risk ASD regulator genes that target the signaling pathways. Thus, many ASD risk
genes and common variants are not directly involved in core prenatal processes
underpinning ASD, but instead dysregulate such processes in ASD at critical prenatal and
early postnatal time points that are relevant to ASD. Fig. 2E shows this same differentially
expressed ASD gene network displays high gene coexpression across brain regions during
15t and 2" trimester of development. (B) The PI3K/AKT, RAS/ERK, WNT/B-catenin
signaling pathways that are dysregulated in leukocytes of ASD toddlers and correlate with
their social symptom severity, are, in fact, highly conserved and their signaling can modulate
multiple, Epoch-1 and Epoch-2 neurodevelopmental processes. (C) ASD liability resides in
SNPs with broadly-expressed regulatory genes with roles across multiple tissues. GWAS
data were retrieved from Grove et al[32]. Frontal cortex (FC) eQTLs were retrieved from the
GTEX portal[64]. A frontal cortex eQTL was deemed as broadly functional if it was
significantly correlated with gene expression levels in =250% of diverse tissues[64]. A similar

Trends Neurosci. Author manuscript; available in PMC 2020 July 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Courchesne et al.

Page 30

pattern was observed from available GWAS data on schizophrenia[65]. (D) Illustration of
proposed genetic architecture of ASD where regulatory ASD genes and common variants
are not directly involved in core prenatal processes underpinning ASD, but instead are
upstream in highly interconnected “peripheral” regulatory networks (dark and medium gray
dots) that regulate downstream core brain genes (stars) and processes (eg., proliferation,
synaptogenesis) at critical prenatal and early postnatal time points relevant to ASD[51].
Peripheral network dysregulations due to mutations in these regulatory ASD genes may
propagate through gene regulatory networks to disrupt transcriptional programs or signaling
pathways (blue rectangle) which impact downstream core brain-specific genes and processes
related to ASD. Master regulators, such as CHD8, are proximal to and regulate directly key
brain genes and processes and, so, their mutation can have dramatic impact on them.
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