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Abstract

Methodological advances over the last three decades have led to a profound transformation in our understanding of the
genetic origins of neuropsychiatric disorders. This is exemplified by the study of autism spectrum disorders (ASDs) for
which microarrays, whole exome sequencing and whole genome sequencing have yielded over a hundred causal loci.
Genome-wide association studies in ASD have also been fruitful, identifying 5 genome-wide significant loci thus far and
demonstrating a substantial role for polygenic inherited risk. Approaches rooted in systems biology and functional
genomics have increasingly placed genes implicated by risk variants into biological context. Genetic risk affects a finite
group of cell-types and biological processes, converging primarily on early stages of brain development (though, the
expression of many risk genes persists through childhood). Coupled with advances in stem cell-based human in vitro model
systems, these findings provide a basis for developing mechanistic models of disease pathophysiology.

Introduction
A national survey of US children, conducted between 2009 and
2017, estimated the prevalence of neurodevelopmental disorders
(NDDs) at about 1 in 6, or 16% (1). The onset of NDDs is early
in life by definition and treatment options remain limited, so
many affected individuals experience debilitating symptoms for
the majority of their lives. Over the last 30 years, the steadily
decreasing cost of genetic analysis, most prominently sequenc-
ing, has fueled tremendous gene discovery efforts in the study
of NDDs. In this review, we reflect on recent progress and con-
sider a significant challenge in the field for the next 30 years:
how to move from genes to mechanisms to drive biological
understanding and inform therapeutic development. We focus
on autism spectrum disorder (ASD), an NDD that affects nearly
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1 in 68 US children (1). We wrestle with how to move from genes
to biological mechanisms by considering what genes have been
implicated in ASD, where and when they are expressed and how
they may relate to each other and, ultimately, to behavior.

ASD is typically diagnosed before the age of 3 based on
symptomology in two core areas: social interaction and restric-
tive/repetitive behaviors (2). Social symptoms often manifest as
lack of interest in social interactions and difficulty responding to
social and nonverbal cues. Restrictive and repetitive behaviors
may include stereotyped motor movements, difficulty with
change to routine and intense fixation on restricted tasks
or objects. These are often accompanied by hyper- and
hypo-sensitivity to sensory stimuli. In addition to these core
symptom domains, numerous other allied medical conditions

http://www.oxfordjournals.org/
https://doi.org/10.1093/hmg/ddab176


Human Molecular Genetics, 2021, Vol. 30, No. 20 R237

are frequently co-morbid with ASD, including: seizure disorders
(3–5), food sensitivities and gastrointestinal symptoms (6), sleep
disorders (7), additional psychiatric diagnoses and intellectual
disability (3). The significant heterogeneity in symptom presen-
tation and severity is reflected by the term ‘autisms’ (8) and
motivates the development of personalized treatment options.
Early behavioral interventions are the most common treatments
for disabling symptoms in ASD and show promise in a subset of
patients (9,10). No pharmaceutical agents have been approved
for the treatment of core social impairments (11,12). Significant
efforts have been made to identify canonical biomarkers, but
none are yet recognized (11,13), except perhaps macrocephaly in
a subset of individuals (4,14). Thus, investigation into the genet-
ics of autisms offers great promise in advancing our definition
of autisms and developing much needed therapeutic options.

ASD as a Heritable Disorder
ASD has been recognized as a heritable condition since the
mid-1970s (15), due to its co-occurrence in monozygotic twins,
which is well summarized in a recent meta-analysis (16) and
the persistence of sub-threshold traits in first degree family
members (17–17). Further evidence of genetic etiology in ASD
come from its association with dozens of genetic syndromes
and chromosomal rearrangements (20–22,8,23,24). Twin studies
have since estimated the heritability (h2) of broadly defined
autisms anywhere from 0.45 to 0.9 (25–30), with a reasonable
consensus around 0.7–0.8. The genetic architecture of psychi-
atric diseases, including ASD, has been extensively reviewed and
this range of heritability observed in ASD is very similar to, but
on the higher end of, the range of heritability for other common
neuropsychiatric disorders (31,32).

Thus, it is no surprise that genetic discovery in ASD over
the last three decades has been very fruitful, defining and
refining a new neurobiological understanding of ASD (11,33).
These discoveries have been especially fueled by technological
advances (33). In retrospect, it is not surprising that most
gene discovery occurred after the era of linkage analysis,
based on higher resolution methods. These remarkable genetic
findings, which have accelerated over the last decade, have
shown that the genetic architecture of ASD differs from later
onset disorders, such as schizophrenia and major depression.
Mendelian and de novo variants contribute less liability in adult-
onset conditions, whereas it is predicted that ∼15% of ASD cases
are caused by major effect mutations (11,32,34–36). Rare de novo
CNVs (11,23,35,37,38) and single-nucleotide variants (34,39,40)
that disrupt the protein coding components of genes, likely
leading to haploinsufficiency (11), each account for ∼5% of
cases. Slightly more than 50% of liability is estimated to come
from heritable, common, polygenic risk (26). The remainder of
genetic risk is yet to be defined but is predicted to encompass
additional major effect mutations (34,35), rare inherited vari-
ation (41), epistasis and additional inherited common genetic
risk. Furthermore, as we discuss below, common and rare
genetic risk likely act together in an additive fashion in many
cases, and as suggested by the recent work of Robinson and
colleagues (42).

Hundreds of Risk Loci Implicated by Rare De
Novo Variation
Over the last 15 years, consortium efforts led by the Simons Sim-
plex Collection (33,35,37–40,43,44), Autism Sequencing Consor-
tium (45–47) and Autism Genetic Resource Exchange (23,41) have

enabled large-scale sequencing studies that have implicated
hundreds of genes and copy number variants (CNVs) in ASD
based on the occurrence of de novo variants within a particular
gene. Such methods can also incorporate predicted tolerance to
the loss of function and the prevalence of protein truncating
variants in the general population (48). These efforts have been
the primary drivers of gene discovery in ASD to date. In the
largest and most recent cohort, Satterstrom et al. (36) analyzed
whole exome sequencing (WES) data from over 35 000 people
(11.9 K of whom have ASD) and identified 102 ASD risk-genes,
many of which overlap with previously published studies (34,45).
These high-confidence risk genes overlap with small insertions
and deletions that have been previously associated with ASD
(23,35,38), but the relationship between specific genes and phe-
notypes implicated in most CNVs, particularly those spanning
more than 100 kb and harboring many genes, remains unknown.
Attributing the effect of large CNVs to one gene has been com-
plicated by evidence that multiple risk genes likely exist within
large CNV loci implicated in ASD (36).

The majority of sequencing efforts have focused on sim-
plex families wherein only one child has been diagnosed with
ASD (34,35,37–40,43–46). However, multiplex families, in which
multiple individuals have been diagnosed with ASD, exhibit
distinct genetic architecture (41,49–52). In 2016, Leppa et al. (50)
demonstrated rare inherited variation in multiplex families that
is obscured in simplex families. Furthermore, they show that de
novo variation contributes less to ASD liability in multiplex fami-
lies compared with simplex families (41), although it does occur.
In addition, there is non-transmission of rare de novo or inherited
large effect mutations in multiplex families, highlighting the
complexity of the genetic architecture of ASD. Rare inherited risk
variants, identified in multiplex families, significantly overlap
with de novo hits within protein–protein interaction (PPI) net-
works; though, they highlight distinct biological elements, such
as the microtubule cytoskeleton and cell-cycle regulation (41).
Given the identification of similar pathways in recent analysis
of simplex families (36), it is possible that current differences in
mutational impact on biological pathways reflect sample sizes
rather than true biological differences.

Initial pathways from RDNV analysis implicated high-
confidence ASD risk genes in convergent biological pathways
relating to transcription, chromatin structure and synaptic
function (Fig. 1A and B; (35,45,52–55)). As sequenced cohorts
have grown, this list has expanded to include genes implicated in
axonal outgrowth and cytoskeletal and vesicle machinery, likely
also related to synaptic signaling (36,41,55). Many of the earliest
ASD risk genes to be identified were known to explicitly function
at the synapse (such as NRXN1, GABRB3, SHANK3 and NLGN3)
and/or cause structural and functional synaptic phenotypes
in mouse models and human tissue. Synaptic deficits are also
consistently observed in mouse and iPSC models of syndromic
and RDNV models of ASD (11). These observations contributed
to the now widespread idea that an imbalance in excitatory and
inhibitory synaptic transmission in the brain is an important
contribution to ASD etiology (56). A distinct subset of ASD risk
genes are chromatin-modifiers (ex. CHD8, SETD5) and RNA-
binding proteins (ex. FMR1, RBFOX), many of which may be
upstream regulators of other known ASD risk genes, including
those involved in synaptic function (45,57–60).

Down-regulation of gene co-expression programs implicated
in neuronal activity and synaptic transmission has been
reported in human post-mortem tissue and is enriched in
ASD Genome-wide association study (GWAS) signals (61). Up-
regulation of genes expressed in astrocytes and microglia has
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Figure 1. ASD risk factors converge onto shared biological pathways and cell-types during early brain development. (A) Rare inherited, de novo and common inherited

variants contribute to ASD liability, in addition to environmental risk factors. (B) Genetic (and likely environmental) factors converge onto biological pathways as

schematized in this PPI network made using the STRING database (62) derived from risk genes in (36,41). Genes implicated in synaptic transmission (blue), transcriptional

and epigenetic regulation (red), protein ubiquitination (purple), axon outgrowth (black) and the cellular cytoskeleton (green) are highlighted. Risk genes that do not fall

into those categories are shown in gray and include those related to Wnt signaling, such as CTNNB1, and the cell cycle, such as PTEN. (C) The expression of risk genes

peaks during prenatal development but is not exclusive to this period. Adapted from (63). (D) Expression of risk genes is concentrated in developing glutamatergic

neurons. RG—radial glia; MP—migrating progenitor; IP—intermediate progenitor; EN—excitatory neuron; IN—inhibitory neuron; O—oligodendrocyte precursor cell; E—

endothelial cell; P—pericyte; M—microglia. Adapted from (64). (E) Impacted biological pathways and phenotypes will vary across individuals and in their convergence

and divergence on clinical manifestation.
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also been consistently observed in ASD post-mortem brain but
is not associated with genetic risk and may be a compensatory
or environmentally induced signature (61,65). The first single-
cell study of gene expression in ASD tissue reinforced many of
these observations, identifying differentially expressed synaptic
genes in cortical neurons and interneurons, as well as altered
gene expression profiles in astrocytes and microglia (66).

Common Inherited Variation
Although WES studies have been the primary drivers of gene
discovery in ASD, known highly penetrant RDNVs account for
<10% of disease liability (11,35), whereas common variation
accounts for >50% (11,26,34,45,67,68). The importance of inher-
ited variation in ASD is supported by the high recurrence of
ASD (and autistic traits) in families (17), and observations that
autistic behaviors exist on a continuum in the general popu-
lation (17,69,69). Early ASD GWAS provided suggestive evidence
linking a handful of SNPs to ASD, but no SNPs were reproducibly
identified (71–76). This paucity of GWAS hits led to the sug-
gestion that thousands of common variants, each with modest
effect size, may modulate risk (71,73,77). In the most recent ASD
GWAS, 5 genomic loci did reach genome-wide significance (63).
As most GWAS signals occur in the non-coding genome (78),
‘hits’ must be linked to genes by functional annotation. Data
from 3D chromatin conformation experiments in the developing
brain (79) reveal that ASD GWAS hits are enriched in putative reg-
ulatory elements active in the prenatal cortex, consistent with
prenatal cortical development being a window for particular ASD
vulnerability (63). In addition, Walker et al. (80) showed that com-
mon inherited and de novo variation coalesce into a single early
gene co-expression module, consistent with convergent biolog-
ical effects (Fig. 1B and C). This module, which was functionally
implicated in RNA splicing and chromatin organization, was also
specifically enriched in upper layer developing neurons, as had
been suggested by previous work (59). Analysis of both rare de
novo and common variation has implicated the gene KMT2E in
ASD; though, common risk loci identified by GWAS do not yet
show significant overlap with genes implicated in rare and de
novo variation (36). Similarly, ASD-associated common variants
show limited overlap with RDNVs and transcriptomic signa-
tures observed in ASD brain tissue (63). Polygenic risk has been
proposed to module expressivity in rare genetic disorders (81).
Common risk variants are also over-transmitted in individuals
with RDNV, strongly suggesting additive interactions between
rare and common risk variants (42). Altogether, these data sug-
gest that there is very likely overlap in risk genes and biological
pathways impacted by rare de novo, rare inherited and common
variation, but limitations in sample size have impaired detection
(Fig. 1B and C). Indeed, such functional convergence has been
demonstrated for rare inherited and rare de novo variation in PPI
networks (41) and in a specific fetal co-expression module that
is enriched for superficial layer glutamatergic neurons (80).

Polygenic risk scores (PRSs), calculated using GWAS summary
statistics, summarize the contributions of (typically) thousands
of SNPs to the likelihood of developing a trait. LD score regression
(82) can further stratify common variants into specific cell-types
and tissues to incorporate biological context (83). Tremendous
effort has been made to relate ASD PRS to trait variation within
ASD and in the general population. ASD PRS has been consis-
tently and positively associated with cognitive traits in the gen-
eral population (63,72,84,85). Similarly, the ASD PRS has also been
associated with anatomical features such as cortical thickness
(86). Attempts to correlate the ASD PRS with specific cognitive

impairments have been less successful (80,87–90). Broadly,
though, there is significant shared common variation that
increases risk for ASD, ADHD, depression (63) and schizophrenia
(67,72). What is clear is that risk for ASD is related to variants
that modulate social cognition in the general population (91).

Non-genetic Risk Factors
A significant and understudied amount of ASD liability is
attributed to non-genetic, elements (11,26,27). Many environ-
mental risk factors have been proposed including paternal age
(39), maternal immune conditions (92), fever during pregnancy
(93), prenatal exposure to air pollution (meta-analysis in (94))
and pesticides (95). Ingestion of some pharmaceutical agents
during pregnancy, such as the anti-convulsant valproate, has
also been associated with increased risk (96). The strength of
evidence for such risk factors varies due to (relatively) small
cohorts, difficulty parameterizing environmental exposures and
magnitude of effects. Longitudinal cohorts such as Childhood
Autism Risk from Genetics and Environment and Markers of
Autism Risk in Babies—Learning Early Signs have and will
continue to identify environmental risk factors. Beginning to
articulate mechanisms by which pre- and peri-natal environ-
mental exposures influence ASD risk will be a challenge for the
future. Both genetic and environmental risk factors converge
on the prenatal period and likely the cellular epigenome (97).
As genetic analyses implicate specific cell-types, circuits and
pathways in ASD, one can study the environmental impacts
on these processes and their potential interactions with genetic
risk factors (98,99). Understanding G × E interactions is currently
limited by power, but provides a potentially important future
avenue for risk mitigation.

Functional Annotation of Known Genetic Risk
Factors Implicates Specific Epochs and
Pathways Harboring Biological Risk
Databases that catalog functional genomic data, including gene
expression across tissues and time, have become increasingly
available over the last few years. By mapping known ASD risk
genes onto these data, we have learned a lot about when and
where neuropsychiatric risk genes are expressed (100). For
example, in Parikshak et al. (59), the authors identified groups
of co-expressed genes (modules), which generally capture cell-
types and cell-states, present in bulk human neural tissue from
mid-fetal development to late adulthood using the BrainSpan
database. They identify two types of gene networks enriched for
genetic ASD risk; one, relating to transcriptional regulation and
expressed in mid-fetal development and the other expressed
later in development (around birth) and functionally related
to synaptic activity. These ASD-associated gene modules were
highly expressed in developing excitatory neurons in a laminar
specific-manner (59). Willsey et al. (101) took a more directed
approach to identify modules in the BrainSpan dataset that
correlated with high-confidence ASD risk genes and again spot-
lighted mid-fetal cortical excitatory neurons. Alternate bioin-
formatic approaches have continued to implicate developing
cortical glutamatergic neurons (41,102), as well as cortical
interneurons and striatal medium spiny neurons (103,104).
Single-cell RNAseq experiments have since demonstrated
enriched expression of RDNV ASD genes maturing excitatory
neurons in the mid-fetal brain (Fig. 1D; (64)), as well as in early
striatal and cortical interneurons (36,105). Expression of RDNV
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risk genes is rarely restricted to developing neurons, however,
and recent work has raised the possibility that non-neuronal
cells, such as pericytes and oligodendrocytes (as was suggested
by some bulk analysis (104)), may also mediate risk (64). As WES
cohorts continue to increase in size, additional rare inherited
and de novo variants will inevitably be identified (36). And,
while there is consensus in the field that developing neurons
in the mid-fetal cortex are the major area of convergence for
genetic risk for ASD, their association is by no means unique.
In addition, there will almost certainly be rare variation that
contributes to ASD risk in the non-coding genome. Whole
genome sequencing (WGS) efforts to identify rare and de novo
non-coding variation are ongoing, but must contend with the
difficulty of functionally annotating the non-coding genome
and statistical power (106,107).

Insights from ASD and Future Directions
Investigation of the genetic etiology of ASD has spurred the
rejection of early psychodynamic hypotheses including domi-
neering mothers, in favor of true, causal factors. ASD genetic risk
factors are complex and comprised of both rare and common
variation, which likely interact with each other and environmen-
tal risk factors. The strong genetic component underlying ASD
(and other neuropsychiatric conditions) raises the possibility of
genetics informing nosology. There is already preliminary evi-
dence that the ASD PRS overlaps with distinct subtypes of ASD
(63) and that different classes of RDNV genes may be associated
with ASD with and without intellectual disability (36). Under-
standing distinct genetic architectures present in different forms
of autisms may facilitate the development of personalized thera-
pies. Use of quantitative traits, rather than categorical diagnoses,
for example, different metrics of social responsiveness/social
cognition, has shown promise (17,91,108) and suggests that ASD
in part represents a continuum with the normal distribution of
social competency in the general population. Use of quantitative
language metrics shows a similar relationship between language
in ASD and the general population as well (109,110). Dissecting
the components of polygenic risk into its differential effects with
respect to specific components of human cognition and behav-
ior, or biological pathways, represents an important frontier in
this respect.

At this stage in the field, genetic (and, likely, non-genetic) ASD
risk factors largely converge onto neurogenesis, transcription-
al/epigenetic regulation and synaptogenesis in the developing
cortex. Broad genetic psychiatric disease risk (67,111), and ASD
genetic risk specifically, are strongly rooted during the period of
neurogenesis and migration during early cortical development
(59,63,85,101), primarily, in glutamatergic neurons (59,101,64);
though, developing interneurons (36,103,104) and non-neuronal
cells (64) have also been implicated by some risk genes. In addi-
tion to this convergence at the genetic level, there is strong evi-
dence for convergence in genomic data from post-mortem ASD
brain (61,65,112), motivating systems biology approaches. These
data also emphasize the value of proper functional annotation
of cell-type and stage-specific gene expression.

Moving forward, genetics will also help resolve the mysteries
of ASD risk in the individual. How do the results supporting path-
way level convergence which are derived from the population,
map onto individual risk (Fig. 1E): Are there specific combina-
tions of pathway/gene involvement that typically occur in the
individual with ASD? Do different combinations of risk pathways
manifest as different forms of ASD, which likely require different
treatment? This is almost certainly the case with syndromic

or rare variation. Furthermore, we must move from associa-
tion to understanding causal mechanisms, which in addition
to GWAS’ and WGS (DNA variation) requires bench experimen-
tation and integration with multi-layered genomic data, tran-
scriptomes, epigenomes and 3D chromatin structure to connect
regulatory variation with genes. Recent work in ASD mouse
and iPSC-derived models has shown great promise in contex-
tualizing the functional impact of ASD-associated genetic syn-
dromes and RDNVs in specific cell-types and circuits (11, 113–
115). Tremendous effort has gone into developing 3D spheroid
models that recapitulate key aspects of brain development and
express known ASD risk genes (115–118), offering unprecedented
experimental access to a model of pre- and peri-natal neu-
robiology. Highly parallel, high-throughput efforts using these
systems will be important to move our understanding of disease
mechanisms forward.
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