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Autism spectrum disorder (ASD+) affects as many as 1 in 68 children and is said to be the fastest-growing
serious developmental disability in the United States. There is currently no medical cure or diagnostic test
for ASD. Furthermore, the U.S. Food and Drug Administration has yet to approve a single drug for the
treatment of autism’s core symptoms. Despite numerous genome studies and the identification of hundreds
of genes that may cause or predispose children to ASD, the pathways underlying the pathogenesis of idio-
pathic ASD still remain elusive. Post-mortem brain samples, apart from being difficult to obtain, offer little
insight into a disorder that arises through the course of development. Furthermore, ASD is a disorder of
highly complex, human-specific behaviors, making it difficult to model in animals. Stem cell models of
ASD can be generated by performing skin biopsies of ASD patients and then dedifferentiating these fibrob-
lasts into human-induced pluripotent stem cells (hiPSCs). iPSCs closely resemble embryonic stem cells and
retain the unique genetic signature of the ASD patient from whom they were originally derived. Differentia-
tion of these iPSCs into neurons essentially recapitulates the ASD patient’s neuronal development in a dish,
allowing for a patient-specific model of ASD. Here we review our current understanding of the underlying
neurobiology of ASD and how the use of stem cells can advance this understanding, possibly leading to
new therapeutic avenues.

INTRODUCTION . . .
pathogenesis of autism is also highly heterogeneous across

Autism spectrum disorder (ASD) affects as many as
1 in 68 children and is said to be the fastest-growing seri-
ous developmental disability in the United States [1]. The
disorder is characterized by social and communication
deficits as well as restricted interest and repetitive behav-
iors [2]. Variations in clinical presentation and disease pro-
gression across ASD patients is tremendously high. In
addition, patients often present with a mixture of accom-
panying conditions such as epilepsy, intellectual disabil-
ity, gastrointestinal problems, anxiety, and depression [2].
Such comorbidities are especially common in syndromic
forms of ASD — cases in which the ASD appears as part
of a rare syndrome with a known genetic cause. In corre-
spondence with the diversity of phenotypes seen in af-
fected individuals, the genetic component underlying the

patients. The primary pathological abnormality in all of
these forms of ASD is thought to be altered development
of the neuronal circuitry through early changes in synap-
tic plasticity and function and/or disruptions in the excita-
tion-inhibition (E-I) balance, conditions which, until now,
were very hard to model in vivo and in vitro systems [3].
Induced pluripotent stem cells (iPSC) are cells that
have undergone an in vitro deprogramming process that
renders them capable of giving rise to all cells of an or-
ganism. These cells are immortal and can be repro-
grammed to differentiated cell types, including brain cells.
While post-mortem studies and advances in neuroimaging
have allowed us to examine the ASD brain phenotype in
some detail, it is hard to discriminate cause from conse-
quences and experimental artifacts. iPSCs would allow us
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in principle to examine how and why aberrations in brain
structure and composition develop initially.

The advent of advanced stem cell differentiation tech-
nologies allows us to artificially grow in vifro miniature
organs resembling the brain, known as cerebral organoids.
Organoids are created by growing human pluripotent stem
cells in a 3D culture system. Cerebral organoids resemble
certain regions of the brain in their layer/tissue cytoarchi-
tecture and cell types. Because they retain the unique ge-
netic signature of the individual from whom they were
originally derived, these cerebral organoids can be used
as a means of comparing the early brain structure and
composition of an individual with ASD and his/her unaf-
fected family member.

THE NEUROBIOLOGICAL SUBSTRATES OF ASD

ASD Genetic Subtypes

Family and twin studies have confirmed the high her-
itability of ASD. The concordance rate in monozygotic
twins is between 60 and 91 percent, making ASD one of
the most heritable psychiatric conditions as defined by this
measure [4]. Furthermore, the recurrence risk in families
with one child with ASD may be as high as 20 percent [5].
However, despite these indications of a strong genetic
component to the pathogenesis of ASD, only ~15 percent
of total ASD cases have a known genetic cause [6]. In fact,
Gaugler et al. [7] suggest that the most genetic risk for
ASD comes from common genetic variation. Of the 15
percent of cases with identified genetic causes, more than
50 percent are monogenic forms of ASD known as syn-
dromic autisms — ASD cases in which the ASD appears
as part of a rare syndrome with a known genetic cause [7].
The most common syndromic autisms appear as part of
Fragile X syndrome, tuberous sclerosis, Rett syndrome,
Type I neurofibromatosis, and Cowen syndrome [7], al-
though association has not been always confirmed [8].
Apart from syndromic autisms, rare mutations that can
lead to ASD have been identified in synaptic genes, in-
cluding members of the neuroligin [9,10], neurexin [11],
and SHANK [12-15] families of proteins. Once again,
though, by definition, each of these mutations accounts
for <1 percent of total ASD cases. Similarly, genomic vari-
ants (e.g., cytogenetic abnormalities such as the maternal
duplication) at the 15q11-13 locus and the deletions or du-
plications at the 16p11 locus account for approximately 1
to 3 percent of total ASD cases [16]. The remaining ~85
percent of total ASD cases with no known genetic cause
are referred to as idiopathic ASD.

Insights from Rare Mutation-Associated and
Syndromic Autisms

In an effort to further illuminate the causative molec-
ular and cellular mechanisms of ASD more broadly,
groups have studied the neurobiological underpinnings of
syndromic and rare mutation-associated autisms through

various animal models. Additionally, with the advent of
more advanced technologies that make sequencing both
more affordable and reliable, numerous genome-wide as-
sociation (GWAS), candidate gene re-sequencing, and
exome-sequencing studies have been performed. These
studies collectively indicate the existence of hundreds of
genetic variants that contribute to ASD risk, indicating the
need to shift focus to elucidate common and converging
pathways among these genes. It is the hope that the iden-
tification of such key molecular and functional pathways
will connect both common and rare forms of ASD. Per-
haps stem cell models will aid in this effort by allowing re-
searchers to zoom into the pathways disturbed in early
brain development. Those pathways are the most likely to
be influential in the pathogenesis of a neurodevelopmen-
tal disorder such as ASD.

Several groups have already conducted studies along
the lines of pathway analyses on genetic or transcriptome
data. O’Roak et al. demonstrated that ~ 40 percent of all
the most disruptive de novo mutations converged onto one
highly connected beta-catenin/chromatin remodeling pro-
tein-protein interaction (PPI) network controlling neuronal
differentiation and synaptic formation [17]. Iossifov et al.
suggested the involvement of genes encoding proteins as-
sociated with Fragile X syndrome protein (FMRP), based
on enrichment of de novo variants specifically in these
genes, suggesting the involvement of synaptic plasticity
[18]. In accordance with both studies, Neale et al. showed
that de novo variants were functionally related to each
other and showed functional enrichment for synaptic
genes [19]. However, other genetic studies suggested the
involvement of a wider set of neurodevelopmental func-
tions in ASD. Through bioinformatic pathway analysis of
genetic association data, Talkowski et al. showed that rare
de novo copy number variations (CNVs) occurring in
ASD cases are primarily found in genes related to synapse
development, neuron motility, and axon targeting [20].
Similarly, Pinto et al. [21] and Glessner et al. [22] found
significant CNV enrichment in affected individuals com-
pared to controls in numerous synaptic plasticity and neu-
ral cell adhesion genes, as well as genes involving cellular
proliferation, projection, and motility. Sanders et al. [23]
suggested an excitation-inhibition (E-I) unbalance in in-
dividuals with ASD by implicating SCN1A, a voltage-
gated sodium ion channel, to be a high risk gene for ASD.
The largest studies so far have implicated transcription and
chromatin regulation and embryonic cortical neuron dif-
ferentiation in ASD, suggesting the involvement of early
embryonic etiological factors involved in the regulation
of cell fate, in addition to synaptic dysfunction [24-26].
Finally, in an elegant study of autistic brain pathology,
Voineagu et al. [27] demonstrated that the typical regional
differences found in the gene expression profiles of the
frontal and temporal lobes were attenuated in the brains
of ASD patients. In a data-driven network analysis, the au-
thors related one of the differentially expressed modules of
genes to interneurons and, more generally, to genes in-
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volved in synaptic function. This module of genes was
down-regulated in ASD individuals compared to controls.
On the other hand, a module with a functional enrichment
of immunity and microglial activation was up-regulated
in ASD brains compared to controls. Collectively, these
studies indicate that the underlying neurobiology of
autism is likely rooted in alterations in synaptic function
and plasticity and neural structural connectivity and cell
fate. Engineering of the above genetic network aberrations
into cerebral organoids will allow us to further validate
the bioinformatically driven predictions of cellular and
molecular phenotypes and might even allow us to estab-
lish a causal link.

Animal model studies of rare mutation-associated
and monogenic forms of ASD have yielded very similar
results. Mutations in TSC1 and TSC2 (tuberous sclero-
sis), NF1 (neurofibromatosis), and PTEN (Cowen syn-
drome) all affect signal transduction through the
PI3K-mTOR signaling pathway, which, in turn, regulate
essential functions such as cell proliferation, cell sur-
vival, protein synthesis, and cell/synaptic pruning. Fur-
thermore, FMRP is specifically involved in mRNA
translation at the synapse [3,28,29]. The neuroligin,
neurexin, and SHANK families of proteins, rare muta-
tions that lead to ASD, are involved in the formation of
excitatory and inhibitory synapses [30], once again sug-
gesting an E-I imbalance. However, the direction and ra-
tios of these imbalances in protein synthesis and
excitation when modeled in animals remain unclear.
While rodent models of Rett syndrome and tuberous
sclerosis show decreased density of dendrites, models of
Fragile X syndrome show increased dendritic density
[31,32]. Both increased and decreased glutamate cur-
rents, as well as increased and decreased inhibitory cur-
rents, have been observed in various SHANK [33] and
neuroligin family member mutant models [34]. Addi-
tionally, Toro et al. [35] point out that several of these
genes associated with ASD are regulated by neuronal ac-
tivity itself, suggesting that an individual’s specific cir-
cuitry, connectivity, and E-I ratio may be species-,
experience-, and/or environment-dependent.

Other animal models include inbred mouse strains
such as BTBR mice and models that utilize intrauterine
exposure to toxic chemicals or immune challenges to in-
duce cognitive and behavioral deficits. These models of
autism often have great construct and face validity, but
their predictive validity is unmeasurable due to lack of any
molecules actually approved for the treatment of core
symptoms in ASD. Furthermore, while researchers can
fairly easily monitor behaviors such as self-grooming and
basic social interactions, other more complex, uniquely
human behaviors involving theory of mind and complex
language formation are extremely difficult to model in an-
imals. The neurobiological roots of these complex,
uniquely human behaviors are also likely to lie in the in-
herent complexity and sophisticated architecture of human
brains that rodent brains do not possess.

Theories and Inferences from Neuroimaging Studies

Neuroimaging studies, due to technological limita-
tions, have focused on large-scale structural abnormalities
such as brain volume or white matter connectivity, with a
particular focus on neural systems that are most likely rel-
evant to the behavioral and neuropsychological deficits
characteristic of autism in the mature brain [36]. Interest-
ingly, differences in these regions are correlated with
symptom severity in that particular domain. For example,
differences in frontotemporal regions and amygdalae have
been associated with deficits in processing relevant social
cues [37], while differences in volumes in the frontostri-
atal system have been associated with repetitive and
stereotypical behavior [38,39]. Total brain volume of ASD
patients is increased between ages 2 and 5 [40-43], but
whether this difference surfaces earlier than age 2 (see
below) and whether it maintains between age-matched
controls into childhood and subsequent adolescence and
adulthood remains unclear [39]. Regardless, these studies
indicate abnormalities in early development and brain
maturation that persist into at least early childhood.

The current standing theory for the neuropathology
of autism is that the brain undergoes a period of acceler-
ated growth in early childhood followed by a deceleration
in age-related growth. Evidence for this precocious growth
during early postnatal life comes from studies of head cir-
cumference, a proxy for brain size [44-47]. Thus, confir-
mation of this theory via an actual longitudinal study,
rather than just a cross-sectional study, is still required.
Furthermore, stem cell studies will provide novel insight
into the prenatal brain growth patterns of ASD patients
and may even demonstrate volumetric abnormalities that
existed prior to and at birth in these individuals.

It also has not yet been determined whether these in-
creases reflect differences in cortical thickness or surface
area (since cortical volume is a product of both) and
whether they are predominately driven by changes in grey
matter or white matter volume. Hazlett et al. suggest that
the accelerated brain growth is the result of a precocious
non-uniform expansion of cortical surface area, rather than
an increase in cortical thickness [48]. This precocious ex-
pansion of cortical surface area is likely to disproportion-
ately involve white matter [49]. Though interestingly,
while grey matter might play a proportionately smaller
role in early growth, differences in grey matter seem likely
to persist through adolescence and adulthood (unlike
white matter differences, whose persistence into adulthood
remains unclear) [41,50-52]. These enlargements in
grey/white matter volumes in the brains of ASD patients
mostly have been reported in the frontal lobes [50,52-54].

Altered structural connectivity has been observed,
through diffusion tensor imaging (DTI), in limbic and lan-
guage pathways, frontostriatal circuitry, and the corpus
callosum [38,55,56]. Currently, the general notion, which
also has been confirmed by functional connectivity MRI
[57,58], is a global hyper-connectivity in the brains of in-
dividuals with ASD, consistent with many of the above-
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stated genetic observations of increased synaptic and den-
dritic density, the more generally increased mRNA trans-
lation, and the observed early brain overgrowth and
increased gray and white matter volumes. While this no-
tion is largely based on cortical white matter connectiv-
ity, Ecker et al. [59] have shown that the brain’s intrinsic
connectivity (that is, cortical grey matter connectivity/cor-
ticocortical connections) also significantly differs in indi-
viduals with ASD from age-matched controls. Intrinsic
wiring costs, the minimum length of horizontal connec-
tions required to form corticocortical connections, were
significantly reduced in individuals with ASD, indicating
an increased propensity for forming corticocortical con-
nections. This phenomenon was observed predominately
in the frontotemporal regions. Interestingly, this decreased
wiring cost correlated with symptom severity, particularly
in the category of repetitive behaviors [59]. Imaging of
patient-derived cerebral organoids hopefully will provide
further evidence of this altered structural connectivity the-
ory at earlier stages in prenatal brain development, as well
as elucidate the cause of this abnormality.

Magnetic resonance spectroscopy and PET have
proven invaluable in validating interest in E-I imbalance
hypothesis for ASD pathogenesis. Similar to the genetic
results, though, the actual direction of the imbalance varies
tremendously across studies and patients. Some neu-
roimaging studies in humans indicate that ASD individu-
als have a higher neurotransmitter density and consequent
up-regulation of the glutamatergic system [60], as well as
reduced expression of GABA receptors and consequent
down-regulation of the GABAergic system [61,62], while
others report the exact opposite profile in different regions
of the brains of the same individual or the same region in
different individuals [63].

Findings from Neuropathological Studies

Neuropathological studies have been limited by the
lack of post-mortem ASD brains and closely matched con-
trols. Poor quality of the tissue and the adoption of quali-
tative, biased, non-systematic methods of analysis have
plagued many of these studies. Furthermore, it should be
noted that the brain regions represented by these studies
are in no way indicative of the selective regions in the
brain affected by ASD. Several regions of the brain have
never been studied. Early studies found that cell packing
density was increased and neuronal size decreased in the
limbic system. Similarly, the number of Purkinje cells is
decreased in the cerebellum [64,65]. However, these stud-
ies relied on histological stains that are sensitive to post-
mortem artifacts. Indeed, more recent studies from the
same group, using immunocytochemistry and stereologi-
cal analyses, found no difference in overall density of
cerebellar Purkinje cells in ASD [66].

Several groups have examined alterations in several
regions of the cerebral cortex. Cytoarchitectonical abnor-
malities have been found in several regions, such as ir-
regular definition of layers and displacement of neurons in

the white matter, which have been called “focal cortical
dysplasias” [67-70]. While intriguing, it should be noted
that such abnormalities were not noted in all brains, and
their origin (whether due to some artifact of brain pro-
cessing or reflecting actual pathology) remains contro-
versial. More generally accepted are an increased number
of neurons, a decrease in neuronal size, and a smaller size
and increased density of neuronal minicolums in the neo-
cortex [71-73]. Cortical volume was not assessed in these
neuropathological studies; however, the white matter vol-
ume was noted to be increased, a finding consistent with
increased neuron number. Increased white matter volume
for the shorter subcortical tracts and overall increased
brain volume and cortical surface area have been noted in
structural neuroimaging studies (see above).

Very few studies have examined alterations in the
composition of cellular subtypes in ASD. Using stereo-
logical analyses, Bauman, Blatt and colleagues recently
found an increased density of GABAergic neuronal sub-
types in the hippocampus, but not in the posterior cingu-
late cortex, of patients with ASD [68,74]. Other studies
found an increased number of microglial cells, suggestive
of inflammation [75,76]. Finally, a very recent study
showed an increased density of synapses in the neocortex
of ASD individuals [77], which was attributed to a de-
crease in the physiological process of pruning thought to
occur mostly in the postnatal period.

These studies suggest that an increased neuronal/synapse
number may represent an important feature of ASD; however,
the scarcity of the tissue and the lack of wide replication of
these findings leave the exact proportion of ASD patients with
features of neuron/synapse overgrowth uncertain. In balance,
it seems prudent to conclude that an excess production or a
lack of regressive/pruning phenomena characterizes a portion
of, but perhaps not all, cases with ASD. Of course, these hy-
potheses are on the basis of post-mortem studies, and it is im-
portant that we begin to develop a similar understanding of
ASD pathology in the developing brain through stem cells.
However, it is likely that stem cell models will suffer from the
same problem of variability.

THE USE OF IPSCs TO STUDY
NEURODEVELOPMENTAL DISORDERS

While exome sequencing studies identify loci that
could contribute to ASD risk, they do not actually assess
the functional consequences of associated variants in those
areas. Transcriptome analyses (with a comparison be-
tween disease and control groups) on the other hand, while
they do quantify mRNA output and thus assess gene func-
tion by extension, are subject to environmental influence
and other confounding variables. Furthermore, brain tran-
scriptome studies cannot distinguish primary causes from
secondary consequences of disease. Ideally, studies should
simultaneously assess DNA sequence variations and gene
expression levels in a disease-relevant tissue. However,
achieving the necessary statistical power in these experi-
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Figure 1. A potential workflow through which iPSCs can be used to further elucidate the mechanisms underlying the

pathogenesis of ASD.

ments is understandably difficult due to the limited sam-
ple availability of post-mortem brain tissue from ASD pa-
tients. Furthermore, post-mortem brain tissue is subjected
to a number of artifacts and is obtained many years from
the beginning of the pathological process. Of course, ob-
serving the brain in early human growth and development
has been more difficult, until recently.

New approaches have emerged so that researchers now
can model human neurodevelopment in vitro and actually
re-enact the altered trajectory of brain development as seen
in disorders such as autism. Fibroblasts obtained from a skin
biopsy of any individual can be “de-programmed” into
human-induced pluripotent stem cells (hiPSCs) (Figure 1).
Since the discovery in 2007 that iPSC can be reproducibly
generated by overexpressing a set of trascription factors in fi-
broblasts in vitro [ 78], this field has been undergoing expo-
nential expansion. These cells closely resemble the
multipotent stem cells isolated from the inner cell mass of a
blastocyst, otherwise known as embryonic stem cells (see
Table 1). It has been discovered that iPSCs can be derived
from a variety of somatic cells, including keratynocytes [79],
lymphoblasts, and bladder epithelial cells [80], that can be
converted in vitro into a variety of cell types — most im-
portantly, cerebral cortical neurons of the central nervous
system (CNS). Using hiPSCs allows us to harness the power
of human embryonic stem cells in studying human devel-
opment while avoiding the ethical controversies associated
with killing an embryo to acquire embryonic stem cells.
These hiPSCs can be differentiated into neuronal progenitors
and more mature neurons in vitro, thus allowing the gener-
ation of patient-specific models of neurological disorders.
Our lab has shown that patient-derived hiPSCs retain the
unique genetic signature of patients from whom they were

originally derived [81]. This allows these cells to serve as a
window into understanding the cellular and physiological
level consequences of an individual’s genetic idiosyncrasies.

In addition to their patient-specific capacity, hiPSCs are
also crucial to understanding in general the pathogenesis of
neurobiological disorders. In principle, they can elucidate the
relationship between specific gene mutations/variants/epige-
netic modifications and expression levels of that specific
gene, as well as expression levels of all genes (interaction
networks) [82-84]. Although a comprehensive investigation
of the changes in epigenetic signature of iPSC and how that
parallels the normal epigenetic changes occurring in brain
development has not yet been done, these studies are doable
and indeed planned in several laboratories. They can help
evaluate the effects of altering the expression of specific
genes (known or unknown) on the typical development of
human neural cells. Furthermore, observations can be made
at different time points and in different neuronal precursors,
as well as across structural variants (such as copy number
variations) and sequence variants (such as single nucleotide
variations) of each gene. Until now, our knowledge and un-
derstanding of neurodevelopmental disorders has been
largely limited to the findings of genome-wide association
studies and rodent models [82-84]. While rodent models do
provide insight into the fundamental (and evolutionarily con-
served) processes underlying neuronal development, they fail
to provide similar insights into human disease pathogenesis
and therapeutic avenues, perhaps due to the increased com-
plexity, size, and diversity of cell types found in the human
brain. Currently, hiPSC models present us with a unique and
powerful means of delving deeper into the molecular and cel-
lular underpinnings of human brain development, as well as
the abnormalities in this development, that give rise to disor-
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Table 1. Stem Cell Term Glossary. Adapted from [108].

Term

Definition

Stem cell

Pluripotent stem cell

Differentiation

Dedifferentiation

Reprogramming

Embryonic stem cell
(ESC)

Induced pluripotent stem

Stem cells are uncommitted cells capable of a) self-renewal, i.e., cell division results in an-
other stem cell; and b) specialization, i.e., can become tissue- or organ-specific cells.
They are integral to human and animal development/growth, and function in many tissues
as an internal repair system. Stem cells also can be induced experimentally.

Pluripotent stem cells are capable of specializing into any of the three germ layers, i.e., all
of the cell types that make up the embryo proper. However, unlike totipotent cells (i.e., zy-
gotes), they cannot give rise to extra-embryonic or placental tissue.

Differentiation is the process by which a stem cell or less specialized cell becomes a more
specialized cell type. Differentiation is a physiological process as well as one that can be
induced experimentally.

Dedifferentiation is the process of reverting a specialized cell, i.e., a tissue- or organ-spe-
cific cell to a stem cell or less specialized cell type state. Dedifferentiation is a physiologi-
cal process that also can be induced experimentally (also referred to as deprogramming).

Reprogramming refers to the process of erasing and remodeling of a cell’'s epigenetic sig-
natures. In the context of stem cells, it often refers to artificially/experimentally inducing
dedifferentiation and/or differentiation.

Embryonic stem cells are pluripotent stem cells isolated from the inner cell mass of early
developing blastocysts. They can give rise to all embryonic lineages and adult cell types.

Induced pluripotent stem cells are pluripotent stem cells resembling embryonic stem cells

cell (iPSC)
Neural stem cell (NSC)

Neural progenitor cell
(NPC)

that can be generated through reprogramming of an adult somatic cell.
Neural stem cells are stem cells capable of generating cells of the nervous system.

A neural progenitor cell, or neuronal progenitor, is the intermediate state between a stem
cell and a neuron. These cells are more differentiated than stem cells and are primed to

differentiate further into a specific neural cell type. They have limited replication capacity

compared to stem cells.

Cerebral organoid

Organoids are created by growing human pluripotent stem cells in a 3D culture system.

Cerebral organoids are miniature organs resembling certain regions of the brain in their
layer/tissue cytoarchitecture and cell types.

Mesenchymal stem cell
(MSC)

Mesenchymal stem cells are stem cells found largely in the bone marrow that are capable
of giving rise to bone, fat, and cartilage cells.

ders like ASD. The hope is that this power can be even fur-
ther exploited to result in a model for drug discovery.
However, there are some potential disadvantages to
iPSCs. There have been concerns about genetic and pheno-
typic stability of iPSCs over time in culture, i.e., the accu-
mulation of mutations (CNVs and structural variations
[SVs]) as well as the formation of mosaic lines. To further
address this concern, our lab performed whole-genome se-
quencing of clonally amplified iPSC lines. Our data dis-
covered line-manifested CNVs in iPSC lines apparently not
found in parental fibroblasts that were confirmed by quan-
titative polymerase chain reaction (qQPCR). Interestingly,
however, there was no correlation between lineage mani-
fested copy number variation (LM-CNV) number and iPSC
passage number. Furthermore, at least 50 percent of LM-
CNVs could be traced back to the original fibroblast popu-
lation; that is, they were present in a small minority of

fibroblast cells, a phenomenon called somatic mosaicism.
We estimated that 30 percent of skin fibroblast cells carried
large somatic CNVs absent in the germline. Fibroblast mo-
saicism varied widely (between 0.3 and 15 percent). These
results collectively indicate that reprogramming of fibrob-
lasts to hiPSCs does not necessarily introduce de novo
CNVs, but rather, the mutations seen in iPSCs reveal an ex-
traordinary extent of genomic mosaicism in normal skin fi-
broblasts [81].

The variability between iPSCs lines and robustness of
the iPSC system itself are also a large concern. While the-
oretically, iPSCs are in a completely undifferentiated state,
iPSCs occasionally may differ in their differentiation po-
tential. While the cause for such intrinsic variability is not
known, efforts can be made to minimize known sources of
variability, such as genomic variation (due to mosaicism or
integration sites of viral vectors, discussed above) and epi-
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genetic influences due to environmental stresses and im-
proper handling of the lines. This can be also combatted
through comprehensive characterization and confirmation
of the pluripotent state of iPSCs used in studies, thus ex-
cluding partially reprogrammed/not completely undiffer-
entiated lines. Furthermore, neuronal differentiation
protocols do not necessarily mimic natural processes of de-
velopment and/or allow for cells’ own regulatory control,
thus allowing for further variability.

Finally, thus far, it has been difficult to achieve the
regional specificity and recapitulation of gene expression
patterns within the various regions of the CNS using
iPSCs, owing to the fact that differentiation protocols are
still very primitive in this emerging field. The authentic-
ity of iPSC-derived neurons has been, in some cases, ver-
ified by transcriptome comparisons with the post-mortem
human brain [85], as well as their ability to synatically in-
tegrate [86] and project to correct targets after transplan-
tation into the mouse brain [87]. However, converging
evidence suggests that human neurons differentiate ac-
cording to their own pace, and, hence, iPSC-derived neu-
rons correspond at best to first-trimester embryonic human
neurons [85,86]. Groups have tried three-dimensional cul-
ture methods, i.e., cerebral organoids, which seem to be a
relatively accurate representation of the human telen-
cephalic regions at early embryonic stages [85,88]. How-
ever, once again, the result is still neurons at immature
fetal stages. Currently, studies are under way to utilize
synthetic hydrogel systems and microfluidic chambers
[89] to further advance the functionality, maturity, and
connectivity of these neurons.

Direct conversion of somatic cells into “neurons” by
transcription factor overexpression has been explored with
the aim of overcoming the complexities of recapitulating
neuronal development. While in theory this approach is
attractive, in practice it is very limited, since the efficiency
is very low and the nature of neurons obtained with this
approach is unclear. Finally, overexpressing transcription
factors may bypass and thus mask the very same patho-
genetic processes we wish to study in ASD. It is our belief
that this model would be most useful when recapitulating
the process of development, together with its homeostatic
and regulatory mechanisms, if we wish to clarify abnor-
malities that give rise to disorders like ASD. Such studies
will make the development of an iPSC-based drug dis-
covery platform far more feasible, since viable molecular
drug targets likely cannot be identified in immature fetal
stages of brain development.

POTENTIAL USES OF STEM CELLS IN ASD

Use of Stem Cells for In Vivo Cell
Replacement/Repair

Transplantation studies in animal models of CNS dis-
orders have suggested potential roles of neural stem cells
and their derivatives in repair of damaged neuronal cir-

cuitry. While stem cells often are unable to regenerate lost
neurons and glia, they appear to secrete trophic factors that
decrease inflammation and promote endogenous compen-
satory growth. Whether ASD may benefit from this type
of mechanisms, however, is unknown.

Currently, among classes of stem cells, mesenchymal
stem cells (MSCs) seem to hold the most promise for cell
therapies for ASD, likely owing to their immunomodula-
tory capacities. Furthermore, MSCs have a rapid self-re-
newal proliferation rate, do not elicit a host versus graft
rejection upon transplantation, and are non-tumorigenic. It
is hypothesized that they would function in ASD treatment
through the secretion of anti-inflammatory cytokines and
survival-promoting growth factors and integrating into
neural networks and restoring plasticity [90,91]. Interest-
ingly, several groups have implicated immune dysregula-
tion in ASD patients [76,92-96]. There are, however, no
pre-clinical studies of the use of MSCs in ASD models.
Early clinical trials of human cord blood mononuclear cell
(CBMNCs) and/or human umbilical cord-derived mes-
enchymal stem cells (UCMSCs) transplantation have
shown some efficacy in treating ASD [97].

Neural stem cells (NSCs) or neural progenitor cells
(NPCs) have proved useful in other CNS disease models
due to their potential to integrate and replace damaged
neural tissue and reconstruct neuronal circuitry. However,
these potential mechanisms of benefit do not necessarily
concur with our hypotheses of the cause of ASD, i.e.,
global hyperconnectivity, increased synaptic translation,
and E-I balance. Embryonic stem cell/induced pluripotent
stem cell (ESC/iPSC) transplantation seems unlikely to
have clinical benefit in ASD patients for the same the rea-
son: Damaged neural tissue/neuronal loss does not seem to
be a prevailing mechanism in ASD pathogenesis. There-
fore, in summary, the normal regenerative and restorative
beneficial capacities of stem cells are largely irrelevant in
ASD treatment. Whether the immunomodulatory proper-
ties of other mesenchymal-related stem cells are useful re-
mains to be seen.

In Vitro Stem Cell Models of ASD

Despite the caveats described above, iPSCs have been
used to model human neurological and psychiatric disor-
ders. With particular relevance for the ASD field, studies
have used iPSC to model monogenic disorders such as Rett
syndrome, Fragile X syndrome, and Timothy syndrome. In
these studes, one or more aberrant developmental effects
thought to arise from the mutation were observed in iPSC-
derived neuronal cells, allowing to screen for agents able
to revert, or compensate for, the aberrant phenotype. Al-
though there is no guarantee that agents active in vitro are
going to be beneficial for the disorder in vivo, iPSCs offer
the distinct advantage (with respect to animals) of modeling
a disorder within the human genetic background. As such,
iPSCs as a neurological disorder model system are already
proving quite useful in further elucidating the pathogenesis
of ASD and in the future may be valuable in ASD drug dis-
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covery efforts. Several studies have examined iPSC models
of Rett syndrome [98-100]. These studies collectively show
reduced spine density, synapse number, soma size, nuclear
size, neuronal soma size, and expression of mature neuronal
cellular markers. They also show alterations in calcium sig-
naling and electrophysiological properties. These findings
continue to echo those from genetic, neuropathological, and
neuroimaging studies — evidence of an E-I imbalance and
alterations in synaptic plasticity and function. While they
are consistent among themselves regarding the direction of
these abnormalities, they cannot be used as any indication
of the direction in the context of idiopathic ASD, given the
several genotypic and phenotypic differences between the
disorders.

Sheridan et al. and Liu et al. generated Fragile X syn-
drome iPSC models and showed fewer and shorter neu-
rites, decreased synaptic proteins and density, alterations
in calcium signaling, and response to glutamate uptake
[101,102]. Interestingly, Pasca et al., in a Timothy syn-
drome iPSC model, also show impairments in calcium sig-
naling and electrophysiology, as well as abnormalities in
activity-dependent gene expression, differentiation, and
production of norepinephrine and dopamine (increased)
[103]. It is important to remember that in Rett syndrome,
Fragile X syndrome, and Timothy syndrome, the autism
appears as part of a larger disorder that arises as a conse-
quence of a mutation in a single gene or a set of penetrant
gene mutations. Similarly, their etiology is likely to only
moderately resemble that of ASD; however, it is surpris-
ing that Fragile X syndrome and Rett syndrome, two phe-
notypically very different disorders, consistently show
decreased synaptic density and number in early brain de-
velopment. To date, no successful studies of iPSC models
of idiopathic/non-syndromic autism have been completed.
Zeng et al. examined the NRXN1 rare mutation-associ-
ated form of autism through a NRXN1 knockdown iPSC
model. Their results, in accordance with syndromic autism
studies, found disruptions in several neurodevelopmental
processes, including synaptic adhesion and neuron differ-
entiation [104]. Finally, it is important to note that the
monolayer preps used in many of these studies are limited
in terms of their differentiation potential. For example,
these studies have not “validated” their differentiation
model by showing overall similarity of gene/protein ex-
pression to a particular brain region. This may suggest that
the preparations have low complexity of neuronal pheno-
types, which in turn limits the amount of information they
can provide.

In conclusion, disease modeling through iPSCs pres-
ents formidable challenges. First and foremost is the dif-
ficulty in modeling normal and diseased cell-to-cell
connectivity and functional neuronal networks in vitro. In-
deed, while excitatory forebrain neurons can be differen-
tiated from iPSC lines, the generation of the large variety
of inhibitory forebrain neurons has not yet been achieved,
most likely because of their extended period of matura-
tion. Synaptic connections among excitory cells are more

akin to reproducing epileptiform activity than functioning
as a self-regulated cortical neuronal network. Carefully
designed transplantation experiments may be able to over-
come, in part, these difficulties. Second, in order to model
disorders of multifactorial genetic etiology with a strong
epigenetic component, a large number of patients may be
needed. Furthermore, we still have limited understanding
of the systemic and environmental hormonal influences
on epigenetic regulation in normal and abnormal brain de-
velopment. While iPSCs offer the exceptional promise of
identifying disease-specific disruptions in cellular and mo-
lecular aspects of brain development, their application to
the study of neuropsychiatric disorders is still in its in-
fancy.

APPLICATIONS OF NEW TECHNOLOGIES TO
STEM CELL MODELS

One of the most noticeable advantages of iPSCs over
post-mortem brain tissue is availability, as brain cells/tis-
sue can be generated from any individual, thus allowing
access to a wider choice of experimental designs. A major
unique possibility is to follow individual early stages of
brain development, using a combination of molecular and
cellular assays at various time points to shed light on the
specific developmental trajectory (albeit limited to early
stages) and the associated transcriptional regulatory ma-
chinery driving it. The “omics revolution,” with the ad-
vent of the next generation sequencing at relatively low
cost, has opened the way to the simultaneous analysis of
whole genome features (i.e., coding and non-coding tran-
scripts, binding sites, open chromatin regions, proteins,
metabolites, and so on), allowing a snapshot of the mo-
lecular status of the cells. Perturbation experiments can be
designed, for instance, by RNA interference to introduce
deviations in the developmental trajectory of differentiat-
ing hiPSCs from either healthy controls or affected indi-
vidual to assess the role of specific genes and identify their
direct and indirect targets. Also interesting is the possibil-
ity of “accurate” genome editing by the recently estab-
lished CRISPR technology [105-107]. It is now feasible to
correct potential disease-causing mutations in iPSCs from
disease-affected individuals, or, in the opposite direction,
to engineer mutations, in isolation or in combination, in
iPSCs from normal controls. These models can then be
used for assessing at cellular and molecular levels the re-
sulting phenotype to identify critical nodes (e.g., genes)
in the disease network. Work in this direction already has
been undertaken in the context of several disorders [105-
107].

Drug testing is the next logical step, after the dis-
cussed manipulations and analysis strategies have high-
lighted critical nodes in the disease network.

It should be pointed out that the availability of iPSCs-
derived neuronal progenitors or more differentiated neurons
is still somewhat limited by the non-negligible reprogram-
ming and differentiation costs, which adds up to any cost as-
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sociated to genomics analysis. This limits the number of
samples that can be analyzed and, consequently, the power
for inferring, for instance, transcriptional alterations in pa-
tients. In order to (partially) overcome such limitations, our
lab exploited the fact that iPSCs can be generated from cells
(e.g., fibroblasts) collected from full families encompass-
ing an affected individual, thus allowing statistical tests in
a matched pair design, with the pair being the affected in-
dividual and its unaffected parent/sibling. This allows, to
some extent, to control for the genetic background, and it re-
sulted in a winning approach as we successfully inferred
statistically significant differences, at cellular and molecu-
lar level, using only four families [unpublished data].

CONCLUSIONS AND OUTLOOK

Developmental neurobiology has advanced tremen-
dously in the last 25 years, largely through the painstaking
analysis of single gene loss and gain of function in sev-
eral animal models. The genetic revolution has uncovered
the mechanisms of many essential processes like the for-
mation of the vertebrate body plan, and the principles by
which stem cells differentiate into many cell types. Much
still remains to be done. However, as we treasure this body
of knowledge, we now realize that to understand the biol-
ogy of neurodevelopmental biology such as autism, we
need a drastic change of approach. Autism and similar
complex neurodevelopmental brain disorders are likely to
arise as a by-product of the inherent complexity of our
brain, as well as subtle inter-individual variations in the
processes that build neuronal circuitry. As such, it would
be difficult to model these disorders in animals that lack
such neuroanatomical and neurophysiological complex-
ity, and inevitably, we will need multiple approaches, in-
cluding ways to model and manipulate human-specific
brain systems. The creation of iPSCs represents a first step
in this direction. Necessary future advances will hopefully
include the development of organoid systems able to re-
produce regions or circuits of the human brain, such as a
mini-cortical column circuit with its core of excitatory py-
ramidal cells and inhibitory neuron component, connected
in the appropriate fashion. These are difficult yet not im-
possible goals, but require inducing in iPSC the appropri-
ate genetic programs generating these cell types in their
normal ratio. In the normal brain, such programs do not
exist in isolation, but cross-regulate each other, often with
reciprocal inhibition. For this reason, the directed differ-
entiation approach may not be successful in recapitulat-
ing this complexity.

Another realization is that we need to shift our ap-
proach from investigating single genes to investigating
how multiple genes interact with one another, needing the
creation of tools for the generation and analysis of large
datasets. The advent of next generation sequencing, an-
other recent technological advance, is having a transfor-
mative effect on the biomedical field. We believe that
collaboration and cooperation between scientists at multi-

ple level and across disciplines, including genetics, de-
velopmental biology, neurobiology, and bioinformatics,
will be essential to understanding the pathways underlying
the pathogenesis of autism and lead to rational treatment
strategies.
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