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Abstract Autism spectrum disorders (ASDs) are a heteroge-
neous group of neurodevelopmental disorders sharing a core
set of symptoms, including impaired social interaction, lan-
guage deficits, and repetitive behaviors.While ASDs are high-
ly heritable and demonstrate a clear genetic component, the
cellular and molecular mechanisms driving ASD etiology re-
main undefined. The unavailability of live patient-specific
neurons has contributed to the difficulty in studying ASD
pathophysiology. The recent advent of induced pluripotent
stem cells (iPSCs) has provided the ability to generate
patient-specific human neurons from somatic cells. The
iPSC field has quickly grown, as researchers have demonstrat-
ed the utility of this technology to model several diseases,
especially neurologic disorders. Here, we review the current
literature around using iPSCs to model ASDs, and discuss the
notable findings, and the promise and limitations of this tech-
nology. The recent report of a nonsyndromic ASD iPSC mod-
el and several previous ASD models demonstrating similar
results points to the ability of iPSC to reveal potential novel
biomarkers and therapeutics.

Introduction

Autism spectrum disorders (ASDs) are a set of complex
neurodevelopmental disorders sharing a core set of symptoms,
including social impairments, communication deficits, and ste-
reotyped repetitive behaviors [1]. According to the new
Diagnostic and Statistical Manual of Mental Disorders, 5th
Edition, classifications, once diagnosed separately, cases of au-
tism, Asperger syndrome, and pervasive developmental disor-
ders are now classified under the umbrella term Bautism spec-
trum disorders^ [2]. While the exact etiology of these ASDs
remains unknown, ASDs do demonstrate a strong genetic com-
ponent [3, 4]. Previously, ASDs had also been categorized as
syndromic (caused by a known genetic disorder) or nonsyn-
dromic (idiopathic, unknown genetic cause). Although not spe-
cifically identified in the Diagnostic and Statistical Manual of
Mental Disorders, 5th Edition, nomenclature, such distinctions
help to further classify and understand different ASD cases
based on genetic etiology. These neurodevelopmental syn-
dromes that also manifest autistic symptoms (which we will
refer to here as syndromic ASDs) include Rett syndrome
(RTT), Timothy syndrome (TS), fragile X syndrome (FXS),
Angelman syndrome (AS), and Phelan–McDermid syndrome
(PMDS). These syndromic ASDs are caused by defined genet-
ic or chromosomal abnormalities, and are estimated to account
for 10–20 % of ASD cases [5]. The genetic abnormalities as-
sociated with nonsyndromic ASDs, which make up the major-
ity of ASD cases, are being intensively researched, with evi-
dence for both hereditary and de novo mutations [6–9]. Several
different chromosomal loci and genetic variants have been im-
plicated in ASD susceptibility, indicating that while symptoms
are shared, these disorders are genetically heterogeneous [4].
Increasing numbers of rare variants are being implicated in
ASD, and often presenting modest-to-low degrees of risk
[10]. These studies support the multiple-hit hypothesis of
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autism, which postulates that some nonsyndromic ASDs are
caused by a combination of several genetic abnormalities af-
fecting specific pathways above a threshold level [11–13].
However, while several ASD-related genes have been impli-
cated, the functional study of these genes and their individual
relevance to human ASD etiology remains lacking. Thus, the
identification and analysis of the functional relevance and cel-
lular contributions of these ASD variants is critical for the elu-
cidation of autism pathophysiology.

The lack of relevant human disease models has hindered
the understanding of ASD etiology. Until recently, human
neurologic disorder researchers have lacked sufficient
amounts of samples to properly study the target cell type,
the neuron. Access to the affected cell type is essential for
the analysis of cellular and molecular mechanisms driving
the disorders. Human postmortem samples have long been
used to study phenotypes of neurological disorders but often
present several limitations [14]. These samples often represent
only the end stage of the disease, where secondary symptoms
and phenotypes can present problems [15]. Even more, envi-
ronmental factors such as drug treatments can also play con-
founding roles. In addition, the obvious lack of living cells in
preserved postmortem samples essentially prohibits the use of
functional assays to study cellular physiology and neural
networks.

Animal models have also been long used to model neuro-
logic diseases and disorders to study disease etiology [16, 17].
Transgenic and knockout technology using mouse models can
provide valuable analysis of genetic disorders in vivo and
in vitro. However, they are restricted mostly to monogenetic
diseases, which is limiting for genetically complex, heteroge-
neous disorders such as autism. Disorders characterized by
several rare variants, translocations, or large deletions are dif-
ficult to model in mice, especially when considering species
differences in genetics. In addition, mouse models often do
not fully recapitulate complex human diseases, especially so-
cial and behavioral disorders such as autism.

Thus, to understand cellular and molecular phenotypes
driving neuropsychiatric disorders such as ASDs, a human
neuronal cellular model able to both recapitulate the causal
genetics and produce the target cell type is necessary. The
advancement of stem cell technology has allowed for the gen-
eration of these human cellular models. Pluripotent human
embryonic stem cells (ESCs) arose as promising sources of
human cells, able to study early developmental time points, as
well as generate multiple cell types. However, ethical issues
and the scarcity of available disease-specific human ESCs
lines have hindered disease modeling progress. The advent
of cellular genetic reprogramming has revolutionized human
cellular disease modeling. Recently developed, somatic cells
such as fibroblasts and dental pulp cells can be reprogrammed
into a pluripotent state by the overexpression of specific tran-
scription factors [18]. These induced pluripotent stem cells

(iPSCs), can then be differentiated into virtually any target cell
type. These iPSCs are isogenic to the original donor cells, and
thus recapitulate the genetics of the patient from which they
were obtained. Previously not possible, unlimited numbers of
human cells such as neurons, even carrying disease-specific
mutations, can be generated. Researchers are then able to ex-
amine cellular phenotypes, perform functional assays, and test
drugs for any potential efficacy in ameliorating defects.

In this review, we discuss recent iPSC disease models of
autism, examine the noteworthy findings, and explore the fu-
ture implications and challenges in using these human cellular
models for understanding autism etiology.

iPSC Disease Modeling

Since the inception of iPSC technology, several diseases have
been successfully modeled [19–21]. Virtually any disorder
known to have some genetic basis can be modeled by
iPSCs; however, the successful identification of cellular phe-
notypes can be quite variable [22]. Furthermore, these human
cellular models are particularly useful when no good animal
model exists. Several human diseases affecting different hu-
man tissue types have been modeled, including hematopoietic
disorders such as Fanconi anemia [23]. Cardiovascular disor-
ders such as long QT syndrome and LEOPARD syndrome
have also been successfully modeled [24–26]. Interestingly,
while mouse models do not reproduce the human phenotypes,
Itzhaki et al. [25] found long QT syndrome iPSC-derived
cardiomyocytes to reproduce the prolonged action potential
observed in patients. Importantly, the authors were able to
perform a simple screen and demonstrate that β-blockers
can improve the affected cardiomyocyte QT interval. These
studies demonstrate the capability of iPSC models to recapit-
ulate human phenotypes effectively and allow for the screen-
ing of drugs to ameliorate these defects.

While iPSCs can potentially generate any cell type, neuro-
logic disorders have been the most frequent targets of iPSC
disease modeling [27]. Neurodegenerative disorders such as
amyotrophic lateral sclerosis (ALS), Parkinson disease (PD),
and Alzheimer disease (AD) were among the first to be
targeted using iPSCs [28–30]. While iPSC models of neuro-
degenerative disorders such as ALS and PD can generate neu-
rons carrying disease-specific genetics, the lack of understand-
ing of the mechanisms driving neurodegeneration undeniably
makes phenotype identification using iPSCs more challeng-
ing. Unlike disorders such as long QT syndrome that have
known hallmark defects, robust phenotypes for neurodegen-
erative disorders are scarce. Nevertheless, Dimos et al. [28]
were able to generate iPSCs from patients with ALS, which
could then differentiate into motor neurons and glia—cell
types specifically affected in ALS. However, they were unable
to observe any novel or robust cellular phenotypes. A
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subsequent study by Mitne-Neto et al. [31] modeled ALS8
using patients carrying a mutation of the vesicle-associated
membrane protein (VAPB) protein. The authors revealed a
potentially exploitable biochemical phenotype—that motor
neurons generated from the VAPB–iPSC carried reduced pro-
tein levels of VAPB compared with controls. Soldner et al.
[29] successfully modeled PD, a neurodegenerative disorder
characterized by loss of dopaminergic neurons. The authors
were able to generate dopaminergic neurons but failed to see
any cellular phenotypes. However, subsequent iPSC models
of PD were able to identify elevated oxidative stress in the
iPSC-derived dopaminergic neurons [32]. AD results in pro-
gressive neuronal loss and while no clear disease etiology has
been elucidated, hallmarks of the disease are the presence of
β-amyloid (Aβ) plaques and neurofibrillary tangles [33]. The
altered processing of Aβ precursor protein into Aβ peptides is
thought to play a role in AD and the generation of plaques [34,
35]. Israel et al. [30] demonstrated that neurons generated
from iPSCs from patients with AD produced elevated
amounts of the pathogenic Aβ peptide [30]. These reports
suggest that iPSCs can provide an important model of neuro-
degenerative disorders to not only generate the affected hu-
man cell types, but also for the identification of mechanisms
contributing to disease etiology.

Neurodevelopmental disorders have become a popular tar-
get of iPSC modeling, with recently published models of
schizophrenia (SZ), Cockayne syndrome, and syndromic
ASDs such as FXS, Down syndrome, and RTT [36–39].
Neurodevelopmental disorders are characterized by defects
in central nervous system development and growth, and often
have a genetic cause [40]. iPSC technology is particularly well
suited to modeling genetic disorders because of its ability to
capture disease-specific genotypes, which is especially useful
for complex genetic disorders. As such, neurodevelopmental
disorders are ideal targets because of their strong genetic com-
ponent, with bothmonogenetic and complex multigenic forms
[41]. In addition, unlike neurodegenerative conditions,
neurodevelopmental disorders are often characterized by cel-
lular defects apparent at early stages in life [40, 42].

For example, while SZ is distinct from early-onset
neurodevelopmental disorders such as ASDs, in its later onset
it can still be successfully modeled using iPSCs. SZ is a dis-
abling neurologic disorder characterized by paranoia, halluci-
nations, and cognitive and emotional abnormalities [43]. SZ
encompasses a spectrum of phenotypes, including neuroana-
tomic changes and altered neurotransmission across several
neuronal subtypes [44]. While the spectrum of disease is broad
and environmental conditions are important, evidence suggests
SZ has a genetic basis [45–47]. The neurodevelopmental hy-
pothesis of SZ suggests that the disease is caused by the altered
interaction of multiple genes affecting important developmental
pathways, inducing a cascade of neuropathologic changes and
events during development [48–50]. Brennand et al. [36]

generated iPSCs from 4 patients with SZ carrying complex
genetic mutations [36]. Importantly, the authors were able to
demonstrate that the neurons were less complex and contained
fewer neurites, recapitulating postmortem studies [51, 52].
Furthermore, they showed other phenotypes, including reduced
neuronal connectivity, synaptic protein levels, and altered gene
expression. Moreover, neuronal connectivity and expression
alterations were rescued after treatment with an antipsychotic
drug, exemplifying the potential of iPSC models as drug dis-
covery platforms.

Modeling Syndromic Autism

Syndromic forms of autism are the disorders falling under the
umbrella of ASDs in which there is a known, usually mono-
genetic, cause. Unlike nonsyndromic, or idiopathic, forms of
autism, where the genetic cause is unknown, syndromic forms
are associated with specific genes that are known to cause an
ASD when mutated. Because the genetic causes are already
known, syndromic forms of ASD, including FXS, TS, cyclin-
dependent kinase-like 5 disorder, and RTT, were quickly
targeted for iPSC modeling (Table 1) [38, 39, 53, 54].

FXS

FXS is characterized by a CGG trinucleotide repeat expansion
in the 5’ untranslated region of FMR1 leading to hypermethy-
lation and gene silencing [55]. FXS, which results when the
expansion is>200 repeats, is the most common syndromic
form of ASD in the population, and patients display with
physical, intellectual, and behavioral phenotypes of varying
severity [56, 57]. FMR1 encodes for the protein fragile X
mental retardation protein (FMRP), which acts as an mRNA
binding protein that regulates the translation of many genes,
including those translated locally at the postsynaptic site.
FMRP inhibits the translation of several mRNAs, and it was
shown that loss of FMRP expression leads to increased num-
bers of spines and neuronal overexcitability [58]. An initial
human ESC study of FXS demonstrated that FMR1 was
unmethylated at the undifferentiated pluripotent stage,
allowing for its expression [59]. However, the first reported
iPSC FXS model showed that FMR1 remained inactive and
retained the epigenetic silencing, highlighting differences be-
tween ESCs and iPSCs [38]. A subsequent study showed that
multiple reprogrammed patient FXS lines had variable levels
of FMR1 silencing and expression [60]. Highlighting its im-
portance to neurodevelopment, lines that demonstrated re-
duced FRM1 expression resulted in aberrant neuronal differ-
entiation [60]. Another study generated iPSC from FXS
premutation individuals (carrying 55–200 CGG repeats),
who do not display with classical FXS but suffer from neuro-
degenerative fragile X-associated tremor/ataxia syndrome
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[61, 62]. Interestingly, neurons derived from these iPSCs re-
vealed reduced neurite length, fewer synaptic puncta, reduced
synaptic protein levels, and increased calcium stransients [61].
A recent report showed that forebrain neurons derived from
iPSCs from patients with FXS also showed reduced neurite
outgrowth [63]. While facing initial hurdles, these reports rep-
resent the potential of FXS iPSC models to provide cellular
tools that recapitulate disease phenotypes.

TS

TS is a rare autosomal dominant neurodevelopmental disorder
caused by a mutation in CACNA1C, which encodes for the
voltage-dependent calcium channel CaV1.2 [64]. TS has been
associated with an array of phenotypic manifestations, includ-
ing heart malformations, arrhythmia, developmental delay,
and autism. The TS-causing mutation induces aberrant
CaV1.2 function, leading to loss of the voltage-dependent
channel inactivation and subsequent excess of intracellular
Ca2+. The high prevalence of patients with TS with ASD
and intellectual disability underscores the importance of
CaV1.2 to neurodevelopment [64, 65]. Pasca et al. [53] gen-
erated an iPSC model of TS, and identified several abnormal-
ities in the derived cells, including neurons. Pasca et al. [53]
reported defects in Ca2+ signaling, as well as defects in differ-
entiation, with TS cells producing fewer neurons expressing
cortical and callosal projection markers, and more neurons
expressing tyrosine hydroxylase. While the connection be-
tween TS and ASD symptoms is still unclear, the authors
claim the observed reduction in cortical projecting neurons
is consistent with the connectivity hypothesis of ASD [66].
In addition, the increase in tyrosine hydroxylase-expressing
neurons was ameliorated after treatment with the voltage-
dependent inactivation inhibitor roscovitine, highlighting the
potential for a TS iPSC drug screening assay. A subsequent
study of TS iPSCs revealed aberrant activity-dependent den-
dritic retraction in both the TS-derived neurons and rodent
neurons [67]. The authors found that this was a result of
RhoA activation and was independent of Ca2+ influx through
CaV1.2. Identifying a novel mechanism, the dendritic retrac-
tion phenotype could be rescued by both overexpression of
Gem, an inhibitor of RhoA, and treatment with C3 transferase,
a Rho inhibitor.

AS and Prader-Willi Syndrome

Angelman syndrome (AS) and Prader-Willi syndrome (PWS)
are neurodevelopmental disorders associated with genomic
imprinting and ASD. AS and PWS are considered sister dis-
orders, as they are both caused chromosomal deletion, or an
imprinting defect, of the chromosomal region 15q11-13 [68,
69]. AS is a result of this deletion occurring on the maternal
allele, causing the reduced expression ofUBE3A [68]. PWS isT

ab
le
1

(c
on
tin

ue
d)

A
SD

ty
pe

In
ci
de
nc
e

K
ey

ge
ne

(c
hr
om

os
om

e)
G
en
et
ic
m
ut
at
io
n
in

pa
tie
nt

sa
m
pl
es

N
eu
ro
na
ld

if
fe
re
nt
ia
tio

n
R
el
ev
an
tn

eu
ro
na
lp

he
no
ty
pe
s

R
es
cu
e

ph
en
ot
yp
e?

A
ny

dr
ug

tr
ea
tm

en
t?

R
ef
er
en
ce

T
H
an
d
ca
te
ch
ol
am

in
e

ex
pr
es
si
on

M
is
se
ns
e
(G

40
6R

)
Y
es
;

C
a2

+
-d
ep
en
de
nt

de
nd
ri
tic

re
tr
ac
tio

n
Y
es

C
3
tr
an
sf
er
as
e

[6
7]

C
D
K
L
5-

re
la
te
d
di
so
rd
er

80
ca
se
s
re
po
rt
ed

w
or
ld
w
id
e

C
D
K
L5

(X
)

N
on
se
ns
e
(Q

34
7X

)
M
is
se
ns
e
(T
28
8I
)

Y
es
;T

uJ
1+

,M
A
P2

+
,

V
G
L
U
T
1/
2+

,G
A
D
65
/6
7+

N
o

N
o

N
o

[5
4]

A
S

1:
12
,0
00

M
at
er
na
lU

B
E
3A

(1
5)

M
at
er
na
l

Δ
15
q1
1-
q1
3

(i
nc
lu
di
ng

U
B
E
3A

)

Y
es
;T

uJ
1+

,M
A
P2

+
,

sy
na
ps
in
I+
,P

an
N
av
+

N
o

N
o

N
o

[7
3]

PW
S

1:
15
,0
00

U
nk
no
w
n
in

pa
te
rn
al

15
q1
1-
q1
3
(1
5)

Pa
te
rn
al

Δ
15
q1
1-
q1
3

N
o

N
o

N
o

N
o

[7
3]

t(
15
;4
)(
q1
1.
2;
q2
7)

Y
es
;T

uJ
1+

,M
A
P2

+
N
o

N
o

N
o

[1
36
]

N
on
sy
nd
ro
m
ic

au
tis
m

TR
P
C
6
(1
1)

T
ra
ns
lo
ca
tio

n
t(
3;

11
)(
p2
1;
q2
2)

Y
es
;T

uJ
1+

,M
A
P2

+
,

V
G
L
U
T
1+

,S
yn
ap
si
n+

,
C
tip

2+
,T

br
1+

A
lte
re
d
ne
ur
on
al
m
or
ph
ol
og
y,

fe
w
er

de
nd
ri
tic

sp
in
es

an
d

sy
na
ps
es

Y
es

IG
F-
1,

hy
pe
rf
or
in

[1
16
]

A
S
D
=
au
tis
m

sp
ec
tr
um

di
so
rd
er
;
R
T
T
=
R
et
t
sy
nd
ro
m
e;

F
X
S
=
fr
ag
ile

X
sy
nd
ro
m
e;

P
M
D
S
=
P
he
la
n–
M
cD

er
m
id

sy
nd
ro
m
e;

T
S
=
T
im

ot
hy

sy
nd
ro
m
e;

C
D
K
L
5
=
cy
cl
in
-d
ep
en
de
nt

ki
na
se
-l
ik
e
5;

A
S
=

A
ng
el
m
an

sy
nd
ro
m
e;
PW

S
=
P
ra
de
r–
W
ill
is
yn
dr
om

e;
U
T
R
=
un
tr
an
sl
at
ed

re
gi
on
;I
G
F-
1
=
in
su
lin

-l
ik
e
gr
ow

th
fa
ct
or
-1
;T

H
=
ty
ro
si
ne

hy
dr
ox
yl
as
e;
G
PE

=
N
-t
er
m
in
al
tr
ip
ep
tid

e
(g
ly
ci
ne
-p
ro
lin

e-
gl
ut
am

at
e)

of
IG

F-
1;

D
A
PT

=
N
-[
N
-(
3,
5-
di
fl
uo
ro
ph
en
ac
et
yl
)-
l-
al
an
yl
]-
S-
ph
en
yl
gl
yc
in
e
t-
bu
ty
le
st
er
;E

G
C
G
=
ep
ig
al
lo
ca
te
ch
in
e
ga
lla
te

538 Acab and Muotr



a caused by the deletion occurring on the paternal allele,
resulting in the loss of or reduced expression of 7 paternally
expressed genes in the affected 15q region [70].While AS and
PWS do not have identical developmental defects, they do
share neurologic symptoms such as cognitive, social, and
speech disabilities [71, 72]. Chamberlain et al. [73] generated
the first iPSC model of AS and PWS from patient cells. Their
AS and PWS iPSCs showed no erasure of the DNA imprint-
ing, and found that UBE3A imprinting occurred during neu-
ronal differentiation in the AS cells. [73]. However, the au-
thors found no neuronal phenotypic differences between AS
neurons and control neurons.

PMDS

PMDS, also known as 22q13.3 deletion syndrome, is a
neurodevelopmental disorder characterized by a range of clin-
ical symptoms, including absent or delayed speech, intellec-
tual disability, mental retardation, and autism [74, 75]. PMDS
is caused by deletion or loss of genes in the 22q13 region,
typically causing loss of SHANK3. SH3 and multiple ankyrin
repeat domains 3 is a scaffolding protein found in excitatory
synapses involved in the organization of the postsynaptic den-
sity [76]. SHANK3mutations have been associated with ASD,
and mouse models carrying Shank3 mutations demonstrate
synaptic defects and ASD-like behaviors [77, 78].
Shcheglovitov et al. [79] generated a PMDS iPSC model
using fibroblasts from 2 patients with PMDS carrying large
22q13 deletions that include SHANK3 [79]. Neurons generat-
ed from the PMDS iPSCs demonstrated reduced excitatory
synaptic transmission and fewer synapses. The authors re-
vealed these neuronal defects could be rescued using expres-
sion of SHANK3 by lentivirus and by pharmacological treat-
ment using insulin-like growth factor (IGF)-1 [79].

RTT

RTT is a monogenic progressive neurologic disorder caused
by mutations in the X-linked geneMECP2 [80]. Patients with
RTT are predominantly female, as affected males are usually
preterm lethal and those that survive are severely affected [81,
82]. Patients with RTT have apparently normal development
until they are 6–18 months old, which is followed by progres-
sive neurologic abnormalities [83]. This period of regression
is often characterized by the deceleration of head growth, and
loss of acquired motor and language skills [83]. The spectrum
of RTT neuropathology includes autistic behavior, stereo-
typed hand wringing, seizures, microcephaly, hypotonia, atax-
ia, and loss of speech [84, 85]. Human postmortem analysis
has revealed neuronal cellular phenotypes such as altered neu-
ronal morphology, reduced soma size, fewer dendritic spines,
and reduced dendritic arborization [86, 87]. Revealing the
potential role of multiple cell types, several studies have

demonstrated the effect of mutant astrocytes in RTT etiology
[88–91]. In addition, recent reports have shown that microglia
and oligodendrocytes are also important players in RTT path-
ophysiology [92–94].

While phenotypes have been robust and abundant, how
alterations to MECP2 induce this array of abnormalities re-
mains elusive. As a result, an abundant amount of research has
been performed to study the function of MECP2. The causal
role in RTT and the ability to rescue defects in RTT mouse
models by reintroduction of Mecp2 has demonstrated the im-
portance ofMecp2 to neuronal development and function [95,
96]. Methyl CpG binding protein 2 (MeCP2) has been shown
to both activate and repress transcription [97]. Skene et al. [98]
have also shown that MeCP2 is highly expressed in neurons
and acts as a global transcriptional regulator, with a vast num-
ber of potential targets.

RTT has become a popular target, as several RTT iPSC
studies have already been reported. Our work was the first to
describe an iPSC model of RTT, where we discovered that
neurons derived from RTT iPSC recapitulated several aspects
of known RTT neuropathology [39]. The human neurons were
derived from 4 different patients with RTT carrying different
MECP2 mutations. The RTT neurons demonstrated pheno-
types paralleling the human postmortem and rodent model
findings, such as smaller soma size, reduced dendritic spine
density, reduced spontaneous Ca2+ transient frequency, im-
paired excitatory synaptic transmission, and fewer excitatory
synapses. To verify the causal role ofMECP2, gain- and loss-
of-function assays usingMECP2 re-expression and short hair-
pin RNA (shRNA) targeting MECP2 validated several of the
neuronal abnormalities. Even more, treatment of the neurons
with the candidate drug, IGF-1, was able to rescue the synap-
tic defects. IGF-1 is a known neurotrophic factor currently in
clinical trials for RTT, and has been shown to be able to stim-
ulate neuronal growth and synaptogenesis [99, 100]. Another
report from our laboratory demonstrated that neural progenitor
cells derived from RTT iPSCs had increased long interspersed
element-1 retrotransposition, showing that MecP2 regulates
these events [101]. A subsequent study using the RTT iPSC
model also observed a reduced soma and nuclear size in af-
fected neurons [102]. Kim et al. [103] observed a neuronal
maturation defect in iPSCs derived from RTT. In a recent
report, Williams et al. [104] generated astrocytes from RTT
iPSCs and demonstrated that these mutant astrocytes and their
conditioned media are enough to induce neuronal abnormali-
ties. Using IGF-1 and GPE (an IGF-1 peptide), the authors
were able, partially, to rescue the morphologic defects.

Exemplifying a prototypical iPSC model, RTT is a mono-
genetic disorder with known, robust phenotypes validated in
numerous models. For RTT, iPSC modeling allowed for the
ability to produce different affected subtypes that recapitulated
known phenotypes, as well as for the generation of a drug-
screening platform.
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Modeling Nonsyndromic Autism

A prevailing theme in the field is the use of syndromic forms
of autism to shed light onto nonsyndromic autism. Because
the genes driving syndromic autism are known, the idea is to
determine how those known mutations induce neuronal phe-
notypes common among different ASDs, and subsequently
examine if those same genes or pathways are affected in non-
syndromic cases of autism. Indeed, previous studies have
shown shared synaptic phenotypes in syndromic and nonsyn-
dromic mouse models of autism [105]. Because the large ma-
jority of ASD cases are sporadic, models of nonsyndromic
autism are essential to the study of ASD etiology. ASDs ex-
hibit a common core set of symptoms and demonstrate a
strong genetic component, yet the exact etiology of ASD re-
mains unknown [4]. ASD susceptibility has been implicated
in several different chromosomal loci and genes, indicating
genetic heterogeneity [106–108]. However, a large number
of these genes are related and share molecular pathways, in-
cluding those involved in neurotransmitter pathways
[109–112], or neuron adhesion and junction molecules
[113]. Mutations in Ca+2 channels and genes involved in
Ca+2-regulated signaling have also been associated with
ASD [64, 114, 115]. With increasing numbers of rare variants
being implicated in ASD, but often presenting modest to low
degrees of risk [10], it is crucial to identify and study the
relevance of these rare variants to nonsyndromic ASD
etiology.

As a proof-of-principle, our laboratory recently generated
an iPSCs model of nonsyndromic autism to investigate cellu-
lar and molecular phenotypes [116]. The proband presented
with classical autism, delayed motor skills development, and
poor social responsiveness. In this model, we generated iPSCs
from an ASD individual carrying a de novo balanced translo-
cation disrupting TRPC6, which encodes for the protein chan-
nel transient receptor potential canonical 6 (TRPC6). This
translocation resulted in TRPC6 haploinsufficiency the ASD
individual (TRPC6-mut). Previously unassociated with ASD,
TRPC6 is a voltage-independent, Ca2+-permeable cation
channel. TRPC6 has been implicated in neuronal growth cone
guidance, spinogenesis, and synaptogenesis, processes known
to be affected in ASD [117–119]. Furthermore, TRPC6 has
been shown to activate important pathways important for neu-
ronal development and function, including the brain-derived
neurotrophic factor (BDNF), calcium/calmodulin-dependent
protein kinase IV, protein kinase B, and cyclic adenosine
monophosphate-response element binding protein phosphor-
ylation signaling pathways (Fig. 1) [117, 120, 121]. Using
iPSCs, we investigated the functional consequences of this
TRPC6 haploinsufficiency.

Neurons derived from TRPC6-mut iPSCs revealed neuronal
morphologic and functional alterations compared with control
neurons. Global gene expression analysis of TRPC6-mut cells

revealed that several cyclic adenosine monophosphate-
response element binding protein phosphorylation-targeted
neuronal genes important for neurodevelopment were differen-
tially regulated. Analysis of TRPC6-mut neurons demonstrated
altered morphology, including reduced total length and dendrit-
ic arborization. Key neuronal functions were also affected, such
as fewer dendritic spines and synapses, and impaired calcium
dynamics. Importantly, these TRPC6-mut-dependent pheno-
types were validated using shRNA targeting TRPC6, as well
as re-expression of TRPC6 cDNA. Moreover, using shRNA
targeting TRPC6 in mice, both in vivo and in vitro, demonstrat-
ed phenotypes paralleling the iPSC results, such as reduced
neuronal arborization, and fewer spines and synapses. We were
also able to rescue several of the neuronal abnormalities using
the candidate drugs hyperforin and IGF-1. Our premise was that
hyperforin, a specific activator of TRPC6 channels, might res-
cue phenotypes caused by haploinsufficiency by increasing
TRPC6 signaling. As mentioned previously, IGF-1 has been
used to rescue neuronal defects in RTT iPSCs models and is
also used in ongoing clinical trials for ASD and other central
nervous system disorders [39]. Hyperforin and IGF-1 were able
to ameliorate neuronal complexity and increase dendritic spine
density and synaptogenesis. Interestingly, we also observed that
MecP2 affected TRPC6 expression and occupied the TRPC6
promoter region. This potential interaction reveals possible
common pathways affected in syndromic and nonsyndromic
ASD. Finally, to further investigate TRPC6 as a novel ASD-
associated gene, mutation analysis of sequencing data from
1041 individuals with ASD and 2872 controls revealed signif-
icantly more nonsynonymous mutations in the ASD
population.

This study brings valuable information for ASD, as we
demonstrated that an iPSC model of nonsyndromic ASD re-
veals striking neuronal phenotypes. These phenotypes and
affected pathways represent potentially novel ASD bio-
markers, and the ability to rescue these abnormalities provides
the basis for potential drug screening platforms. While this
study is the first to describe an iPSC model of nonsyndromic
autism, numerous more lines from individuals with nonsyn-
dromic ASD must be generated to validate common pheno-
types and affected pathways, and to eventually create effective
diagnostic tools.

Common Mechanisms of Disease?

The iPSCmodels of RTT, FXS, PMDS, and our nonsyndrom-
ic ASD model have demonstrated common phenotypes in
neurons generated from these cell lines. All of these disorders
demonstrated neuronal abnormalities such as altered morphol-
ogy and synaptic deficits. And because all of these disorders
fall under the umbrella of ASD, they share a common core set
of symptoms. These observations suggest that there may be
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common molecular mechanisms and pathways driving the
observed phenotypes and symptoms in these disorders.
Thus, iPSCs models represent a unique opportunity to exam-
ine and compare human neurons derived from different ASD
at the cellular and molecular level.

Our recent report examined the potential relationship be-
tween MecP2 and TRPC6 [116]. MecP2 has previously been
reported to affect TRPC6 levels [97]. Hippocampal neurons
from RTT mouse models were reported to have impaired
activity-dependent BNDF release and TRPC6 signaling
[122]. Furthermore, TRPC6 has been shown to be necessary
for certain BDNF-induced neurite growth cone guidance
[117]. Indeed, MecP2 has been shown to regulate BDNF ex-
pression [123–125]. Another shared feature of these iPSCs
models has been the ability of IGF-1 to rescue neuronal phe-
notypes, as IGF-1 treatment ameliorated the synaptic defects
in RTT, PMDS, and nonsyndromic ASD iPSC-derived neu-
rons. These findings suggest MecP2 and TRPC6may be a part
of common molecular pathway important for neuronal devel-
opment and function (Fig. 1). The presence of common phe-
notypes, as well as shared mechanisms of drug rescue, implies
common mechanisms and pathways driving pathogenesis
among these different ASDs. More than anything, iPSC
modeling provides the platform by which these analyses and

comparisons can be made. However, more work needs to be
done, as more models of ASD need to be generated in order to
verify and better characterize genuine ASD cellular
phenotypes.

Limitations of iPSC Disease Modeling

As with any model for disease, iPSC technology has definite
limitations. To begin with, cells are grown in culture, which is
a departure from true physiological conditions. As such, the
components of the media may be overestimating or
underestimating key signaling molecules, which can affect
cell function. Thus, to verify that phenotypes observed
in vitro are genuine, they must be validated in vivo or using
other models. In addition, the field currently lacks the ability
to generate a wide variety of specific neuronal subtypes. This
is particularly important because certain neuronal subtypes are
more severely affected by disorders such as ASD. For exam-
ple, RTT pathophysiological studies revealed that the pyrami-
dal neurons in cortical layer V are especially affected and
display fewer dendritic spines [86]. Protocols are yet to be
generated to produce such a specific subtype of cells.
Another problem that arises because of this is the cellular

Fig. 1 Transient receptor potential canonical 6 (TRPC6) signaling
pathways. TRPC6 has been implicated in the activation of several
important neuronal signaling pathways. Influx of Ca2+ via TRPC6
pathways has been demonstrated to induce several signal transduction
pathways, including the protein kinase B (Akt), calcium/calmodulin-
dependent protein kinase IV (CaMKIV), and extracellular signal-
regulated kinase (ERK) pathways. Activation of these pathways
eventually leads to the activation of the transcription factor cyclic
adenosine monophosphate-response element binding protein
phosphorylation (CREB), which has been demonstrated to promote

proneuronal effects, including neuronal survival, neuronal plasticity,
neurite outgrowth, and synaptogenesis. Several TRPC6 agonists have
been demonstrated to stimulate TRPC6 and induce Ca2+ influx,
including hyperforin and diacyl glycerol (DAG), the endogenous
TRPC6 activator. Both the brain-derived neurotrophic factor (BDNF)
receptor tropomyosin receptor kinase B (TrkB) and insulin-like growth
factor (IGF)-1 receptor can promote downstream signaling that can also
activate TRPC6, as well as both the ERK and Akt pathways. Recently,
methyl CpG binding protein 2 (MeCP2) has been shown to bind to the
promoter region of TRPC6 and to be important for TRPC6 expression
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heterogeneity in the iPSC-derived cultures. When generating
cell types such as neurons, several other cell types remain
present in the culture that could introduce artifacts. While
some protocols exist for the fluorescence-associated cell
sorting purification of cells such as neurons [126], more work
is needed to be able to isolate all disease-relevant cell types.
Another issue that arises with iPSC modeling is the problem
of proper controls, especially with ASD. Currently, most re-
ported ASD iPSCmodels use unaffected individuals or family
members as controls. This can be problematic because each
individual contains unique mutations and genetic differences
that could potentially affect observable phenotypes. The ideal
controlled experiment would be 2 lines containing the exact
same genome, with the only difference being the mutation in
question. Fortunately, the field is moving toward addressing
this concern with the use of genome editing such as TALEN
and CRISPR technology [127, 128]. Using genome editing,
researchers are able to generate isogenic lines, differing only
by the specific targeted mutation. This highlights another im-
portant consideration: the types of disorders iPSCs can effec-
tively model. Certainly, iPSC modeling is most effective for
genetic disorders with robust phenotypes. To maximize the
potential of iPSCs, it is best if the genetics of the particular
patient in question are known so that any phenotypes can be
attributed to a specific genetic cause, and if phenotypes are
robust enough or readily detectable

Future Implications

The iPSC-disease modeling strategy represents a significant
step in ASD research and treatment. The most useful applica-
tions of these models are for the identification of cellular phe-
notypes, the elucidation of affected molecular pathways, and
for the generation of new therapeutic strategies. This is partic-
ularly evident for syndromic forms of autism, as the genetics
are known and can be attributed to the observed phenotypes.
Yet our work denotes the first step in modeling nonsyndromic
autism, which represents the majority of ASD but lacks clear,
defining symptoms or cellular phenotypes. By taking advan-
tage of next-generation genomics, one can map all of the ge-
netic abnormalities and use iPSCs to analyze their impact on
neuronal cells. Allowing for the development of personalized
medicine, these iPSC models can take advantage of specific
cellular phenotypes for drug screening purposes to identify
potential therapeutic drugs tailored to an individual. While
iPSC modeling shows great promise for ASD research, more
work is needed. More iPSC models of nonsyndromic autism
are necessary to generate a library of iPSC models from nu-
merous autistic individuals to identify phenotypes and molec-
ular pathways common to ASD. Fortunately, several outreach
programs exist to facilitate community engagement and sam-
ple collection, such as the Tooth Fairy Project [116, 129]. This

project allows for families to send newly lost baby teeth from
autistic individuals to researchers, from which dental pulp
cells can be extracted and iPSCs generated. Finally, the com-
prehensive molecular and functional characterization of the
iPSC-derived neurons from autistic individuals will be essen-
tial for the reliable discovery of true ASD phenotypes and
molecular mechanisms driving ASD etiology.
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