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1 | INTRODUCTION AND CLINICAL
OBSERVATIONS

To date, neurodevelopmental disorders (NDDs) are considered as a het-
erogeneous group of diseases, all implicating an impairment in the
development and growth of central nervous system. Among other
NDDs, autism spectrum disorder (ASD) and schizophrenia (SZ) stand
out due to their partly clinical similarities and their frequency diagnosed
in population (SZ ~1%; ASD ~2%). In the case of SZ, more than 50% of
patients receiving diagnosis have long-term psychiatric problems, an
unemployment rate of ~90% and decreased life expectancy by
~20 years.? With a disease onset during childhood as a striking crite-
rion, ASD patients show impairments such as delayed development in
childhood or disturbed social interactions throughout lifetime.®

Besides both being heritable psychiatric diseases with a
multifactorial etiology and so far no available curable treatment, a
clinical overlap in parts is evident* Both diseases can show similar

Udo Kraushaar® |
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Studying human disease-specific processes and mechanisms in vitro is limited by a
lack of valid human test systems. Induced pluripotent stem cells (iPSCs) evolve as an
important and promising tool to better understand the molecular pathology of neu-
rodevelopmental disorders. Patient-derived iPSCs enable analysis of unique disease
mechanisms and may also serve for preclinical drug development. Here, we review
the current knowledge on iPSC models for schizophrenia and autism spectrum
disorders with emphasis on the discrimination between them. It appears that trans-
criptomic analyses and functional read-outs are the most promising approaches to

uncover specific disease mechanisms in vitro.

autism, calcium imaging, electrophysiology, iPSC, schizophrenia, transcriptome

symptoms, including neuropsychological and cognitive impairment,
social withdrawal and anxiety, isolated play preference, poor perfor-
mance in school, disturbed social-communication function, or decreased
intelligence in subgroups.>”

For ASD diagnosis, major criteria are (a) restricted, repetitive behav-
ior, behavioral rigidity, odd or intense interests and (b) persistent deficits
in social communication, interactions, and communicative behavior
must be fulfilled. Additionally, the onset of at least some symptoms
must be evident with an age of 18 to 24 months. Further ASD shows a
gender preference toward male sex with a ratio of 4-5:1.8% SZ in con-
trast is mostly diagnosed during young adolescence (male ~18-25 years
and female ~25-35 years) while showing no specific gender differences
in prevalence. For diagnosis of SZ, at least two symptoms such as hallu-
cinations, delusions, disorganized speech, grossly or catatonic behavior,
and negative symptoms must be fulfilled over a certain point of time.*°

So far an effective treatment appears challenging, and only
relief of impairing symptoms can be addressed. In both cases, a
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combination of pharmacotherapy, biological therapies, and interven-
tions such as cognitive behavioral therapy, family-based therapy,
speech therapy, or support of daily structure is a major part of a
comprehensive treatment.?**? In both diseases, pharmacological
treatment management remains uncertain, finally relying on try and
error. Trying to grasp and explain these two complex disease groups
based on the genetic background and nosological descriptions, or
findings from pharmacological treatments seem to be insufficient.
This indicates a need for more profound tools helping to understand

and treat the diseases.

2 | INDUCED PLURIPOTENT STEM CELL
AS ANOVELTOOLTO STUDY NDDs

The establishment of valid models for the understanding of NDDs and
drug development remains a challenge. The majority of neurobiologi-
cal and neuropsychiatric test systems relies on time consuming and
cost intensive animal models that lack the ability to precisely reflect
the human brain. Human alternatives are limited and restricted to ana-
lyses of postmortem tissue or in vivo neuroimaging.*®

The potential of induced pluripotent stem cells (iPSCs) revolution-
ized the field of human in vitro test systems upon discovery in 2007.%%
iPSCs comprise the whole complex genome of the original donor with
every specific mutation leading to a distinct phenotype. Especially for
studying highly heterogeneous diseases with several associated risk
genes, iPSCs can be used as a tool to study pathological processes.

iPSCs for neuropsychiatric disorders are applied by different
approaches. Somatic cells can be used for reprogramming providing the
full genetic background of individual patients.2>2° The immanent vari-
ability of different patients can be alleviated by control iPSCs from
unaffected first degree relatives. Alternatively, targeted mutation, for
example, by Crispr/Cas9 provides genetically defined models which are
advantageous since they enable isogenic approaches for highest control
of the genetic background. On the other hand, the strong effects
observed coincide with a certain ambiguity. For instance, SHANK3
mutations may account for ASD, schizophrenia, and other psychiatric
disorders which precludes the identification of disease-specific mecha-
nisms (for review, see Reference 21). Likewise, mutation of tuberous
sclerosis complex 1 or 2 serves as an ASD model. However, the muta-
tion is also associated with tumors in different organs, epilepsy, atten-
tions deficit hyperactivity disorder, and cognitive disabilities.??

Here, data are collected to illustrate how experimental data sets
obtained from iPSC-derived neurons reflect the disease pathology of
ASD and SZ forms with no known genetic cause here referred to as
idiopathic. Furthermore, the point is addressed whether a specific dis-
crimination between ASD and SZ has been achieved in vitro.

3 | TRANSCRIPTOME ANALYSIS

For SZ and ASD, transcriptomic analysis developed as a valuable tool

for the discrimination of disease phenotypes and a deeper
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Significance statement

Published data are encouraging and established induced plu-
ripotent stem cell-derived neurons as a robust and valuable
tool for a deeper understanding of the precise mechanisms
of neuropsychiatric diseases, and may ultimately pave the

way for biomarker research and drug development.

understanding of disease-related genes and molecular pathways.?32*

However, transcriptome profiling of patients and iPSC-derived neuro-
nal models is biased through the genetic heterogeneity of different
individuals. For this reason, the comparison of independent data sets
obtained from different patients is essential to identify characteristic
genes for ASD or SZ.

So far, two reports account for the comparison of deregulated
transcripts in iPSC-derived neurons from patients with idiopathic SZ
which included a sample size of three healthy controls vs three
patients?®> and four healthy controls vs four patients.?® Both trans-
criptome analyses, for example, identified lymphoid enhancer binding
factor 1 (LEF1) and erb-b2 receptor tyrosine kinase 3 (ERBB3) that
became upregulated in patients with SZ (Table 1). LEF1 recruits
B-catenin as a downstream transcription activator of the WNT signal-
ing pathway, a crucial disease pathway in schizophrenia.®33*
Genome-wide association studies confirmed NRG1-ErbB signaling as
an important pathway for schizophrenia.®> ERBB family members are
receptor tyrosine kinases recognized by the ligand neuregulinl
(NRG13%;). Nrg1 signaling is implicated in cortical GABAergic and glut-
amatergic circuit development.3”*® Nrg1 is a ligand of ErbB receptor
tyrosine kinases ErbB3 and ErbB4.3° While ERBB4 appears as an
important factor in SZ,*°*! the role of ERBB3 is controversial.*>*3
Dysregulation of ERBB3 transcriptome analysis may be explained by
compensatory effects of deficient ERBB4 signaling. iPSC lines with
DISC1 mutations were also used as a model for schizophrenia.?”
However, only five genes in neurons differentiated from DISC1 iPSC
were deregulated in idiopathic models (Table 1) suggesting that the
monogenic model is at least partially different from idiopathic models.

In contrast to limited data sets for SZ transcriptomes, six publica-
tions have compared transcriptome data of iPSC-derived neurons from
idiopathic ASD to healthy controls (Table 1).25?82 For example,
ATP8A1 is a catalytic component of a P4-ATPase flippase complex and
involved in cell migration. Compared to controls, elevated ATP8A1 pro-
tein was found in the hippocampus and temporal lobe of juvenile autis-
tic subjects.** Another interesting candidate gene which showed up in
four publications is the transcription factor aristaless-related homeobox
(ARX). ARX is essential for normal brain development, in particular in the
migration and maintenance of interneurons.*> ARX mutations are con-
nected to a wide spectrum of NDDs including autism.*¢“*€In conclusion,
transcriptomic analyses came up with some ASD or SZ risk genes found
in the respective patient populations. The smaller number of der-
egulated mRNAs as compared to the large number of risk genes identi-

fied in genomic studies may be explained by the much smaller patient
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TABLE 1 Consistently deregulated genes in iPSC-derived neurons in (A) SZ or (B) ASD neurons
A. Schizophrenia
Gene Grunwald et al*® Roussos et al?® Wen et al?’
DCT X X X
LEF1 X X o
ACTN2 X X X
COL14A1 X X X
EN1 X X -
ERBB3 X X =
GBP3 X X -
KCNA4 X X X
OLFML1 X X -
PMP2 X X =
RASSF9 X X X
RGPD2 X X =
SAMD9L X X -
ZDBF2 X X °
B. Autism
Gene Liu et al?® Grunwald et al®® DeRosa et al?’ Schafer et al*° Mariani et al®! Marchetto et al*?
ATP8A1 X - X X X -
AGTR1 = X = X X X
ARX - X X X X -
FOXA1 © X X X X @
SHH - X X X X -
ASPN = = X X X X

cohorts under inspection. No commonly deregulated transcript has
been found suggesting transcriptomic analysis as an important tool to
discriminate between ASD and SZ.

4 | DEVELOPMENTAL PHENOTYPES:
NEURITE LENGTH AND SYNAPTIC
CONNECTIVITY

NDDs are signified by early developmental deficits such as impaired
neuronal connectivity or altered synaptogenesis which can be
reproduced in iPSC-derived neurons in vitro.* For schizophrenia, post-
mortem tissue analysis and in vivo neuroimaging in human individuals
reported reduced brain volumes,®® decreased numbers of dendritic

1351 and diminished expression of postsynaptic marker

spines,
PSD-95.525% Accordingly, iPSC-derived cortical neurons showed a
reduction in neuronal connectivity, neurite outgrowth, and synaptic
markers (PSD-95, glutamate receptors) in idiopathic $Z.2>°4>¢ Reduced
synaptogenesis was also shown for dopaminergic neurons and cortical
interneurons.>” Likewise, deficits in hippocampal neurogenesis were
reported for dentate gyrus granule neurons accompanied by reduced
neurotransmitter release and neuronal activity.”® In 22q11.2 deletion

models for SZ, no reduction of synapse densities was observed which is

opposite to the DISC1 model showing decreased synaptic punctae in
accordance with the idiopathic models.?”>?

Similarly, ASD is linked to abnormal dendritic structures with
altered morphological spines which might coincide with deregulated
functional connectivity.?®¢! Most of the identified genes have been
shown to contribute to neurite outgrowth and length, dendritic spine
number and structure and eventually to impaired neuronal connectiv-
ity.? In iPSC-derived neurons from a small cohort of idiopathic ASD
patients, neurite outgrowth assays revealed reduced numbers of neu-
rons with neurites and decreased length of neurites.2” Likewise, synap-
tic dysregulation and increased neurogenesis may contribute to
FOXG1-mediated overproduction of GABAergic inhibitory neurons.®2
As a consequence, excitatory/inhibitory imbalance may be linked to the
development of ASD.3! ASD models based on genetically defined
mutations come up with conflicting results in neurite outgrowth assays.
CGG repeat expansion of FMR1 decreases neurite outgrowth in accor-
dance with the idiopathic models while TSC1 mutation was found to
increase neurite outgrowth.®>%* Likewise, mutation of MeCP2, serving
as an iPSC-derived model for Rett syndrome, as well as 2213 deletion
in Phelan-McDermid syndrome recapitulate reduced synaptic punctae
densities found in idiopathic ASD iPSC-derived models.4>¢%

When analyzing neuronal iPSC-based cell cultures to compare

SZ- and ASD-related developmental phenotypes, most analyses come
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TABLE 2 Phenotypes of schizophrenia SZ and ASD neurons observed in different reports
Phenotypes of autism
Parameter Phenotypes of schizophrenia Literature spectrum disorders Literature
Itered oxygen metabolism with 55-57 Not reported Not reported
increased oxidative stress
Not reported Not reported Accelerated cell cycle 31
of 3D brain organoids
Not reported Not reported Increased neuronal progenitor 32
cell proliferation
Diminished migration 54 Not reported Not reported
rborization deficits 56 Not reported Not reported
Reduced number and length 21,5455 Reduced number and length 21
Reduced hippocampal neurogenesis 58 Abnormal neurogenesis 32
Reduced PSD-95 levels 21,54 Reduced PSD-95 levels 21
Reduced glutamate expression 54 Not reported Not reported
Reduced release levels 58 Not reported Not reported
Reduced neuronal activity 58,65 Reduced neuronal activity 29,32
Reduced Ca** peak frequency 21 Reduced Ca*™ peak amplitude 21

and increased peak area

up with similar results, such as decreased neurite outgrowth, synaptic
connectivity, or abnormal neurogenesis in idiopathic models (Table 2).
While being instructive for developmental deficits, these assays do
not contribute to a precise discrimination between SZ and ASD.

5 | FUNCTIONAL IMPACT

Deficient network activity in iPSC-derived neurons from SZ and ASD
patients suggests a functional preservation in iPSC-derived neuronal cul-
tures in vitro. The idiopathic ASD phenotype is associated with the
inability of iPSC-derived neurons to generate higher frequencies of
action potentials (APs).?8 This alteration in turn has an impact on synaptic
output and, as a consequence, on the computation within neuronal net-
works. Indeed, genes associated with synaptic function appeared to be
deregulated in iPSC-derived neurons from patients with ASD.3! Accord-
ingly, network activity is strongly reduced when investigated using
microelectrode arrays (MEAs).?° Like data directly obtained from ASD
patients,®”® the balance between excitatory and inhibitory input is
disrupted illustrating once again the meaningfulness of this in vitro
approach.®!

With regard to impaired synaptic transmission in genetically
defined models, miniature and spontaneous excitatory postsynaptic
potentials (MEPSC and sEPSC, respectively) as well as their inhibitory
pendants mIPSC and sIPSCs are detected at reduced frequency and
occasionally smaller amplitude compared to control, in a variety of dif-
ferent models with mutations in MeCP2, ATRX, AFF2, KCNQ2, SCN2A,
ASTN2, and PTCH-D1.%5%?7! The finding that SHANK3 mutation
decreases synaptic transmission while SHANK2 mutation elicited
increased neuronal transmission requires further examination.”%”3

For idiopathic SZ models, the impact on neuronal network func-
tionality seems to be less Overall

prominent. single-cell

electrophysiological properties including membrane resistance and AP
generation remain conserved compared to control, but synaptic trans-
mission was negatively affected in idiopathic forms of SZ.>* Analysis
of neuronal networks with MEAs and patch clamp recordings of hip-
pocampal cultures revealed significantly reduced number of spikes
and network bursts as well as deficits in spontaneous and evoked
activity compared to healthy controls.”* In a genetically defined
DISC1 model, a loss of glutamatergic synapses and a reduction of
sEPSC frequency was confirmed, accordingly.?”

Imaging of intracellular calcium signals in iPSC-derived SZ neu-
rons revealed decreased peak frequency with significantly increased
peak areas,> while no significant differences in calcium signaling were
reported earlier.>* Most interestingly, SZ and ASD can be discrimi-
nated by distinct neuronal calcium activity patterns.?® iPSC-derived
ASD neurons showed, in contrast to previously published results,®? no
reduction of peak frequency compared to healthy controls, whereas
the peak amplitude (AF/Fy) was significantly decreased in comparison
to healthy controls and SZ-derived cells. The peak area was unaf-
fected in ASD-neurons, while SZ-neurons showed an increased peak
area accompanied by a decrease in peak frequency.?®

Although the number of studies dealing with idiopathic forms
of NDDs are scarce, functional assays may provide a possibility to

discriminate SZ from ASD phenotypes in iPSC-derived neurons.

6 | iPSC-DERIVED NEURONS FOR DRUG
TESTING

The impact of different biochemical agents and antipsychotic drugs was
analyzed in only few iPSC-based experiments. In the case of SZ-models,
loxapine or the mood stabilizer valproic acid rescued gene expression

or release of excessive reactive oxygen species, respectively.”*>’
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TABLE 3 MHC ll-related genes upregulated after clozapine treatment

Gene Gene ID

ENSG00000019582
ENSG00000179583
ENSG00000204252
ENSG00000231389

ENSG00000196735
ENSG00000204287
ENSG00000196126
ENSG00000198502

Application of a-Lipoic Acid/Acetyl-L-Carnitine reversed deficits in oxi-
dative phosphorylation and subsequent deficits in arborization of corti-

%6 In contrast,

cal, iPSC-derived interneurons from SZ patients.
application of commonly used antipsychotics, such as clozapine, halo-
peridol, and olanzapine, did not rescue reduced neurite lengths in SZ-
neuronal progenitor outgrowth assays.2®> These findings question the
suitability of neurite outgrowth assays for high-throughput drug screen-
ing. It is of note that clozapine treatment of neurons derived from a
healthy individual revealed increased expression of several MHC class
ll-associated genes (Table 3)?° suggesting a possible link of clozapine
treatment to inflammatory mechanisms. In vitro, the same set of genes
was found to be upregulated in iPSC-derived neurons without drug
treatment that were obtained from a patient who was previously
treated with clozapine. How clozapine treatment affects MHC class II-
related gene expression remains to be elucidated.

In the case of iPSC-derived ASD-models, the promising drug
IGF-1 that is currently in clinical trials for ASD, addresses reduced
synaptic function and impaired neuronal connectivity by targeting the

p-catenin/BRN2 transcriptional cascade.®?

7 | SUMMARY AND PERSPECTIVES

In conclusion, data from transcriptomic analyses suggest a valid repre-
sentation of disease-specific gene expression in iPSC-derived neurons.
For target validation in drug development for improved therapies, this
enables the identification of disease pathways and their mechanistic
validation in a relevant genetic background. Additionally, high-
throughput protocols have been developed which allow for phenotypic
testing of drug libraries in human neurons improving previous
approaches with neural tumor cell lines.”> Whether iPSC-derived neu-
rons provide a tool for the prediction of drug action in patients requires
further analysis. Limitations are the immature phenotypes achieved
which preclude analysis of neurons of a maturation state corresponding
to the disease on-set. Additionally, variabilities are observed at different
levels. Phenotypic assays, for example, calcium imaging resulted in con-
flicting results among different studies. These findings may be explained
by discrepancies due to variable properties of iPSC lines or different
genetic backgrounds, exacerbated by typically low patient numbers

included in iPSC-based analyses. Varying differentiation protocols may

Description

Major histocompatibility complex, class Il, antigen gamma chain
Major histocompatibility complex, class I, transactivator

Major histocompatibility complex, class Il, DO alpha chain
Major histocompatibility complex, class I, DP alpha chain 1
Major histocompatibility complex, class Il, DQ alpha chain 1
Major histocompatibility complex, class Il, DR alpha chain
Major histocompatibility complex, class Il, DRB1 beta chain

Major histocompatibility complex, class Il, DRB5 beta chain

account for further variability. Since NDDs are highly heterogeneous,
precise stratification of patients included in an iPSC study is required
for providing consistent and reproducible results. For example, trans-
criptomes of childhood-onset schizophrenia patients did not reproduce
any of the significantly deregulated genes identified for idiopathic
schizophrenia in Table 1.7¢ Finally, regarding discrimination among dif-
ferent NDDs in vitro, combination of different approaches for more
complex information might be helpful.””

Comparison of genetically defined models with idiopathic models
revealed both similar and divergent findings. Therefore, the validity of
these models to unravel disease-specific mechanisms needs to be further
evaluated. Nevertheless, the results published so far encourage to step
further and develop iPSC-derived neurons as a robust and valuable tool
for the deeper understanding of precise mechanisms of neuropsychiatric
diseases, that may ultimately pave the way for biomarker research and
drug development. Especially biomarker or drug candidates may be
mechanistically validated by testing patient-derived neurons.

The development of 3D organoids begins to leave disadvantages
of artificial 2D neuronal network behind, reducing functional variability
and resembling more in vivo like neuronal activity patterns.”® Although
such brain organoids are superior to common 2D cultures, they still dis-
play an immature phenotype being far from, for example, an adolescent
phenotype to model the onset of schizophrenia. Therefore, additional
work for the incorporation of myelinating and vascular cells into

1.7? A further hurdle is the establishment of func-

organoids is essentia
tional assays for organoids. It is desirable to develop simple tools for life
cell imaging, for example, optogenetic approaches, as well as robust

tools for electrophysiological recordings of cells within the organoid.

CONFLICT OF INTEREST

The authors declared no potential conflicts of interest.

AUTHOR CONTRIBUTIONS

R.S., U.K.,, RW.: manuscript writing; P.J.: assembly of data, manuscript
writing; A.F.: final approval of manuscript; H.V.: conception and
design, final approval of manuscript.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analyzed in this study.



iPSC FOR NEURODEVELOPMENTAL DISORDERS

STEM CELLS

1o

ORCID

Hansjiirgen Volkmer

https://orcid.org/0000-0002-3867-0603

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

Cloutier M, Sanon Aigbogun M, Guerin A, et al. The economic burden
of schizophrenia in the United States in 2013. J Clin Psychiatry. 2016;
77(6):764-771.

Fleischhacker WW, Arango C, Arteel P, et al. Schizophrenia—time to
commit to policy change. Schizophr Bull. 2014;40(suppl 3):5165-5194.
Sharma SR, Gonda X, Tarazi Fl. Autism spectrum disorder: classifica-
tion, diagnosis and therapy. Pharmacol Ther. 2018;190:91-104.
Canitano R, Pallagrosi M. Autism spectrum disorders and schizophre-
nia spectrum disorders: excitation/inhibition imbalance and develop-
mental trajectories. Front Psych. 2017;8:69.

Khandaker GM, Barnett JH, White IR, Jones PB. A quantitative meta-
analysis of population-based studies of premorbid intelligence and
schizophrenia. Schizophr Res. 2011;132(2-3):220-227.

Goldstein G, Minshew NJ, Allen DN, Seaton BE. High-functioning
autism and schizophrenia: a comparison of an early and late onset neu-
rodevelopmental disorder. Arch Clin Neuropsychol. 2002;17(5):461-475.
Tordjman S, Celume MP, Denis L, Motillon T, Keromnes G. Reframing
schizophrenia and autism as bodily self-consciousness disorders lead-
ing to a deficit of theory of mind and empathy with social communica-
tion impairments. Neurosci Biobehav Rev. 2019;103:401-413.

Lai MC, Lombardo MV, Baron-Cohen S. Autism. Lancet. 2014;383
(9920):896-910.

Lai MC, Lombardo MV, Chakrabarti B, Baron-Cohen S. Subgrouping
the autism "spectrum": reflections on DSM-5. PLoS Biol. 2013;11(4):
e1001544.

Tandon R, Gaebel W, Barch DM, et al. Definition and description of
schizophrenia in the DSM-5. Schizophr Res. 2013;150(1):3-10.
Leskovec TJ, Rowles BM, Findling RL. Pharmacological treatment
options for autism spectrum disorders in children and adolescents.
Harv Rev Psychiatry. 2008;16(2):97-112.

Marder SR, Cannon TD. Schizophrenia. N Engl J Med. 2019;381(18):
1753-1761.

Onwordi EC, Halff EF, Whitehurst T, et al. Synaptic density marker
SV2A is reduced in schizophrenia patients and unaffected by antipsy-
chotics in rats. Nat Commun. 2020;11(1):246.

Takahashi K, Tanabe K, Ohnuki M, et al. Induction of pluripotent stem
cells from adult human fibroblasts by defined factors. Cell. 2007;131
(5):861-872.

Vadodaria KC, Amatya DN, Marchetto MC, Gage FH. Modeling psy-
chiatric disorders using patient stem cell-derived neurons: a way for-
ward. Genome Med. 2018;10(1):1.

Levinsohn EA, Ross DA. Out of the cave, into the light? Modeling
mental illness with organoids. Biol Psychiatry. 2018;83(7).e43-e44.
Duru LN, Quan Z, Qazi TJ, Qing H. Stem cells technology: a powerful
tool behind new brain treatments. Drug Deliv Transl Res. 2018;8(5):
1564-1591.

Taoufik E, Kouroupi G, Zygogianni O, Matsas R. Synaptic dysfunction
in neurodegenerative and neurodevelopmental diseases: an overview
of induced pluripotent stem-cell-based disease models. Open Biol.
2018;8(9):180138.

St Clair D, Johnstone M. Using mouse transgenic and human stem cell
technologies to model genetic mutations associated with schizophre-
nia and autism. Philos Trans R Soc Lond B Biol Sci. 2018;373(1742):
20170037.

Culotta L, Penzes P. Exploring the mechanisms underlying
excitation/inhibition imbalance in human iPSC-derived models of
ASD. Mol Autism. 2020;11(1):32.

Li Y, Jia X, Wu H, et al. Genotype and phenotype correlations for
SHANKS3 de novo mutations in neurodevelopmental disorders.
Am J Med Genet A. 2018;176(12):2668-2676.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

¥ TRANSLATIONAL MEDICINE

Afshar Saber W, Sahin M. Recent advances in human stem cell-based
modeling of tuberous sclerosis complex. Mol Autism. 2020;11(1):16.
Parikshak NN, Swarup V, Belgard TG, et al. Genome-wide changes in
IncRNA, splicing, and regional gene expression patterns in autism.
Nature. 2016;540(7633):423-427.

Ramaker RC, Bowling KM, Lasseigne BN, et al. Post-mortem molec-
ular profiling of three psychiatric disorders. Genome Med. 2017;9
(1):72.

Grunwald LM, Stock R, Haag K, et al. Comparative characterization of
human induced pluripotent stem cells (hiPSC) derived from patients
with schizophrenia and autism. Transl Psychiatry. 2019;9(1):179.
Roussos P, Guennewig B, Kaczorowski DC, Barry G, Brennand KJ.
Activity-dependent changes in gene expression in schizophrenia
human-induced pluripotent stem cell neurons. JAMA Psychiat. 2016;
73(11):1180-1188.

Wen Z, Nguyen HN, Guo Z, et al. Synaptic dysregulation in a human
iPS cell model of mental disorders. Nature. 2014;515(7527):414-418.
Liu X, Campanac E, Cheung HH, et al. Idiopathic autism: cellular and
molecular phenotypes in pluripotent stem cell-derived neurons. Mol
Neurobiol. 2017;54(6):4507-4523.

DeRosa BA, el Hokayem J, Artimovich E, et al. Convergent pathways
in idiopathic autism revealed by time course transcriptomic analysis
of patient-derived neurons. Sci Rep. 2018;8(1):8423.

Schafer ST, Paquola ACM, Stern S, et al. Pathological priming causes
developmental gene network heterochronicity in autistic subject-
derived neurons. Nat Neurosci. 2019;22(2):243-255.

Mariani J, Coppola G, Zhang P, et al. FOXG1-dependent dys-
regulation of GABA/glutamate neuron differentiation in autism spec-
trum disorders. Cell. 2015;162(2):375-390.

Marchetto MC, Belinson H, Tian Y, et al. Altered proliferation and
networks in neural cells derived from idiopathic autistic individuals.
Mol Psychiatry. 2017;22(6):820-835.

Wisniewska MB. Physiological role of beta-catenin/TCF signaling in
neurons of the adult brain. Neurochem Res. 2013;38(6):1144-1155.
Peng Y, Xu Y, Cui D. Wnt signaling pathway in schizophrenia. CNS
Neurol Disord Drug Targets. 2014;13(5):755-764.

Schizophrenia Working Group of the Psychiatric Genomics Consor-
tium. Biological insights from 108 schizophrenia-associated genetic
loci. Nature. 2014;511(7510):421-427.

Meyer D, Yamaai T, Garratt A, et al. Isoform-specific expression and
function of neuregulin. Development. 1997;124(18):3575-3586.
Fazzari P, Paternain AV, Valiente M, et al. Control of cortical GABA
circuitry development by Nrgl and ErbB4 signalling. Nature. 2010;
464(7293):1376-1380.

Mei L, Nave KA. Neuregulin-ERBB signaling in the nervous system
and neuropsychiatric diseases. Neuron. 2014;83(1):27-49.

Guma A, Martinez-Redondo V, Lépez-Soldado I, Canté C, Zorzano A.
Emerging role of neuregulin as a modulator of muscle metabolism.
Am J Physiol Endocrinol Metab. 2010;298(4):E742-E750.

Li B, Woo RS, Mei L, Malinow R. The neuregulin-1 receptor erbB4
controls glutamatergic synapse maturation and plasticity. Neuron.
2007;54(4):583-597.

Chung DW, Chung Y, Bazmi HH, Lewis DA. Altered ErbB4 splicing
and cortical parvalbumin interneuron dysfunction in schizophrenia
and mood disorders. Neuropsychopharmacology. 2018;43(12):2478-
2486.

Watanabe Y, Fukui N, Nunokawa A, et al. No association between
the ERBB3 gene and schizophrenia in a Japanese population. Neurosci
Res. 2007;57(4):574-578.

Li D, Feng G, He L. Case-control study of association between the
functional candidate gene ERBB3 and schizophrenia in Caucasian
population. World J Biol Psychiatry. 2009;10(4 pt 2):595-598.

Kerr DJ, Marsillo A, Guariglia SR, et al. Aberrant hippocampal Atp8al
levels are associated with altered synaptic strength, electrical activity, and
autistic-like behavior. Biochim Biophys Acta. 2016;1862(9):1755-1765.


https://orcid.org/0000-0002-3867-0603
https://orcid.org/0000-0002-3867-0603

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

STEM CELLS

STOCK ET AL.

¥ TRANSLATIONAL MEDICINE

Dubos A, Meziane H, lacono G, et al. A new mouse model of ARX
dup24 recapitulates the patients' behavioral and fine motor alter-
ations. Hum Mol Genet. 2018;27(12):2138-2153.

Chaste P, Nygren G, Anckarsater H, et al. Mutation screening of the
ARX gene in patients with autism. Am J Med Genet B Neuropsychiatr
Genet. 2007;144B(2):228-230.

Egger G, Roetzer KM, Noor A, et al. Identification of risk genes for
autism spectrum disorder through copy number variation analysis in
Austrian families. Neurogenetics. 2014;15(2):117-127.

Shoubridge C, Fullston T, Gecz J. ARX spectrum disorders: making
inroads into the molecular pathology. Hum Mutat. 2010;31(8):889-900.
Nicholas CR, Chen J, Tang Y, et al. Functional maturation of hPSC-
derived forebrain interneurons requires an extended timeline and
mimics human neural development. Cell Stem Cell. 2013;12(5):573-586.
Brugger SP, Howes OD. Heterogeneity and homogeneity of regional
brain structure in schizophrenia: a meta-analysis. JAMA Psychiat.
2017;74(11):1104-1111.

Glantz LA, Lewis DA. Decreased dendritic spine density on prefrontal
cortical pyramidal neurons in schizophrenia. Arch Gen Psychiatry.
2000;57(1):65-73.

Matosin N, Fernandez-Enright F, Lum JS, et al. Molecular evidence of
synaptic pathology in the CA1 region in schizophrenia. NPJ Schizophr.
2016;2:16022.

Funk AJ, Mielnik CA, Koene R, et al. Postsynaptic density-95 isoform
abnormalities in schizophrenia. Schizophr Bull. 2017;43(4):891-899.
Brennand KJ, Simone A, Jou J, et al. Modelling schizophrenia using
human induced pluripotent stem cells. Nature. 2011;473(7346):221-225.
Robicsek O, Karry R, Petit I, et al. Abnormal neuronal differentiation
and mitochondrial dysfunction in hair follicle-derived induced pluripo-
tent stem cells of schizophrenia patients. Mol Psychiatry. 2013;18(10):
1067-1076.

Ni P, Noh H, Park G-H, et al. iPSC-derived homogeneous populations
of developing schizophrenia cortical interneurons have compromised
mitochondrial function. Mol Psychiatry. 2019. doi:10.1038/s41380-
019-0423-3.

Paulsen Bda S, de Moraes Maciel R, Galina A, et al. Altered oxygen
metabolism associated to neurogenesis of induced pluripotent stem
cells derived from a schizophrenic patient. Cell Transplant. 2012;21(7):
1547-1559.

Yu DX, di Giorgio FP, Yao J, et al. Modeling hippocampal neuro-
genesis using human pluripotent stem cells. Stem Cell Reports. 2014;2
(3):295-310.

Li J, Ryan SK, Deboer E, et al. Mitochondrial deficits in human iPSC-
derived neurons from patients with 22q11.2 deletion syndrome and
schizophrenia. Transl Psychiatry. 2019;9(1):302.

Ciaramidaro A, Bolte S, Schlitt S, et al. Schizophrenia and autism as
contrasting minds: neural evidence for the hypo-hyper-intentionality
hypothesis. Schizophr Bull. 2015;41(1):171-179.

Eack SM, Wojtalik JA, Keshavan MS, Minshew NJ. Social-cognitive
brain function and connectivity during visual perspective-taking in
autism and schizophrenia. Schizophr Res. 2017;183:102-109.

Sahin M, Sur M. Genes, circuits, and precision therapies for autism
and related neurodevelopmental disorders. Science. 2015;350
(6263):aab3897.

Doers ME, Musser MT, Nichol R, et al. iPSC-derived forebrain neu-
rons from FXS individuals show defects in initial neurite outgrowth.
Stem Cells Dev. 2014;23(15):1777-1787.

Martin P, Wagh V, Reis SA, et al. TSC patient-derived isogenic neu-
ral progenitor cells reveal altered early neurodevelopmental

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

phenotypes and rapamycin-induced MNK-elF4E signaling. Mol
Autism. 2020;11(1):2.

Marchetto MC, Carromeu C, Acab A, et al. A model for neural devel-
opment and treatment of Rett syndrome using human induced plurip-
otent stem cells. Cell. 2010;143(4):527-539.

Shcheglovitov A, Shcheglovitova O, Yazawa M, et al. SHANK3 and
IGF1 restore synaptic deficits in neurons from 22q13 deletion syn-
drome patients. Nature. 2013;503(7475):267-271.

Penzes P, Buonanno A, Passafaro M, Sala C, Sweet RA. Developmen-
tal vulnerability of synapses and circuits associated with neuropsychi-
atric disorders. J Neurochem. 2013;126(2):165-182.

Rubenstein JL, Merzenich MM. Model of autism: increased ratio of
excitation/inhibition in key neural systems. Genes Brain Behav. 2003;
2(5):255-267.

Farra N, Zhang WB, Pasceri P, Eubanks JH, Salter MW, Ellis J. Rett syn-
drome induced pluripotent stem cell-derived neurons reveal novel neu-
rophysiological alterations. Mol Psychiatry. 2012;17(12):1261-1271.
Deneault E, White SH, Rodrigues DC, et al. Complete disruption of
autism-susceptibility genes by gene editing predominantly reduces
functional connectivity of isogenic human neurons. Stem Cell Reports.
2018;11(5):1211-1225.

Ross PJ, Zhang WB, Mok RSF, et al. Synaptic dysfunction in human
neurons with autism-associated deletions in PTCHD1-AS. Biol Psychi-
atry. 2020;87(2):139-149.

Huang G, Chen S, Chen X, et al. Uncovering the functional link
between SHANKS3 deletions and deficiency in neurodevelopment
using iPSC-derived human neurons. Front Neuroanat. 2019;13:23.
Zaslavsky K, Zhang WB, McCready FP, et al. SHANK2 mutations
associated with autism spectrum disorder cause hyperconnectivity of
human neurons. Nat Neurosci. 2019;22(4):556-564.

Sarkar A, Mei A, Paguola ACM, et al. Efficient generation of CA3
neurons from human pluripotent stem cells enables modeling of
hippocampal connectivity in vitro. Cell Stem Cell. 2018;22(5):
684-697.

Traub S, Heilker R. hiPS cell-derived neurons for high-throughput
screening. Methods Mol Biol. 2019;1994:243-263.

Hoffman GE, Hartley BJ, Flaherty E, et al. Transcriptional signatures
of schizophrenia in hiPSC-derived NPCs and neurons are concordant
with post-mortem adult brains. Nat Commun. 2017;8(1):2225.

Shen X, Yeung HT, Lai KO. Application of human-induced pluripotent
stem cells (hiPSCs) to study synaptopathy of neurodevelopmental dis-
orders. Dev Neurobiol. 2019;79(1):20-35.

Trujillo CA, Gao R, Negraes PD, et al. Complex oscillatory waves
emerging from cortical organoids model early human brain network
development. Cell Stem Cell. 2019;25(4):558-569.

Sloan SA, Andersen J, Pasca AM, Birey F, Pasca SP. Generation and
assembly of human brain region-specific three-dimensional cultures.
Nat Protoc. 2018;13(9):2062-2085.

How to cite this article: Stock R, Jeckel P, Kraushaar U,
Wiist R, Fallgatter A, Volkmer H. The potential of induced
pluripotent stem cells for discriminating neurodevelopmental
disorders. STEM CELLS Transl Med. 2021;10:50-56. https://
doi.org/10.1002/sctm.20-0206



https://doi.org/10.1002/sctm.20-0206
https://doi.org/10.1002/sctm.20-0206

	The potential of induced pluripotent stem cells for discriminating neurodevelopmental disorders
	1  INTRODUCTION AND CLINICAL OBSERVATIONS
	2  INDUCED PLURIPOTENT STEM CELL AS A NOVEL TOOL TO STUDY NDDs
	3  TRANSCRIPTOME ANALYSIS
	4  DEVELOPMENTAL PHENOTYPES: NEURITE LENGTH AND SYNAPTIC CONNECTIVITY
	5  FUNCTIONAL IMPACT
	6  iPSC-DERIVED NEURONS FOR DRUG TESTING
	7  SUMMARY AND PERSPECTIVES
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


