
A comprehensive view of the biological processes 
underlying human pathologies is crucial to devising 
strategies for their prevention and treatment. As the 
molecular basis of many diseases can be narrowed down 
to defined genetic loci, modelling these diseases can be 
facilitated by studying specific genotypes in a suitable 
experimental context.

As mammalian genomes are highly evolution­
arily conserved, animal models such as mice, rats and 
non-human primates have emerged as invaluable tools 
for modelling human disorders by enabling the dissec­
tion of disease mechanisms at different developmental 
stages and in a variety of cell types in vivo. The advent of 
transgenesis and gene targeting has rendered the mouse 
particularly useful, making it one of the most frequently 
used model organisms in biomedicine. However, since 
the divergence of their ancestors around 108 years ago1, 
humans and mice have acquired considerable develop­
mental, genetic and physiological differences. For exam­
ple, the two species vary in several aspects of embryonic 
development, particularly during gastrulation and 
organogenesis2. On the genomic level, although the 
majority of human and mouse genes are orthologous, 
about 20% do not have an identifiable singular ortho­
logue, and 1% lack a homologue1. On the physiological 
level, mice and humans differ in many organ functions. 
For example, heart size and resting cardiac rate are sub­
stantially different3. The dissimilarities between the 
two species, many of which are phenotypically observ­
able, can preclude the recapitulation of human disease 
phenotypes in the mouse. In extreme cases, the same 
genotype can be lethal in one species and viable in the 

other. For example, whereas mice with monosomy 
X are viable, this aneuploidy is usually embryonically 
lethal in humans4. Conversely, although mutations in 
the BLM gene in humans lead to Bloom syndrome, 
which is characterized by genomic instability and cancer, 
mutations in its mouse orthologue are fatal5.

For these reasons, it is preferable to conduct bio­
medical research in humans, but this is almost always 
limited to in vitro systems. Culturing patient-derived 
cells is tremendously useful for studying disease aetio­
logies at the molecular and cellular levels, as well as for 
developing therapies. For example, cancer studies often 
rely on tumour cells that can be readily isolated from 
patients. Similarly, the modelling of genetic disorders 
can be facilitated by utilizing patient-derived immortal­
ized cell lines originating from blood or tissue biopsies. 
However, disease phenotypes are frequently specific 
to cell types that are more difficult to isolate and that 
cannot be continuously grown in culture.

Human pluripotent stem cells (PSCs) outperform 
the aforementioned approaches, owing to a combina­
tion of three major advantages: they are normal primary 
cell lines, they have an intrinsic capability for indefinite 
self-renewal, and they have the potential to adopt vir­
tually any cellular fate through differentiation. These 
properties enable us to study genotype–phenotype 
relationships in a broad range of human cell types and 
differentiation states, as well as to obtain large numbers 
of cells for additional purposes, including drug screening 
and cell therapy.

In this Review, we describe the ways in which human 
PSCs are generated and utilized for disease modelling 
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Aneuploidy
The occurrence of an aberrant 
number of chromosomes 
within a cell, including both 
chromosome additions 
and deletions.

Primary cell lines
Cultured cells derived directly 
from source tissues. Primary 
cells usually have a normal 
karyotype and a limited 
replicative potential 
unless immortalized.

Self-renewal
The ability of a cell to give rise 
to indefinite number of cells of 
the same type.

Pluripotent stem cells in disease 
modelling and drug discovery
Yishai Avior, Ido Sagi and Nissim Benvenisty

Abstract | Experimental modelling of human disorders enables the definition of the cellular and 
molecular mechanisms underlying diseases and the development of therapies for treating them. 
The availability of human pluripotent stem cells (PSCs), which are capable of self-renewal and 
have the potential to differentiate into virtually any cell type, can now help to overcome the 
limitations of animal models for certain disorders. The ability to model human diseases using 
cultured PSCs has revolutionized the ways in which we study monogenic, complex and 
epigenetic disorders, as well as early- and late-onset diseases. Several strategies are used to 
generate such disease models using either embryonic stem cells (ES cells) or patient-specific 
induced PSCs (iPSCs), creating new possibilities for the establishment of models and their use 
in drug screening.
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and as a platform for drug development. We discuss their 
suitability as models for the study of a plethora of differ­
ent types of diseases — for example, monogenic disorders 
and complex disorders, and early-onset and late-onset dis­
eases. We also discuss advantages and disadvantages of 
the use of human embryonic stem cells (ES cells) and 
induced PSCs (iPSCs) in disease modelling and the 
challenges that lie ahead. Furthermore, we describe 
the different strategies by which PSC-based models are 

being used for drug screening and highlight current 
trends in drug discovery for neurological diseases using 
patient-derived iPSCs.

Generation of disease models in human PSCs
All studies utilizing human PSCs for disease modelling 
begin by establishing cell lines carrying the molecular 
defect(s) of interest. These cells are then used to identify 
a robust disease phenotype in either the undifferentiated 
or differentiated state, and various methodologies can 
be employed to elucidate disease aetiology and devise 
novel therapies (for example, through drug screening). 
In this section, we outline the main strategies for achiev­
ing the crucial first step of generating disease-specific 
PSC lines and highlight the unprecedented contribution 
of cellular reprogramming.

Strategies to generate disease-specific human PSC lines. 
Models for human genetic disorders can be generated 
using different types of PSCs and various methodologies 
(FIG. 1). The enormous potential of deriving human ES 
cells6 for disease modelling was quickly realized and 
utilized when normal ES cells were first used to target 
the hypoxanthine phosphoribosyltransferase 1 (HPRT1) 
gene7, the disruption of which causes Lesch–Nyhan 
syndrome, and to characterize the disease phenotype8. 
Normal human ES cells are also used to model chromo-
somal disorders by isolation of aneuploid cells that arise 
spontaneously in culture, as was shown for monosomy X, 
which is the cause of Turner syndrome9. Alternatively, 
human embryos carrying specific mutations or chromo­
somal aberrations can be identified by pre-implantation 
genetic diagnosis (PGD)10,11 or pre-implantation genetic 
screening (PGS)12, respectively. These embryos, which 
would otherwise be discarded, can be used as a source of 
ES cell models for monogenic or chromosomal disorders 
(see below). However, only a small range of disorders can 
be traced by PGD and PGS, limiting the potential to 
generate disease models in human ES cells. This limit­
ation has been overcome by the ability to reprogramme 
somatic patient-derived cells to pluripotency.

Reprogramming of somatic cells to a pluripotent 
state through the expression of a defined set of tran­
scription factors was first achieved with mouse cells13 
and later with human cells14,15, and it has revolutionized 
studies of PSCs and their applications. The resulting 
reprogrammed cells are known as iPSCs13–16. Soon after 
the first reports of iPSCs, human iPSCs were used to 
generate models of human genetic disorders17 (FIG. 1).

Recently, a long-awaited success with human somatic 
cell nuclear transfer (SCNT), by which a somatic cell 
nucleus can be reprogrammed by placing it into an 
enucleated oocyte, has led to the derivation of SCNT-ES 
cells from patient cells18,19 (FIG. 1).

Nuclease-based genome editing techniques20 have 
seen great improvements in recent years, becoming 
more versatile and thus making it popular again to use 
gene editing to generate disease models using human 
PSCs. These methodologies enable the introduction of 
site-specific genetic changes in PSCs, including gene 
knockout and gene correction in normal and disease 
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Figure 1 | Strategies for generating disease models using human pluripotent stem 
cells (PSCs).  Human PSCs carrying a genetic disorder can be generated by utilizing 
healthy (left panel) or aberrant (right panel) cells. Isolated embryonic stem cells (ES cells) 
from healthy individuals can by genetically edited at a specific locus, generating de novo 
mutations. As ES cells acquire spontaneous chromosomal aberrations in culture, they can 
also be used to model chromosomal disorders such as Turner syndrome. Utilizing cells 
from a carrier of a genetic disorder provides other alternatives. Disease-specific 
ES cells can be identified during the in vitro fertilization (IVF) process by pre-implantation 
genetic diagnosis (PGD) or pre-implantation genetic screening (PGS). These cells can be 
readily cultured and can serve as models for monogenic or chromosomal disorders. 
Alternatively, somatic cells from patients can be reprogrammed into PSCs either by 
transferring their nucleus into an enucleated oocyte to generate nuclear transfer ES 
(SCNT‑ES) cells or by the use of defined factors to generate induced PSCs (iPSCs). Each of 
these methods can be used to generate a platform to study and model genetic disorders.
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Monogenic disorders
Genetic diseases arising from a 
mutation in a single gene. 
Examples include cystic fibrosis 
(mutations in the CFTR gene) 
and Lesch–Nyhan disease 
(mutations in the HPRT1 gene).

Complex disorders
Genetic diseases arising from 
alterations in several genes or 
that have an unclear genetic 
basis. Examples include forms 
of Alzheimer disease 
and diabetes.

Early-onset
Describes a disease in which 
phenotypes appear as early as 
fetal development or early 
childhood. Examples include 
Patau syndrome and fragile 
X syndrome.

Late-onset
Describes a disease in which 
phenotypes appear in 
adulthood. Examples include 
Alzheimer disease and 
Parkinson disease.

Chromosomal disorders
Diseases arising from either the 
loss or addition of 
chromosomes or 
subchromosomal regions. 
Examples include Down 
syndrome (trisomy of 
chromosome 21) and Turner 
syndrome (monosomy of 
chromosome X).

cell lines, respectively. This approach facilitates the gen­
eration of genetically matched (isogenic) human PSC 
lines, which are distinguished only by the alteration 
introduced within the targeted locus. Such cell lines pro­
vide a highly controlled system in which any phenotypic 
difference is more likely to result from that specific alter­
ation. The growing use of genome editing for modelling 
both monogenic and complex disorders (see below) with 
human PSCs has been extensively reviewed elsewhere21.

The impact of reprogramming on disease model-
ling. Reprogramming somatic cells to pluripotency 
has been largely motivated by concerns related to the 
immunological incompatibility of ES cells in future 
cell therapy and regenerative medicine. Importantly, 
reprogramming constitutes an exceptionally useful tool 
in translational research, as it enables — in principle 
— the modelling of essentially any human genetic dis­
order with patient-derived iPSCs. Although a complete 
understanding of the molecular mechanisms driving 
reprogramming by defined factors is still lacking, this 
process is extremely robust and enables the derivation 
of new iPSC lines using various methods22, from mul­
tiple parental cell types (most commonly fibroblasts14 
or blood cells23) and a wide range of donor ages (from 
the fetal period14 to old age24). Nonetheless, it is impor­
tant to note that residual somatic epigenetic memory 
may sometimes persist in iPSCs25–27, which can poten­
tially affect their differentiation capacity and utility as 
disease models.

Reprogramming patient cells has several advantages 
over other strategies for generating disease-specific 
models with human PSCs. The derivation of iPSCs from 
multiple patients is usually straightforward, enabling the 
analysis of similar mutations in diverse genetic back­
grounds. In addition, patient-derived iPSCs are more 

beneficial than genome editing in normal PSCs when 
modelling genetically complex disorders, which often 
involve multiple unknown loci. Finally, patient-specific 
iPSCs may be helpful in making therapeutic decisions in 
the context of personalized medicine.

It is thus understandable that national and inter­
national initiatives are already investing in major efforts 
to establish repositories of human iPSCs as models for 
human disorders (TABLE 1). These repositories are aimed 
at generating thousands of new cell lines, for both mono­
genic and complex disorders, using non-integrative repro-
gramming methods such as the use of Sendai viruses or 
episomal vectors; 1–3 cell lines are derived from each 
patient and stored in a public repository (reviewed in 
REF. 28). Along with consortia of multiple investigations 
within national and international projects, local initia­
tives such as that of the New York Stem Cell Foundation 
(NYSCF) have been founded. Specifically, the NYSCF 
enables automated, high-throughput derivation and 
differentiation of iPSCs to support and accelerate novel 
therapies29. The goal of these repositories is to provide 
cell lines for most genetic disorders, an achievement 
which should change the future of disease modelling 
and drug screening.

Modelling different disorders with human PSCs
Several criteria should be taken into account when 
choosing a stem cell-based model for the study of 
human diseases (TABLE 2). PSC-based models are ideal 
when studying diseases that arise from a single gene 
(monogenic disorders), show high penetrance, have 
an early onset during development and are associated 
with a clear cellular phenotype. These characteristics 
are sufficient to predict an in vitro observable pheno­
type in PSCs. By contrast, diseases that originate from 
a set of genes (complex disorders), show low pene­
trance, have a late onset (that is, they appear only in 
adult life) or are associated with phenotypes involving 
aberrant pattern formation of target organs are more 
challenging to model using PSCs. Furthermore, using 
PSCs is usually not advantageous when an established 
animal model is available or when cell-specific differ­
entiation protocols are lacking. However, some of these 
challenges can be overcome in order to utilize PSCs in 
modelling certain diseases. For example, induced cellu­
lar ageing can be used for modelling late-onset diseases 
(as discussed below).

Modelling monogenic and complex disorders. The 
genetic basis of a disease is crucial for determining the 
ways in which it can be modelled, especially when using 
PSCs. Genetic disorders can be roughly divided into 
three classes: monogenic, chromosomal and complex. 
Monogenic diseases arise from alterations in a single gene, 
whereas chromosomal diseases originate from either the 
loss or the addition of chromosomes or subchromosomal 
regions. Diseases that arise from alterations in several 
genes or that have an unclear genetic basis are generally 
defined as complex. Despite these differences, human 
diseases from all three classes have been successfully 
modelled using PSCs: these include monogenic diseases 

Table 1 | Large-scale initiatives for derivation of diseased iPSCs

Initiative CIRM StemBANCC HiPSCi

Location USA EU UK

Type of diseases Mostly polygenic Monogenic 
and polygenic

Mostly 
monogenic

Number of patients 3,000 500 500

Lines per patient 3 1–3 1

Cell type •	Fibroblasts
•	Blood

•	Fibroblasts
•	Hair samples

Fibroblasts

Derivation technique Episomal plasmids Sendai virus Sendai virus

Pluripotency assay Pluripotency markers •	PluriTest
•	Embryoid 

bodies

•	PluriTest
•	Directed 

differentiation

Further analyses •	SNP array
•	Episomal 

integration

•	DNA-seq
•	SNP array
•	Proteome

•	DNA-seq
•	RNA-seq
•	ChIP–seq
•	Methylome

Cell banking Coriell ECACC ECACC

ChIP–seq, chromatin immunoprecipitation followed by sequencing; CIRM, California Institute 
for Regenerative Medicine; DNA-seq, DNA sequencing; ECACC, European Collection of Cell 
Cultures; HiPSCi, Human induced Pluripotent Stem Cells initiative; iPSCs, induced pluripotent 
stem cells; RNA-seq, RNA sequencing; SNP, single-nucleotide polymorphism; StemBANCC, 
Stem Cells for Biological Assays of Novel Drugs and Predictive Toxicology.
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Pre-implantation genetic 
diagnosis
(PGD). Genetic profiling mainly 
of mutations within 
disease-causing genes in 
pre-implantation embryos 
produced by IVF. PGD is used 
to identify diseased embryos 
of parents with a predisposition 
for a specific disease.

Pre-implantation genetic 
screening
(PGS). Screening for 
chromosomal aberrations in 
pre-implantation embryos 
produced by IVF. PGS is used 
to identify embryos with 
chromosomal disorders, most 
commonly in cases of 
advanced maternal age  
or in women with multiple 
previous miscarriages.

Non-integrative 
reprogramming methods
Techniques that do not involve 
the insertion and persistence 
of ectopic reprogramming-in-
ducing DNA sequences within 
the genome.

Penetrance
The proportion of individuals 
with a specific genotype who 
express it at the phenotypic 
level.

Haplotypes
Groups of adjacent genes  
and/or alleles that are usually 
inherited as clusters.

such as Lesch–Nyhan disease8 and fragile X syndrome10; 
chromosomal diseases such as Down syndrome30 and 
Turner syndrome9,31; and complex disorders such as 
autism spectrum disorder (ASD)32 and schizophrenia33. 
It is important to note that although many diseases mod­
elled using PSCs are neurological disorders, a substantial 
number of studies focus on other disease groups, such as 
cardiac disorders (reviewed in REF. 22).

Crucially, the three classes of genetic diseases differ 
in the means that are available to generate a relevant 
PSC model. Human PSC-based models for mono­
genic diseases can be obtained by mutagenesis of the 
disease-associated gene7,34 (which has been facilitated 
by the improvement of gene-editing techniques), by 
isolation of ES cells from affected blastocysts follow­
ing PGD10 or by reprogramming somatic cells from the 
patient17. These techniques have all been extensively 
used, creating a growing number of cell repositories. 
Chromosomal diseases have been modelled using ES 
cells with chromosomal aberrations9 or ES cells isolated 
from PGS embryos12, or by reprogramming of somatic 
cells from patients with chromosomal disorders17. 
Complex diseases, which cannot be diagnosed prenatally 
or easily reproduced by gene editing, are now modelled 
using reprogramming of patient cells, either iPSCs17 or 
SCNT-ES cells19.

Another hurdle regarding complex diseases is their 
genetic correction. Although gene targeting and edit­
ing techniques (reviewed in REF. 35) are very efficient, 
they are still limited to a small number of known genes. 
Thus, complex diseases, which may involve mutations in 
genes that remain to be identified, cannot be corrected 
in the same way as monogenic diseases. Importantly, 
complex diseases are still being successfully modelled 
using human PSCs. However, in cases where the same 
disorder can arise from mutations in either a single gene 
or multiple genes, many investigators choose to model 
the rarer monogenic rather than the more prevalent 
complex trait, for practical reasons. Examples include 
analysing models of amyotrophic lateral sclerosis (ALS) 
with mutations in superoxide dismutase 1 (SOD1)36 or 
models of Parkinson disease with mutations in parkin 
RBR E3 ubiquitin protein ligase (PARK2)36,37.

Ongoing studies also compare monogenic and com­
plex cases of the same disease. Studies of the complex 
genetic basis of Alzheimer disease, which is the most 
common neurodegenerative disorder, have identified 
mutations that predispose to such disease, as well as 
revealing protective haplotypes38,39. The sortilin-related 
receptor 1 (SORL1) gene encodes a neuronal apolipo­
protein receptor that regulates the processing of amy­
loid precursor protein (APP) into amyloid‑β (Aβ), 
which is the main component of the amyloid plaques 
that are found in the brains of patients with Alzheimer 
disease. Although loss of SORL1 expression had been 
reported in Alzheimer disease, it was unknown how 
different SORL1 variants affect the regulation of this 
gene39. Recently, iPSC-derived neurons from patients 
with Alzheimer disease with unidentified mutations 
have been used to examine the role of SORL1 variants 
in complex Alzheimer disease39. In differentiated neu­
rons of both healthy individuals and several patients 
with Alzheimer disease, brain-derived neurotrophic 
factor (BDNF) induced SORL1 expression, consequently 
reducing Aβ levels. This response was correlated with 
the occurrence of a gene variant at the 5ʹ end of SORL1, 
which was therefore defined as a protective haplotype39. 
By contrast, a risk-associated SORL1 haplotype did not 
respond to treatment with BDNF, halting its potential 
positive effect39. These observations demonstrated the 
complex genetic nature of Alzheimer disease, as the same 
variants appear in both healthy and diseased individ­
uals. Furthermore, this study affirms the role of neuro­
trophins in Alzheimer disease, as they can directly alter 
the accumulation of Aβ peptides through SORL1.

In some diseases, different mutations in the same 
gene cause different disorders. For example, the car­
diac arrhythmia disorders Brugada syndrome (BrS) 
and long QT syndrome 3 (LQT3) have been linked to 
different mutations in the SCN5A gene (which encodes 
a subunit of voltage-gated sodium channel). Moreover, 
a specific mutant allele of SCN5A can cause both syn­
dromes40. Cardiomyocytes differentiated from iPSCs of 
a patient carrying this mutation recapitulated electro­
physiological aberrations that are characteristic of 
both syndromes40.

Modelling early- and late-onset disorders. Some human 
genetic disorders appear during fetal development or 
early childhood, whereas others arise during adulthood. 
As ES cells are derived from early pre-implantation 
human embryos, they are representative of an early 
embryonic cellular identity. Moreover, several cell types 
differentiated from PSCs resemble fetal rather than 
adult cells. Thus, PSC-based models are suitable for the 
study of developmental or early-onset disorders, some of 
which may not be viable. Examples include Turner and 
Down syndromes, which affect embryogenesis, causing 
a high level of miscarriages5,41.

Many genetic diseases modelled using PSCs are 
diagnosed during early childhood. The fatal disease 
familial dysautonomia, which is caused by a muta­
tion in the IKK complex-associated protein (IKBKAP) 
gene42, causes widespread degeneration of sensory and 

Table 2 | Criteria for disease modelling using PSCs

Criterion Optimal (disease example) Challenging (disease example)

Inheritance Monogenic  
(fragile X syndrome)

Polygenic  
(autism spectrum disorder)

Penetrance High penetrance (cystic fibrosis) Low penetrance (Alzheimer disease)

Age of 
onset

Developmental disorder  
(Down syndrome)

Late onset  
(Parkinson disease)

Mouse 
model

Not recapitulated in mice 
(Lesch–Nyhan syndrome)

Good mouse model  
(diabetes)

Phenotype Cellular phenotype  
(long QT syndrome)

Pattern formation  
(cleft palate)

Tissue Accessible differentiation 
(glycogen storage disease)

Inaccessible differentiation 
(multiple myeloma)

The examples in this table illustrate diseases corresponding to a specific criterion. Many of 
them have already been modelled in human embryonic stem cells and/or induced pluripotent 
stem cells (iPSCs).
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Parental genomic imprinting
A process by which 
parent-specific epigenetic 
modifications occur 
differentially in maternally and 
paternally inherited alleles.

Imprinting disorders
Disorders that originate from 
the aberrant regulation of 
imprinted genes. Examples 
include Prader–Willi syndrome 
and Angelman syndrome.

Parthenogenetic 
development
The development of an embryo 
from an unfertilized oocyte.

autonomic neurons, with symptoms appearing during 
early childhood. Patient-derived iPSCs revealed tissue-
specific aberrant splicing of IKBKAP42, and splicing-
correcting drugs ameliorated neuronal differentiation 
and migration defects43,44.

To model late-onset disorders, the embryonic nature 
of PSCs and their derivatives must be overcome, thus pro­
moting cellular ageing in vitro45. In some cases, earlier-
onset disease variants are available. Parkinson disease, 
which is one of the most common age-related neuro­
degenerative disorders, is characterized by progressive loss 
of dopaminergic neurons46. Although it is considered to 
have a complex genetic basis, some patients with Parkinson 
disease with a triplication of the α-synuclein (SNCA) 
gene develop early aggressive symptoms47. iPSCs 
derived from such patients enabled researchers to iden­
tify disease-specific phenotypes in vitro following iPSC  
differentiation towards dopaminergic neurons47.

Long differentiation protocols can be used to obtain 
some mature cell types, including neurons and hepato­
cytes. However, even long (up to 6 months) and complex 
protocols to differentiate PSC-derived neurons can result 
in neurons with fetal features48–50. Nonetheless, model­
ling of many late-onset diseases relies on these differen­
tiation protocols and reports disease-specific phenotypes 
in vitro. For example, neurons differentiated from iPSCs 
derived from patients with Parkinson disease carrying 
mutations in PARK2 have aberrant morphology and 
reduced complexity of neuronal processes37.

Stressors such as hydrogen peroxide, MG‑132 and 
concanamycin A have also been used to induce ageing-
like features of Parkinson disease in PSC models51,52. 
However, although control and diseased cells showed 
differential vulnerability to the stressors, it is unclear 
whether these treatments actually mimic cellular ageing, 
as most of the studies that used them did not measure 
age-related hallmarks45.

An alternative approach for inducing ageing is to har­
ness insights from premature ageing disorders to specif­
ically target age-related markers. Progerin, which is a 
truncated version of the lamin A protein involved in 
Hutchinson–Gilford progeria syndrome, has recently 
been ectopically expressed to promote cellular ageing 
in Parkinson disease iPSC-derived neurons53. Cellular 
age-associated markers, such as nuclear morphology, 
expression of heterochromatin markers and DNA dam­
age, were initially measured in fibroblasts from patients 
with Parkinson disease. These markers were abolished 
following reprogramming and did not reappear follow­
ing differentiation towards neurons or fibroblasts53. 
However, these markers were induced after short-term 
exposure to progerin, suggesting cellular ageing53. 
Progerin expression caused Parkinson disease-related 
phenotypes, such as dendrite degeneration, expression 
of age-associated neuromelanin, and morphological 
features such as mitochondrial swelling.

Thus, several strategies are being used to overcome 
the limitation of inherently immature PSCs in the study 
of late-onset diseases. Together, these methods yield 
complementary phenotypes and insights into disease 
origins and progression.

Modelling epigenetic disorders. Whereas most inherited 
diseases are linked to genetic defects, certain disorders 
can be defined as predominantly or entirely epigenetic. 
The underlying basis for inherited epigenetic disorders 
often involves heritable changes in DNA sequences that 
are directly linked to epigenetic regulation. For instance, 
mutations in genes that affect DNA methylation may 
lead to widespread global effects in trans, as observed 
in immunodeficiency, centromeric instability and facial 
anomalies (ICF) syndrome type I, which is a disease 
caused by loss‑of‑function mutations in the de novo DNA 
methyltransferase 3B (DNMT3B) gene54. As expected 
from DNMT3B deficiency, patient-derived iPSCs and 
differentiated cell derivatives exhibit DNA hypomethyl­
ation in pericentromeric and subtelomeric regions, as 
well as altered gene expression profiles55,56; both of these 
characteristics are likely to be contributors to the genomic 
instability and physiological defects associated with this 
disease. Importantly, although DNMT3B is highly active 
in human PSCs, it is not essential for reprogramming 
and pluripotency55–57, thereby enabling the study of the 
aetiology of ICF type I in the context of early development.

Another class of epigenetic disorders comprises those 
involving parental genomic imprinting58, a process by which 
parent-specific epigenetic modifications occur differen­
tially, causing allele-specific expression of genes in their 
proximity59. Parental imprints are marked and exert 
their function through differential DNA methylation at 
imprinting control regions (ICRs). Imprinting disorders 
can arise as the result of several types of genetic defects, 
including mutations localizing to specific imprinted 
genes or ICRs, as well as aberrations on a larger scale, 
such as subchromosomal deletions and translocations, 
that affect imprinted loci. Owing to the unique mode of 
transgenerational epigenetic inheritance that is intrin­
sic to imprinting, these disorders may also arise purely 
from epigenetic factors, including defective imprints and 
uniparental disomy (UPD).

Although the stability of imprinted regions can be 
variably influenced by prolonged culture and repro­
gramming, PSCs generally preserve normal imprint­
ing signatures60–64. This notion enabled the generation 
of patient-derived iPSC models for two major neuro­
behavioral imprinting disorders, Prader–Willi syndrome 
(PWS) and Angelman syndrome, from individuals 
who carried distinct molecular defects in the PWS–
Angelman syndrome region on chromosome 15q11–q13 
(REFS 65–69). Of note, functional studies in PWS iPSC 
lines have enabled mechanistic exploration of imprint­
ing in the PWS–Angelman syndrome region66,69 and 
revealed that the long non-coding RNA IPW, which is 
absent in PWS, is involved in regulating the DLK1–DIO3 
imprinted locus in trans67.

A more severe, global manifestation of abnormal 
imprinting is observed upon parthenogenetic develop-
ment of human oocytes into ovarian teratomas70. The epi­
genome of parthenogenetic cells is entirely maternal in 
origin and is therefore incompatible with the expression 
of paternally inherited alleles. PSCs with only a mater­
nal genome can be obtained through activation of an 
unfertilized egg generating parthenogenetic ES cells71–73 
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Organoids
Miniature organ-like structures 
generated in culture. 
Organoids vary in their 
complexity, but they are 
usually composed of several 
cell types and recapitulate 
three-dimensional organ 
development.

or by reprogramming of diploid ovarian teratoma cells 
into parthenogenetic iPSCs74. Such iPSCs have been uti­
lized to identify novel imprinted genes74 and new roles for 
imprinting in tumorigenesis75.

Until recently, studying the epigenetic basis of human 
pathologies has largely relied on cells that harbour a 
pre-existing epigenetic state. In principle, these studies 
could also be performed in PSCs through ‘epigenome 
editing’, in which the same molecular tools that are util­
ized for genome editing are engineered to recruit chro­
matin modifiers and alter epigenetic modifications in a 
locus-specific manner76. With this approach, it may be 

possible to directly induce desired epigenetic alterations 
in a controlled setting (for example, in isogenic PSC 
lines), while avoiding the interference of unexpected epi­
genetic changes that might be conferred during culture or 
in reprogramming.

Modelling with advanced culturing techniques
Although many diseases can be modelled using a single 
cell type in vitro, some diseases require more advanced 
culturing techniques. By modelling ALS using co‑
cultures of neurons and glial cells77,78, it was shown that 
spinal motor neurons are selectively sensitive to the toxic 
effects of glial cells carrying a mutant SOD1 gene. It is 
interesting to note that this effect was not apparent when 
culturing neurons with fibroblasts expressing mutant 
SOD1, confirming the specificity of the model78.

The interactions between different cell types can be 
better understood by studying three-dimensional (3D) 
tissue structures. PSC-derived organoids of several tissues 
have been established in culture, allowing in vitro analy­
sis of molecular, cellular and physiological phenotypes, 
as well as structural features related to development and 
disease (BOX 1). Some examples of 3D structures include 
those that recapitulate eye79 and pituitary80 development, 
and the generation of cerebral81 and intestinal organoids82. 
The latter were also used to model microcephaly81 and 
cystic fibrosis82, respectively, uncovering disease-related 
phenotypes. Using intestinal organoids derived from 
iPSCs from a patient with cystic fibrosis, disease-specific 
phenomena such as aberrant swelling in response to for­
skolin were recapitulated83. This model enables in vitro 
diagnosis of cystic fibrosis and the development of 
personalized medicine. The exciting field of 3D‑PSC 
organoids has been extensively reviewed elsewhere84,85.

Comparison of models in ES cells and iPSCs
Models of human genetic disorders can be generated in 
all types of PSCs (FIG. 1). Although the first models were 
generated in ES cells, once iPSC technology became 
available, it rapidly became the preferred choice, given the 
limited availability of PGD-derived ES cells. Despite their 
different origins, iPSCs are very similar to ES cells, in that 
they express similar markers, possess self-renewal cap­
acity and differentiate in vitro and in vivo into the three 
embryonic germ layers15,16. Nonetheless, there are several 
differences between these two types of PSCs, including 
the persistence of epigenetic memory from the somatic 
cells of origin in iPSCs25–27, differential DNA methylation 
signatures86,87 and a different extent of genetic aberrations 
(reviewed in REF. 88). Thus, it is sometimes worthwhile 
to generate models for the same disease in both ES cells 
and iPSCs, as studies have revealed phenotypic similar­
ities and differences between them either before and/or 
following differentiation (reviewed in REF. 89).

The first comparison of ES cell and iPSC disease mod­
els was conducted for fragile X syndrome (FXS), which is 
the most prevalent cause of hereditary mental impairment 
in boys. In most patients, FXS is caused by an expansion of 
trinucleotide repeats at the 5ʹ untranslated region (UTR) 
of the fragile X mental retardation 1 (FMR1) gene, which 
causes silencing of FMR1 transcription through epigenetic 

Box 1 | Identifying disease-related phenotypes

Modelling human diseases in vitro requires the identification of clear, disease-specific 
phenotypes. These phenotypes are defined using several different strategies and can be 
roughly divided into three categories: molecular, cellular and physiological.

Molecular phenotypes
These include expression analyses of RNA transcripts and proteins, and 
characterization of epigenetic markers such as DNA methylation and histone 
modifications. These molecular criteria are very often used to characterize diseases. 
Whereas some studies are performed at a global level (global gene expression and/or 
proteome profiles104,105), others analyse only the expression of the gene affected by the 
disease or its immediate targets (such as inactivation of the frataxin (FXN) gene in 
Friedreich ataxia106). Molecular phenotypes are especially useful in high-throughput 
drug screening, as they can be measured in an automated manner. In 2012, the ability to 
restore expression of IKK complex-associated protein (IKBKAP), which is the gene 
mutated in familial dysautonomia, was automatically evaluated by real-time 
quantitative reverse-transcriptase PCR (qRT-PCR) for over 6,000 compounds, 
identifying potential treatments for the disease44.

Cellular phenotypes
These include aberrant morphology, protein aggregation or increased apoptosis, and 
are also frequently exploited to model diseases in vitro. Morphological changes are 
often visible in neurons differentiated from induced pluripotent stem cells (iPSCs) of 
patients with neurological disorders107–109. Cellular phenotypes are useful for the 
modelling of metabolic disorders. For example, patients with glycogen storage disease 
type 1a (GSD1a) are unable to maintain glucose homeostasis and have substantial 
metabolic defects, including glycogen and lipid accumulation. Hepatocytes 
differentiated from iPSCs of patients with GSD1a show similar phenotypes, as shown by 
periodic acid–Schiff and BODIPY staining110. Cellular features can also be evaluated on 
a large scale. Motor neuron survival, for example, was used in a small-molecule survival 
screen (an assay measuring the viability of cells in culture, which is highly useful for the 
evaluation of drug toxicity and cellular apoptosis) to identify potential treatments for 
amyotrophic lateral sclerosis (ALS)111.

Physiological phenotypes
These phenotypes, which are the most challenging to evaluate, are particularly relevant 
to the study of neurological or cardiovascular diseases. Their evaluation includes 
measurements of ion exchange, channel activity and contractility. These measurements 
are carried out using multi-electrode arrays or patch-clamp analysis of neurons and 
cardiac muscles, as the activity of these cells depends on current and ion flux. 
Cardiomyocytes differentiated from iPSCs of patients with congenital long QT 
syndrome, for example, show prolonged action potentials and higher sensitivity to 
isoprenaline, which is a β‑adrenoreceptor agonist112. Similarly, ALS patient-derived 
neurons were shown to be hyperexcitable and to have an increased spontaneous firing 
rate compared to control neurons113.

It is important to note that differentiating PSCs in three-dimensional (3D) cultures 
may reveal additional phenotypic characteristics that can be used to model diseases. 
For example, brain organoids developed from iPSCs that were derived from patients 
with microcephaly81 not only showed premature neural differentiation, but they were 
also substantially smaller than control organoids. Furthermore, these organoids showed 
aberrant radial glial spindle orientation, which is a complex phenotype that can be 
associated with specific disease symptoms. Such structural phenotypes can only 
be detected in 3D cultures.
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High-throughput screening
(HTS). A drug discovery 
strategy involving the analysis 
of a large array of compounds, 
which are chosen in an 
unbiased fashion. The effects 
of each compound on an 
aberrant phenotype are 
evaluated simultaneously.

Candidate drug approach
A drug discovery strategy 
involving compounds that were 
previously shown to affect a 
specific pathway or phenotype 
and that are tested as potential 
therapies for a specific disease 
on the basis of this information.

modifications at the gene promoter. An FXS model in 
PSCs was first established in ES cells generated from 
an affected embryo following PGD10. Surprisingly, the 
mutated undifferentiated ES cells expressed FMR1, and 
the gene was silenced during differentiation. This model 
system revealed the developmental inactivation of the 
gene during embryogenesis and showed that the muta­
tion in the 5ʹ UTR is necessary but not sufficient for FMR1 
silencing. The generation of a similar model in iPSCs by 
reprogramming somatic cells of patients with FXS pro­
duced different results90. The FMR1 gene, which was 
silent in patient somatic cells, remained silent following 
reprogramming, suggesting an epigenetic memory from 
the somatic cells. However, while FXS iPSCs are unable 
to recapitulate FMR1 activity in embryonic cells, they are 
very useful in analysing the molecular phenotype of FXS 
neurons91 and in finding ways to activate this locus92. The 
comparison between FXS ES cells and FXS iPSCs carry­
ing the same genetic mutation uncovered a difference in 
their epigenetic phenotype, suggesting that each system is 
useful for studying a different aspect of the disease.

Another informative comparison between models in 
ES cells and in iPSCs comes from the study of Fanconi 
anaemia. This disease involves a defect in DNA repair 
causing genomic instability, bone marrow failure and 
cancer. Initial attempts to model the disease in iPSCs 
failed, probably because of chromosomal aberrations in 
somatic cells and the possible involvement of the Fanconi 

anaemia pathway in the reprogramming process93. 
By contrast, Fanconi anaemia could be modelled in ES 
cells using lentiviral RNA interference94. Later attempts 
to model Fanconi anaemia in iPSCs were also successful, 
albeit with low reprogramming efficiency and the use of 
a modified reprogramming methodology95. This exam­
ple indicates that the reprogramming process can be the 
cause of differences between ES cell and iPSC models. 
Although ES cell and iPSC models may vary for certain 
disorders, iPSC models for most disorders are expected 
to mimic ES cell models, thus highlighting the utility of 
reprogramming patient cells.

Drug therapy using PSCs
One of the main motivations for generating models for 
human diseases is to develop therapies enabling the dis­
eases to be treated, alleviated or cured. Animal models are 
frequently used for drug screening; however, as detailed 
above, many disorders lack a suitable animal model. 
Moreover, the use of animal models for high-throughput 
screening (HTS) of small-molecule libraries is usually not 
feasible. Thus, the use of PSC disease models has become 
increasingly favoured for purposes of drug discovery.

Drug screening strategies using PSCs. Similar to study­
ing animal models, the first step in therapy development 
using PSCs is to identify and define the phenotypes that 
are to be treated (BOX 1). This step is especially well illus­
trated in in vitro disease models, in which only a subset of 
the phenotypes are manifested, and which usually require 
differentiation towards a specific cell type in culture 
(FIG. 2). Once the phenotypes to be treated are identified, 
there are two main strategies to identify potential drugs: 
the candidate drug approach and the HTS approach (FIG. 2).

In the candidate drug approach, a small and well-
defined group of compounds is tested on affected cells. 
This methodology is suitable when an abnormal cellular 
phenotype gives an indication that a specific pathway is 
responsible for such a phenotype, or when similar dis­
eases have already been successfully modelled and treated 
in vitro using such drugs. The candidate drug approach 
is the cornerstone of personalized medicine, as once a 
patient-specific iPSC line has been established, the cells 
can be propagated and differentiated and used to test a 
defined set of drugs, with the aim of identifying the most 
potent therapy. This approach also includes the validation 
or confirmation of existing drugs in new iPSC models. 
The candidate drug approach makes it possible for drugs 
approved by regulatory agencies to be tested immediately 
on a new disease model, and thus to rapidly provide 
initial results before clinical use on patients (FIG. 2).

By contrast, HTS does not require previous know­
ledge to initiate drug discovery, as it enables the testing of 
over a million compounds per study96. However, HTS has 
the limitation of requiring a phenotype that can be auto­
matically measured and quantified. This is useful when 
dealing with cell survival rates or with protein expres­
sion that can be easily made visible (for example, with 
fluorescent reporter genes), but it is less beneficial when 
the disease modelled affects a more complex phenotype 
(for example, electrophysiological defects). Furthermore, 
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Figure 2 | Drug development strategies using human induced pluripotent stem cells 
(iPSCs).  Patient-derived somatic cells (for example, fibroblasts) can be reprogrammed to 
generate iPSCs carrying a disease-specific genetic aberration. These cells can then be 
differentiated into the disease-affected cell type (for example, neurons in 
neurodegenerative diseases). After the establishment of a cellular disorder model with 
disease-specific phenotypes, three main strategies are commonly used: high-throughput 
screening (HTS) of drugs, the candidate drug approach or patient-specific therapy. 
In HTS, a very large number of compounds are tested on the differentiated cells, followed 
by phenotype re-evaluation. This method is extremely valuable for identifying novel 
therapies in vitro, by using large libraries of compounds. By contrast, both the candidate 
drug approach and the patient-specific therapy use a small number of potential drugs to 
attenuate the disease. These approaches are useful when the disease mechanism is 
known and potential therapies are available. Drugs found by both the HTS and candidate 
drug approaches usually require substantial safety assays before being prescribed to 
patients, whereas drugs already approved by regulatory agencies can be immediately 
prescribed for treatment.
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a large number of cells are required to test a wide range 
of compounds. This is especially challenging when the 
affected cells require a long differentiation process or 
when the differentiation yield is low. The candidate drug 
approach requires a much lower number of cells and can 
be used to evaluate complex phenotype alterations.

Recent studies have used both HTS and focused 
candidate analysis and have drawn on the advantages 
of each approach. For example, Barmada et al.96 first 
performed an extremely large HTS on diseased mouse 
neurons, and only then were selected compounds evalu­
ated on motor neurons and astrocytes differentiated 
from ALS patient-derived iPSCs.

It is important to note that both approaches are 
merely the first step in drug development. As they util­
ize in vitro models, in most cases both HTS and novel 
candidate drug approaches require extensive safety 
assays before being applied in a clinical context.

Drug discovery for neurological disorders. Although 
many types of diseases have been modelled using 
iPSC-derived cells, neurological disorders are a prime 
example of the use of these cells in drug discovery. This 
diverse group of diseases includes different classes of 
genetic disorders, including both early- and late-onset 
diseases, disorders manifested in several cell types and 
disorders that affect both the central and the peripheral 
nervous systems. Furthermore, as the world’s population 
ages, with the number of individuals over 60 expected 

to double in the next few decades, the growing preva­
lence of neural degeneration diseases calls for urgent 
solutions and novel therapies. Evaluating this spectrum 
of disorders provides a snapshot of current trends in 
iPSC‑based disease modelling and drug discovery.

Here, we discuss studies that have used patient-
derived (rather than ES cell-based) differentiated iPSCs 
to successfully treat the aberrant phenotype (FIG. 3; 

TABLE 3). The use of iPSC-derived neurons as a plat­
form for drug development began only 2 years after the 
discovery of human fibroblast reprogramming, with 
pioneering papers published in 2009 (REF. 43), and the 
field has since seen a rapidly growing number of pub­
lished studies. In TABLE 3, we list 25 neurological diseases 
for which iPSC-derived neural cells have been used to 
model the disorders and have then been screened for 
appropriate drug therapies.

Although differentiated neurons in culture are usu­
ally only comparable with immature embryonic neurons, 
almost half of these disease-modelling studies focused 
on late-onset diseases. In other words, although these 
diseases are manifested very late in life, aberrant cellu­
lar, molecular and electrophysiological phenotypes are 
detectable and treatable in culture. Interestingly, most 
studies have been performed on cells from patients bear­
ing monogenic or chromosomal aberrations, and not 
from patients with complex genetic disorders (FIG. 3). 
Although most cases of Alzheimer disease and ALS do 
not have a monogenic basis, a considerable number of 

Figure 3 | Evaluation of drug screening studies using patient-derived induced pluripotent stem cell (iPSC) 
models for neurological disorders.  Distributions of 55 studies reporting the identification of therapies for neurological 
disorders using human iPSCs are summarized. Shown in the upper panel from left to right are analyses of studies based on 
disease onset, the type of genetic classification of the disease, the and number of patients used to generate iPSCs in the 
study. From left to right, the bottom panel shows analyses based on type of drug screening and treatment novelty, that is, 
whether the therapy presented is novel or was previously shown in vivo or in other cell types modelling the same disease.
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Table 3 | Drug screening for neurological diseases using patient-derived induced pluripotent stem cell models

Disease name 
(number of 
patients)

Genetic 
basis

Onset Differentiated 
cell

Analysed and 
corrected 
phenotype*

Screening 
type

Identified drug Refs

Adrenoleuko-
dystrophy (2)

ABCD1 Early 
and late

Neurons and 
oligodendrocytes

Molecular and 
cellular

Confirmation 4-phenylbutyrate (4PBA), 
lovastatin

114

Amyotrophic 
lateral sclerosis 
(ALS) (1–16)

SOD1, 
C9ORF72, 
FUS1, TDP43, 
complex

Late Neurons, motor 
neurons and 
astrocytes

Molecular, cellular 
and electro 
physiological

Confirmation, 
candidate 
(drugs and 
ASOs), HTS

Retigabine, kenpaullone, 
digoxin, lanatoside C, 
proscillaridin A, anacardic 
acid, methotrimeprazine, 
fluphenazine, ASOs

36, 
96–98, 

111,113, 
115

Alzheimer disease 
(1–6)

APP, PS1, 
PS2, complex

Late Neurons Molecular and 
cellular

Confirmation, 
candidate

γ‑secretase inhibitor, 
compound E, compound 
W, GSM‑4, Si‑II,OM99‑2, 
docosahexaenoic acid (DHA)

116–120

Ataxia 
telangiectasia (2)

ATM Early Neurons and glia Cellular Candidate Geneticin (G418) 121

Autism spectrum 
disorder (ASD) 
(1–5)

15q11‑q13.1 
duplications, 
(3;11)
(p21;q22)
translocation

Early Neurons Molecular, cellular 
and electro 
physiological

Candidate Hyperforin with flufenamic 
acid (FFA), mithramycin

108,122

Bipolar disorder (2) Complex Early Neurons Molecular and 
cellular

Candidate CHIR‑99021 123

Down syndrome 
(1–2)

Trisomy 21 Early Neural progenitor 
cells (NPCs), 
neurons, astroglia

Molecular and 
cellular

Candidate Minocycline, epigallocatechin 
gallate (EGCG), F127–
N‑butylidenephthalide (BDPH)

124–126

Familial 
dysautonomia (2–3)

IKBKAP Early Neural crest cells Molecular and 
cellular

Confirmation, 
HTS

SKF‑86466 hydrochloride, 
kinetin

43,44

Fragile X syndrome 
(FXS) (1–3)

FMR1 Early NPCs, neurons Molecular Candidate, 
HTS

5‑azacytidine, several other 
compounds (not specified)

92,127

Friedreich ataxia 
(2)

FXN Early Neurons Molecular and 
cellular

Confirmation, 
candidate

Forskolin, RG2833 106,128

GN1 gangliosidosis 
(1)

GLB1 Early NPCs Molecular and 
cellular

Candidate Z‑YVAD-FMK 129

Hereditary spastic 
paraplegias (HSP) 
(1)

SPAST Early 
and late

Forebrain 
glutamatergic 
neurons

Cellular Confirmation Vinblastine 130

Hereditary 
transthyretin 
amyloidosis (1)

TTR Early 
and late

Neurons Cellular Candidate Flufenamic acid 131

Huntington 
disease (1–2)

HTT Late NPCs, neurons, 
GABAergic 
neurons and 
medium spiny 
neurons

Molecular and 
cellular

Confirmation, 
candidate

P110‑TAT, KU‑60019, X5050 109,132, 
133

Machado–Joseph 
disease (4)

ATXN3 Late Neurons Cellular Candidate ALLN, calpeptin 134

Neuronal ceroid 
lipofuscinosis (2)

TPP1 Early NPCs and 
neurons

Cellular Candidate PTC124 135

Niemann–Pick 
disease (1–4)

NPC1 Early NPCs and 
neurons

Molecular and 
cellular

Confirmation, 
candidate

Rapamycin, carbamazepine, 
verapamil, trehalose, 
2‑hydroxypropyl-
b‑cyclodextrin (HPBCD), 
2‑hydroxypropyl-
c‑cyclodextrin (HPGCD), 
VEGF, δ‑tocopherol with 
HPBCD or methyl-β-
cyclodextrin (MBCD)

136–139

Parkinson disease 
(1–5)

PARK2, 
SNCA, PINK1 
and LRRK2

Late Neurons, midbrain 
dopaminergic 
neurons and 
cortical neurons

Molecular and 
cellular

Confirmation, 
candidate, 
HTS

Taxol, isoxazole, NAB2, 
GW5074, co-enzyme Q10

37,52, 
140,141
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Clinical trials
Studies that evaluate potential 
treatments on human subjects. 
These trials are tightly 
regulated, have strict 
requirements and are 
composed of typical phases, 
evaluating the safety and 
efficacy of the treatment.

studies modelling these diseases still use fibroblasts from 
patients with mutations in a single gene. Moreover, most 
studies have reported reprogramming cells from only 
one or two patients, before differentiating them towards 
neurons (FIG. 3). This may change when more iPSC lines 
are available for each disease, as a result of the different 
repositories of diseased iPSCs (TABLE 1).

Most studies carry out a limited screen of candidate 
drugs on differentiated cells instead of running HTS. 
About a third of these studies have used iPSC-based 
models to validate the effects of existing drugs, rather 
than suggesting a novel one. One reason for this prefer­
ence can be the potentially rapid transition from in vitro 
models to clinical trials when using regulatory approved 
drugs. Interestingly, alongside potential drugs and HTS 
of small molecules, modified oligonucleotides are used 
to target specific sequences97–99. In this approach, anti­
sense oligonucleotides bind to complementary mRNA 
sequences of an aberrant gene, effectively inactivating 
it. This methodology is promising, as gene-specific 
sequences can be easily synthesized, and in vivo deliv­
ery methods are currently being developed and tested 
(reviewed in REF. 100).

From bedside to bench and back. Research on modelling 
human disorders using PSCs is already fulfilling its first 
mission of going from ‘bedside to bench’. Somatic cells 
from patients are routinely reprogrammed to iPSCs, the 
cells are differentiated into a plethora of cell types and 

patient phenotypes are recapitulated in vitro. Moreover, 
in many cases, the cells are also utilized for drug screen­
ing and validation, thus promoting new drug discov­
eries. To truly fulfil the promise of disease modelling 
using iPSCs, we must move from ‘bench to bedside’ 
and, ideally, find a new therapy for the same patient who 
donated somatic cells for reprogramming and develop 
patient-specific therapies.

Many disorders already have multiple drug therapies, 
but not all drugs are effective for all patients. Instead of 
treating a patient with consecutive drug therapies until 
the most suitable one is found, all potential drugs can 
be tested in parallel on the patient’s cells, facilitating 
prescription of the most effective drug (FIG. 2). Another 
approach is to test candidate drugs on the basis of our 
understanding of the pathology underlying the cellular 
phenotype (FIG. 2). If the tested drug is already approved 
for another disease by the regulatory agencies, clinical 
trials may be initiated at a fairly rapid pace. An example 
of such an approach was recently published for ALS101. 
The researchers discovered that patient iPSC-derived 
motor neurons displayed hyperexcitability with reduced 
survival. They showed that this phenotype could be 
corrected by a potassium channel agonist that is already 
FDA-approved for epileptic patients. Thus, they could 
immediately initiate Phase II clinical trials with this 
drug for ALS patients101. Amazingly, less than two years 
elapsed between the initial in vitro discovery and the 
approved clinical trial, without the need for preclinical 

Table 3 (cont.) | Drug screening for neurological diseases using patient-derived induced pluripotent stem cell models

Disease name 
(number of 
patients)

Genetic 
basis

Onset Differentiated 
cell

Analysed and 
corrected 
phenotype*

Screening 
type

Identified drug Refs

Phelan–McDermid 
syndrome (PMDS) 
(2)

Complex Early Mature forebrain 
neurons

Molecular, 
cellular and 
electrophysiological

Confirmation, 
candidate

Insulin-like growth factor 1 
(IGF1)

142

Rett syndrome 
(3–4)

MECP2 Early Neurons and 
astrocytes

Cellular Confirmation, 
candidate

Glypromate (GPE), IGF1, 
gentamicin

143,144

Schizophrenia 
(1–4)

Complex Early 
and late

NPCs and 
neurons

Molecular and 
cellular

Confirmation Loxapine,

valproate (VPA)

33,145, 
146

Spinal and bulbar 
muscular atrophy 
(SBMA) (1)

Androgen 
receptor

Late Motor neurons Cellular Confirmation Heat shock protein 90 (HSP90) 
inhibitor 17‑AAG

147

Spinal muscular 
atrophy (SMA) (2)

SMN1 Early Motor neurons Molecular and 
cellular

Confirmation, 
candidate 
(drugs and 
ASOs)

Phosphorodiamidate 
morpholino oligonucleotides 
(PMOs), FasNT antibody, 
Z‑DVED-FMK, salubrinal, 
guanabenz

99,102, 
103

Timothy syndrome 
(2)

CACNA1C Early Cortical neurons Molecular, 
cellular and 
electrophysiological

Candidate Roscovitine 148

Wolfram syndrome 
(5)

WFS1 Early Neurons Cellular Candidate Dantrolene 149

ABCD1, ATP-binding cassette D1; APP, amyloid precursor protein; ASOs, antisense oligonucleotides; ATM, ataxia telangiectasia mutated; ATXN3, ataxin 3; 
C9ORF72, chromosome 9 open reading frame 72; CACNA1C, calcium channel subunit α1C; FMR1, fragile X mental retardation 1; FUS1, fused in sarcoma 1; FXN, 
frataxin; GLB1, galactosidase-β1; HTS, high-throughput screening; HTT, huntingtin; IKBKAP, IKK complex-associated protein; LRRK2, Leu-rich repeat kinase 2; 
MECP2, methyl-CpG-binding protein 2; NPC1, Niemann–Pick type C1; PARK2, parkin RBR E3 ubiquitin protein ligase; PINK1, PTEN-induced kinase 1; PS, presenilin; 
SMN1, survival of motor neuron 1; SNCA, α-synuclein; SOD1, superoxide dismutase; SPAST, spastin; TDB43, TAR DNA-binding protein 43; TPP1, tripeptidyl 
peptidase 1; TTR, transthyretin; VEGF, vascular endothelial growth factor; WFS1, Wolfram syndrome 1. *The different phenotypes that have been analysed and 
ameliorated by the drugs belong to three categories: molecular (gene and protein expression, and DNA methylation); cellular (morphology (foci, synapses), 
mitochondrial functions, apoptosis and toxicity-induced reactions); and electrophysiological (currents, action potentials and ion fluxes).
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experiments on animals. Treatments for other neuro­
logical disorders, including familial dysautonomia and 
spinal muscular atrophy (SMA), are also at different 
stages on the road to the clinic43,44,102,103.

The true challenge is finding new therapies in an 
unbiased fashion using HTS (FIG. 2). Such screens have 
already been initiated in several laboratories; however, 
the majority of such drugs will require the use of safety 
assays in cells and/or animals, and — if an animal model 
exists — even preclinical trials in animals. However, for 
disorders that cannot be recapitulated in animals, it may 
be reasonable to go directly from experiments on human 
PSCs to clinical trials, thus truly fulfilling the promise of 
going all the way from bedside to bench and back again.

Perspective
Despite the promising future of PSC-based therapies, 
there are still substantial hurdles between its poten­
tial and its fulfilment. In the future, we expect to have 
repositories of PSCs that will enable the modelling of 
practically any genetic disease, whether monogenic, 
chromosomal or complex. One step in this direction is 
the generation of isogenic cell lines with the induction 

or correction of relevant mutations, sometimes with 
different mutations in the same gene. In genetically 
complex disorders, work is likely to focus on using 
patient-derived iPSCs, alongside the induction of muta­
tions in several genes that are suspected to be involved 
in the disease. The ability to model cell-specific dis­
orders depends on efficient and robust differentia­
tion protocols. Although we have the ability to obtain 
mature and functional cells for some cell types, this 
still constitutes a substantial impediment for others. 
Alongside the optimization of cell cultures and differ­
entiation protocols, we expect the use of screening to 
flourish for therapies using small molecules, as well as 
for nucleic acid-based and amino acid-based drugs. We 
also expect to see many clinical trials with drugs identi­
fied in culture, especially using previously approved 
drugs. In cases in which the disease lacks appropriate 
animal models, it is likely that, after extensive safety 
assays, the therapy will be implemented directly from 
the dish to the patient. Although much additional work 
is required, recent advances and important results have 
confirmed the value of using PSCs in modelling and 
treating numerous diseases.
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