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Abstract In 2006, Shinya Yamanaka first reported that
in vitro reprogramming of somatic cells toward pluripo-
tency was achieved by simple induction of specific tran-
scription factors. Induced pluripotent stem cell (iPSC)
technology has since revolutionized the ways in which we
explore the mechanisms of human diseases and develop
therapeutics. Here, I describe the recent advances in human
iPSC-based disease modeling and drug discovery and dis-
cuss the current challenges. Additionally, I outline poten-
tial future applications of human iPSCs in classifying
patients based on their response to drugs in clinical trials
and elucidating optimal patient-specific therapeutic strate-
gies, which will contribute to reduced attrition rates and the
development of precision medicine.
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Introduction

In 1962, it was reported that transfer of the nucleus from a
frog somatic cell to an enucleated egg cell generated a fully
functional tadpole that was genetically identical to the
donor frog (Gurdon et al. 1958; Gurdon 1962). This finding
radically changed the prevalent theory in the early 20th
century that cellular differentiation was a unidirectional
and irreversible process. It was believed that fully differ-
entiated somatic cells were unable to return to
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dedifferentiated and pluripotent stem-cell states. Since this
discovery, much progress has been made in understanding
the reprogramming process. In the late 20th century, sev-
eral researchers described the cloning of mammals, such as
sheep and mice, from their adult somatic cells using
somatic cell nuclear transfer (Wilmut et al. 1997,
Wakayama et al. 1998). In 2006, Takahashi and Yamanaka
reported that introduction of four transcription factors
(POUSF1, SOX2, KLF4, and MYC) reprogrammed differ-
entiated mouse somatic cells into embryonic stem cell
(ESC)-like pluripotent cells called induced pluripotent
stem cells (iPSCs) (Takahashi and Yamanaka 2006). A
year later, they generated human iPSCs from human
fibroblasts using the same combination of four transcription
factors described in the 2006 paper (Takahashi et al. 2007).
Simultaneously, Thomson and colleagues also reported the
generation of human iPSCs through a somewhat different
combination of transcription factors (POUSFI, SOX2,
NANOG, and LIN2S) than that used by Yamanaka and
colleagues (Yu et al. 2007). This iPSC technology over-
came serious limitations imposed by the generation of
patient-specific ESCs and those of previous reprogramming
methods. Because iPSCs are generated directly from
human adult somatic cells, they are free from the ethical
issues associated with ESC-generation procedures and also
from the risk of immune rejection following transplantation
to recover or replace damaged tissues. Furthermore, iPSC
technology is remarkably efficient and simple as compared
with previous reprogramming methods such as somatic cell
nuclear transfer and cell fusion.

Since its discovery, great efforts have been made to
improve human iPSC technology. Methods were developed
for the delivery of reprogramming transcription factors into
the cell using adenoviruses, Sendai viruses, transposons,
plasmids, RNAs, and recombinant proteins in order to
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generate integration-free iPSCs (Okita et al. 2008; Stadt-
feld et al. 2008; Fusaki et al. 2009; Kaji et al. 2009; Kim
et al. 2009; Yu et al. 2009; Yusa et al. 2009; Woltjen et al.
2009; Jia et al. 2010; Nishimura et al. 2011; Hou et al.
2013). Specifically, Sendai viruses, episomal plasmids, and
synthetic mRNAs are now widely used for integration-free
delivery of reprogramming transcription factors. More
recently, small molecules were shown to be suitable sub-
stitutes for some reprogramming factors (Hou et al. 2013).
These advancements enabled the use of iPSC technology in
regenerative medicine for the development of patient-
specific cell therapy. Additionally, iPSC technology has
been used to construct cell-based model systems for
studying human diseases and produce screening platforms
for the development and validation of therapeutic com-
pounds. Here, I provide an overview of the use of human
iPSCs for disease modeling and drug discovery and
describe how human iPSC-based disease models have been
utilized to assess the efficacy and toxicity of known drugs
and potential drug candidates. I also discuss the challenges
of human iPSC-based drug discovery and the efforts to
overcome these limitations.

Disease modeling using human iPSCs

Modeling of human diseases is crucial for understanding
the molecular mechanisms of pathogenesis and developing
strategies for the prevention and treatment of diseases.
Because primary patient cells are difficult to isolate in most
cases and, when possible, are available in very small
quantities, researchers have traditionally relied upon
patient-derived immortalized cell lines for in vitro assays
and animal models for in vivo experiments when studying
disease etiologies and developing therapeutic interventions.
However, these disease models often do not accurately
reproduce human pathophysiology. Although patient-
derived immortalized cell lines have been widely used due
to their relatively low cost, unlimited supply, and lack of
ethical concerns associated with the use of human tissue,
cell lines often lose the phenotypic and functional features
present in primary human cells over an extended culture
period. Therefore, caution is necessary when using
immortalized cell lines, and key data should be confirmed
in additional experiments using primary human cells.
Animal models are invaluable tools for modeling human
diseases by enabling investigation of in vivo pathogenesis.
Specifically, mice have long served as animal models for
human biology and disease; however, mice and humans
have considerable genetic, anatomical, and physiological
differences. For example, mice share only 80% gene
homology with humans (Church et al. 2009). This genetic
divergence between mice and humans may explain many
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of the differences that distinguish human and mouse biol-
ogy. On anatomical and physiological levels, mice and
humans also exhibit differences in many organs. For
example, the heart size and the resting cardiac rate of mice
and humans are substantially different (Hamlin and Alt-
schuld 2011). These differences can preclude the recapit-
ulation of human disease phenotypes in animals and may
explain why the human response to drug candidates in
clinical trials is often difficult to predict from preclinical
data. For these reasons, there is a compelling need to
develop human models for investigating human patho-
genesis and developing new therapeutics.

Human iPSCs can be a robust alternative to transformed
cell lines and animals as models for investigating human
disorders. Human iPSCs are intrinsically able to self-renew
indefinitely and differentiate into any cell type, thereby
making it possible to obtain a sufficient number of various
human cell types. Moreover, a great advantage of iPSCs is
that they are derived from individual patients with known
disease phenotypes, even when there are multiple unknown
contributing genetic mutations. This enables the study of
genotype-phenotype relationships in genetically complex
or sporadic diseases, models of which are extremely
challenging to generate using current techniques. Although
nuclease-based genome-editing technology has improved
significantly in recent years and is utilized for modeling
monogenic disorders using human pluripotent stem cells, it
remains difficult to generate models for genetically com-
plex diseases that require genetic alterations at multiple
loci (Kim and Kim 2014). Additionally, recent studies
reported that many risk alleles that distinguish affected
patients from unaffected subjects are located in noncoding
regions that exhibit low sequence homology between
humans and animals (Avior et al. 2016). This presents a
high risk of failure in attempting to recapitulate human
disease phenotypes, even after introducing the same human
genetic variants in animal models.

Since the initial discovery of iPSCs, many researchers
have attempted to generate human disease models using
patient-derived iPSCs and reported that the resultant dif-
ferentiated cells exhibited disease-relevant phenotypes.
One of the first human iPSC-based disease models gener-
ated was for spinal muscular atrophy caused by a loss-of-
function mutation in the SMNI gene. Motor neurons dif-
ferentiated from patient-derived iPSCs degenerated much
faster than those from normal control iPSCs (Ebert et al.
2009). In a study of Rett syndrome, a severe neurodevel-
opmental disorder, neurons differentiated from patient-
derived iPSCs showed defects in structure and electro-
physiological function when compared to neurons derived
from either ESCs or normal iPSCs (Marchetto et al. 2010).
Cardiomyocytes differentiated from iPSCs derived from
patients with type 2 long QT syndrome (LQTS) exhibited
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the prolonged action-potential duration due to significant
reductions of cardiac potassium current and arrhythmo-
genicity, which are typical phenotypes associated with
LQTS (Itzhaki et al. 2011).

The vast majority of iPSC-based human disease models
have been generated for monogenic diseases. However,
several recent studies described that iPSCs generated from
patients with genetically complex, sporadic, or even
infectious diseases can be used as disease models. Israel
et al. reported that in human iPSCs generated from two
patients with sporadic Alzheimer’s diseases (AD), only one
of the two patient-derived iPSC lines showed phenotypes
resembling those of familial AD patients (Israel et al.
2012). This result indicates that mechanisms underlying
sporadic AD may be relevant to the pathogenesis of
familial AD, and it also implied the presence of unknown
genetic mutations that affect the phenotypic heterogeneity
in sporadic AD pathogenesis. Parkinson’s disease (PD) is
another sporadic neurodegenerative disease where multiple
factors, such as genetic mutations and environmental tox-
ins, contribute to the onset and progression of the disease.
Two recent studies described iPSCs generated from
patients carrying the G2019S mutation in the LRRK?2 gene.
This mutation causes sporadic PD with age-dependent
variations (Nguyen et al. 2011; Sanchez-Danes et al. 2012).
Dopaminergic neurons differentiated from PD patient-
derived iPSCs exhibited enhanced sensitivity to stress
agents and increased expression of a-synuclein proteins as
compared with their levels in control cells. These studies
showed for the first time that an LRRK2 mutation causes
sporadic human PD. It is also possible to model the
pathogenic process of infectious diseases using human
iPSCs. In a recent study, human iPSCs-derived cardiomy-
ocytes were generated, infected with a coxsackievirus B3
strain that causes viral myocarditis, and used for the
investigation of disease mechanisms and the screening of
novel antiviral therapeutics (Sharma et al. 2014). These
findings clearly suggested that human iPSC-based disease
models were successful in recapitulating human patho-
genesis and could be used for other purposes such as drug
screening and personalized treatment.

Drug discovery using human iPSCs

Despite significant biotechnological developments and
increase in the understanding of human diseases and the
genome, the attrition rate remains high during drug
development. An overall estimate suggests that the attrition
rate of drug candidates is approximately 96%, which has
become a cause of concern to the pharmaceutical industry
(Paul et al. 2010). Analysis of US Food and Drug
Administration (FDA) data on new drug application (NDA)

and biologics license application (BLA) from 2003 to 2011
demonstrated that some of the primary reasons for sus-
pension in phase 3 clinical trials and NDA/BLA filings
were safety concerns and a lack of efficacy (Hay et al.
2014). To reduce the attrition rate in the clinical-develop-
ment stages, researchers have focused on the development
of more predictive and reliable models for early screening
of drug-candidate efficacy and toxicity. In this regard,
human iPSC-based models have received increased atten-
tion regarding their potential to provide more clinically
relevant data based on their accurate reflection of in vivo
conditions. Here, I provide several examples of the use of
human iPSCs for testing drug-candidate efficacy and
toxicity.

Drug screening using iPSCs

Cells differentiated from patient-derived iPSCs are
increasingly employed as screening platforms for the
development and validation of therapeutic compounds
(Table 1). In a human iPSC-based model for familial
dysautonomia (FD), a peripheral neuropathy caused by a
mutation in the JKBKAP gene, the plant hormone kinetin
was validated as a novel drug candidate capable of
reversing aberrant /IKBKAP splicing and increasing neu-
ronal differentiation and migration (Lee et al. 2009).
Similarly, in human iPSC models for amyotrophic lateral
sclerosis (ALS) associated with mutations in the SODI,
C90ORF72, FUSI, or TDP43 genes, treatment with a Kv7
channel activator and a histone acetyltransferase inhibitor
improved motor-neuron survival and rescued abnormal
ALS phenotypes of motor neurons (Egawa et al. 2012;
Wainger et al. 2014). Several FDA-approved drugs,
including digoxin, methotrimeprazine, and fluphenazine,
also exerted substantial neuroprotective effects in motor
neurons differentiated from ALS patient-derived iPSCs
(Burkhardt et al. 2013; Barmada et al. 2014). Studies of
AD, which is the most complex and common neurode-
generative disease, demonstrated that human iPSCs are
valuable tools for the identification and validation of new
drug candidates. In neurons differentiated from iPSCs
derived from patients carrying mutations in the PSENI or
PSEN2 genes, small-molecule compounds inhibiting or
modulating y-secretase substantially reduced the produc-
tion of B-amyloid peptides generated by secretase-medi-
ated cleavage of amyloid precursor protein. For
cardiovascular diseases, a human iPSC-based drug-
screening study was first performed with iPSCs derived
from patients with LQTS which is caused by mutations in
the KCNQI and KCNH2 genes. Cardiomyocytes differen-
tiated from LQTS patient-derived iPSCs were used to
evaluate the potency of existing as well as novel pharma-
cological compounds. Treatment with [-adrenergic
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Table 1 Studies on the assessment of drug efficacy and safety using human iPSCs

Disease name Genetic basis Test drug References
Familial dysautonomia IKBKAP Kinetin, Jung et al. (2008),
HTS (SKF-86466) Kim et al. (2005)
Amyotrophic lateral sclerosis SODI HTS, Kim et al. (2013b),
C90ORF72, Kv7 channel activator (Retigabine), Barmada et al. (2014),
FUS, Histone acetyltransferase inhibitor Wainger et al. (2014),
TDP-43 (lanatoside C), Egawa et al. (2012),
Digoxin, Methotrimeprazine, Burkhardt et al.
Fluphenazine (2013),
Barmada et al. (2014)
Alzheimer disease APP, v-Secretase inhibitor, Israel et al. (2012),
PSENI, Doxosahexaenoic acid, Kondo et al. (2013),
PSEN? v-Secretase modulator (GSM-4) Yagi et al. (2011),

Hereditary LQTS

Hereditary LQTS,

Familial hypertrophic
cardiomyopathy,

Familial dilated
cardiomyopathy

Wilson’s disease
o-1 antitrypsin deficiency
Autism spectrum disorder

Down syndrome

Huntington disease

Niemann-Pick disease

Parkinson’s disease

Rett syndrome

Schizophrenia

KCNQI, KCNH2

KCNQI,
MYH7,
TNNT2

ATP7B
AIAT

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

Trisomy 21

HTT

NPCI

PARK?2,
SNCA,
PINK]1,
LRRK2
MECP2

Complex

B-Adrenergic receptor inhibitors,
Nifedipine, Pinacidil,

LUF7346

Cisapride,

Nicorandil,

Verapamil,

Alfuzosin

Curcumin
HTS
Hyperforin with flufenamic acid,

Mithramycin

Minocycline,
Epigallocatechin gallate,
F127-N-butylidenephthalide
P110-TAT,

KU-60019,

X5050

Rapamycin,
Carbamazepine,
Verapamil,

Trehalose

Taxol, Isoxazole,

NAB2, GW5074,
Co-enzyme Q10

Glypromate, IGF1,
Gentamicin

Loxapine,

Valproate

Liu et al. (2014)
Kreuger et al. (2006),
Itzhaki et al. (2011)

Ding et al. (2013)

Fu et al. (2002)
Kim et al. (2013a)

Griesi-Oliveira et al.
(2015),

Germain et al. (2014)
Chen et al. (2014),
Hibaoui et al. (2014),
Chang et al. (2015)
Guo et al. (2013),

Lu et al. (2014b),
Charbord et al. (2013)
Maetzel et al. (2014),
Soga et al. (2015),
Lee et al. (2014),

Yu et al. (2014)

Ren et al. (2015),
Cooper et al. (2012),
Ryan et al. (2013),
Chung et al. (2013)
Williams et al. (2014),

Marchetto et al.
(2010)

Brennand et al.
(2011),

Paulsen Bda et al.
(2014),

Paulsen Bda et al.
(2012)
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Table 1 continued

Disease name Genetic basis

Test drug References

CD36
SMN1

Spinal muscular atrophy

Valproic acid,
FasNT antibody,
Z-DVED-FMK,

Salubrinal, Guanabenz

Garbes et al. (2013),
Yoshida et al. (2015),
Ng et al. (2015),
Sareen et al. (2012)

IKBKAP inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase complex-associated protein; SODI superoxide dismutase 1;
C90ORF72 chromosome 9 open reading frame 72; FUSI FUS RNA binding protein 1; TDP-43 TAR DNA binding protein (also known as
TARDBP); APP amyloid beta precursor protein; PSENI presenilinl; PSEN2 presenilin 2; KCNQI potassium voltage-gated channel subfamily Q
member 1; KCNH2 potassium voltage-gated channel subfamily H member 2; MYH7 myosin heavy chain 7; TNNT?2 troponin T2, cardiac type;
ATP7B ATPase copper transporting beta; AIAT alphal-antitrypsin; HTT huntingtin; NPCI Niemann-Pick type Cl; PARK2 parkin RBR E3
ubiquitin protein ligase (also known as PARKIN); SNCA synuclein alpha; PINKI PTEN-induced putative kinase 1; LRRK?2 leucine-rich repeat
kinase 2; MECP2 methyl CpG-binding protein 2; SMN1 survival of motor neuron 1

receptor inhibitors, such as nifedipine and pinacidil, proved
effective at ameliorating disease phenotypes (Itzhaki et al.
2011). As an allosteric modulator of human ERG, the novel
small-molecule LUF7346, was also identified as capable of
rescuing genetic and drug-induced LQTS phenotypes (Sala
et al. 2016). In a study of hepatic disorders, iPSCs were
derived from patients with Wilson’s disease caused by
mutations in the ATP7B gene (Zhang et al. 2011). In
hepatocytes differentiated from patient-derived iPSCs,
curcumin was identified as a possible therapeutic com-
pound capable of partial restoration of mutant ATP7B
localization and reversal of functional defects

Although many studies using human iPSCs evaluated
the efficacy of small sets of drug candidates, the following
three studies are particularly notable examples of using
human iPSCs for large-scale high-throughput screening
(HTS). Burkhardt et al. screened 1757 bioactive com-
pounds on motor neurons differentiated from ALS patient-
derived iPSCs (Burkhardt et al. 2013). Several FDA-ap-
proved glycosides, including digoxin, lanatoside C, and
proscillaridin A, efficiently reduced the formation of
transactive response DNA-binding protein-43 aggregates
associated with ALS pathogenesis. In the second example
of human iPSC-based HT'S, neural crest cells differentiated
from FD patient-derived iPSCs were employed to screen
approximately 7000 compounds (Lee et al. 2012). Among
the hits, SKF-86466 was identified as the molecule
inducing the transcription of IKBKAP, which is responsible
for FD. Treatment with SKF-86466 also rescued the dis-
ease-specific loss of autonomic neuron marker expression.
In the third study, HTS was performed using hepatocytes
differentiated from iPSCs derived from a patient with a—1
antitrypsin deficiency. A screening of more than 3000
clinically-approved compounds in the Johns Hopkins drug
library identified five clinical drugs that ameliorated the
disease phenotype and could be rapidly tested in clinical
trials as novel therapeutics (Choi et al. 2013). These studies

demonstrated the usefulness of cells differentiated from
patient-derived iPSCs in accurately reflecting drug
response in human patients when compared with the use of
immortalized cell lines and animal models. Furthermore,
these results suggested that patient-derived iPSCs enable
the simple evaluation of previously approved drugs on
different disease models, thereby promoting the discovery
of potential new indications.

Toxicity assessment using iPSCs

Many approved drugs have been subsequently withdrawn
from the market due to safety issues. From 1980 to 2009,
118 drugs were withdrawn from the market, with approx-
imately 22% of the withdrawn drugs discontinued based on
their toxicities (Qureshi et al. 2011). These post-marketing
failures of approved drugs are attributable at least in part to
conventional drug-safety assays using animal models. This
has resulted in an increased focus on determining the
ability of human iPSCs to predict adverse drug response in
patients having different genetic backgrounds.
Cardiotoxicity is among the major reasons for drug
withdrawals. Based on improved protocols for the differ-
entiation of pluripotent stem cells into cardiomyocytes,
several attempts were undertaken to use cardiomyocytes
differentiated from human iPSCs for assessment of a drug’s
cardiotoxicity. A recent study reported that human iPSC-
derived cardiomyocytes can serve as a sensitive and robust
platform for testing drug-induced arrhythmias (Navarrete
et al. 2013). In another study, human iPSCs were generated
from patients with various hereditary cardiac disorders
including hereditary LQTS, familial hypertrophic car-
diomyopathy, and familial dilated cardiomyopathy (Liang
et al. 2013). Cardiomyocytes that were differentiated from
these iPSCs, represented disease phenotypes and were used
to assess susceptibility to several known cardiotoxic drugs.
Additionally, cardiomyocytes from these patient-specific
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iPSCs exhibited greater sensitivity to drug-induced cardiac
toxicity as compared with controls, demonstrating their
value in predicting different susceptibility to drugs in
patients with different genetic backgrounds. These findings
also suggest that they be suitably included in current pro-
tocols for preclinical drug-metabolism and toxicity
screening.

Drug-induced hepatic toxicity is another leading cause
of drug withdrawal. Takayama et al. reported that human
iPSC-derived hepatocytes have the potential to predict
inter-individual differences in drug-metabolism and drug
response (Takayama et al. 2014). Since genetic polymor-
phisms in cytochrome P450 are responsible for the differ-
ences in every individual’s ability to metabolize drug
molecules, diverse human iPSCs were generated from
individuals having different single-nucleotide polymor-
phisms in the CYP2D6 gene. When compared to parental
primary human hepatocytes, those derived from human
iPSCs retained donor-specific cytochrome P450-activity
levels and drug responsiveness. These findings suggested
that human iPSC-derived hepatocytes would be a powerful
tool not only for identification of patient populations at
high-risk for hepatic toxicity, but also for stratification of
patients based on drug responsiveness.

Challenges of human iPSC-based disease modeling
and drug discovery

Human iPSCs versus ESCs

Human iPSCs are highly similar to human ESCs in terms
of marker expression, self-renewal capacity, and differen-
tiation potential. However, more refined genome-wide
genetic and epigenetic analyses indicated several differ-
ences between these cells, including the persistence of
epigenetic memory in human iPSCs, different DNA-
methylation signatures, and different extents of genetic
aberrations (Robinton and Daley 2012). Since the use of
human iPSCs for disease modeling and drug discovery is
based on the assumption that human ESCs can be replaced
with human iPSCs, it is important to investigate whether
subtle differences between them might affect experimental
results. The first comparison of human ESC and iPSC
disease models was conducted for fragile X syndrome
(FXS), which is a common cause of inherited intellectual
disability in boys. The mutation leading to FXS is a trin-
ucleotide CGG expansion at the 5’-untranslated region of
the FMR1 gene accompanied by epigenetic modification at
the promoter region and subsequent silencing of tran-
scription. Studies of human ESCs from FXS-affected
embryos showed that FMRI was expressed in mutated
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undifferentiated ESCs, but was transcriptionally silenced
during differentiation (Eiges et al. 2007; Turetsky et al.
2008; Telias et al. 2013). These findings demonstrated that
the FMRI gene is inactivated at early embryonic devel-
opmental stages and that the trinucleotide CGG expansion
is necessary, but not sufficient for gene silencing. However,
a study of human iPSCs derived from FXS patients
reported contrasting results (Urbach et al. 2010). In the
undifferentiated iPSC model, the FMRI gene remained
methylated and silenced, which suggests that human iPSCs
exhibit epigenetic memory derived from patient somatic
cells. This result indicated that human iPSCs are unable to
recapitulate certain diseases. It is sometimes worthwhile to
generate both ESC and iPSC models for the same disease
and investigate similarities and differences between them.

Modeling late-onset disease models

Many neurodegenerative diseases, such as AD and PD, are
late-onset diseases, and their disease phenotypes may not
manifest themselves over short periods of in vitro culture.
Therefore, several attempts were made to artificially age
cells differentiated from human iPSCs to enable modeling
of late-onset diseases. In a recent study, progerin, which is
a truncated form of the lamin A protein involved in pre-
mature aging during development of Hutchinson-Gilford
progeria syndrome, was ectopically expressed to promote
cellular aging processes in dopaminergic neurons differ-
entiated from PD patient-derived iPSCs (Liu et al. 2011).
Progerin expression induced PD-related features, such as
dendrite degeneration, loss of tyrosine hydroxylase
expression, and morphological features, such as enlarged
mitochondria or Lewy body precursor inclusions. Addi-
tionally, stressors, such as oxidative stress, growth factor
deficiency, and excitotoxicity, have also been used to
promote the cellular aging process in cells differentiated
from human iPSCs (Koch et al. 2011; Nguyen et al. 2011;
An et al. 2012).

Selection and generation of appropriate controls

Another critical issue in human iPSC-based disease mod-
eling and drug discovery is the selection and generation of
appropriate non-disease controls. Human iPSC lines are
variable in their differentiation propensities and phenotypic
output due to the incomplete silencing of reprogramming
factors, clonal variation, and different genetic back-
grounds; it is sometimes difficult to detect disease-specific
phenotypes in cells derived from human iPSCs. Inoue et al.
suggested that deductive and/or inductive controls are
required to set to solve this problem (Inoue and Yamanaka
2011; Inoue et al. 2014). As deductive controls, isogenic
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cells are generated by inserting or deleting disease-linked
gene variants in iPSCs, which are then compared with the
controls. For example, disease-linked gene variants in
patient-derived iPSCs can be replaced with the wild-type
gene, which is called “gene-corrected” deductive control.
Conversely, disease-linked gene variants can be inserted
into endogenous wild-type gene loci in non-disease iPSCs,
which is called “gene-edited” controls (Merkle and Eggan
2013). Comparison of human iPSCs with their isogenic
controls helps to determine phenotypic manifestation of
candidate disease-linked genes, but not identify other
genetic variants contributing to a disease phenotype. On the
other hands, inductive controls include iPSCs derived from
healthy individuals or from other patients. Although
inductive controls are less complicated to generate as
compared with deductive controls, generation of multiple
different iPSC lines is required to offset the genetic vari-
ability present in different individuals.

Future perspective

Despite the challenges to implementing human iPSCs in
drug discovery, these cells have great potential to improve
the translatability of preclinical information leading to the
clinic. As shown in Fig. 1, human iPSCs can be used in
several stages of the drug-discovery process. Currently,
human iPSCs are used mainly during the earliest stages,
where cells are employed as models for understanding
human pathogenesis or drug-screening platforms for
assessing efficacy and toxicity. As the numbers of geneti-
cally diverse human iPSCs increase and efficient and
robust differentiation protocols become available, it is
possible that the use of human iPSCs will extend to
screening patients who are most likely to have therapeutic
effects and least likely to experience drug toxicity. This
concept, referred to as an “in vitro clinical trial,” involving
human iPSCs has enabled identification of patient subsets
likely to response to the drug being studied (Table 2). Such
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Fig. 1 Contribution of human iPSCs to drug discovery process. In the drug discovery process, human induced pluripotent stem cells (iPSCs)
have been employed as cellular disease models for identifying new disease targets and drug screening platforms for assessing efficacy and
toxicity. The use of human iPSCs is expected to be expanded to pre-select drug responders for clinical trials (patient stratification) and for the
development of an optimal therapeutic strategy for each patient (precision medicine)
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Table 2 Studies on the assessment of patient-specific drug responsiveness using human iPSCs
Disease name Marker Test drug References

Retinitis
pigmentosa

Wolfram syndrome

Alzheimer disease

RP9 mutation

WFSI and WFS2 mutation
B-Amyloid, Glycogen synthase kinase-3[3, phospho-Tau, Binding

o-Tocopherol

Jin et al. (2011)

immunoglobulin protein, PRDX4

Spinal muscular CD36
atrophy

Dantrolene Lu et al. (2014a)
v-Secretase Israel et al.
inhibitor, (2012),
B-Secretase Kondo et al.
inhibitor, (2013)
Doxosahexaenoic
acid

Garbes et al.
(2013)

Valproic acid

RP9Y retinitis pigmentosa 9; WFS2 Wolfram syndrome 1; WFS2 Wolfram syndrome 2; PRDX4 peroxiredoxin 4

a stratification of patients based on drug responsiveness
will increase the success rate of clinical trials.

With the availability of next-generation sequencing and
bioinformatics, patient-derived iPSCs can also be used to
obtain information regarding interactions between geno-
type, phenotype, and drug response. This pharmacoge-
nomic information may help to identify specific genetic
markers in drug responders, and consequently, could lead
to a new type of diagnosis and stratification. For example,
patients with complex genetic disorders, such as AD, react
differently to medications (Freund-Levi et al. 2006; Quinn
et al. 2010; Yaffe 2010). In such cases, panels of patient
iPSC-derived neurons that represent the genetic variation
of AD patients can be established to classify patients for
the appropriate treatment and develop the optimal thera-
peutic strategy for each individual patient in a process
known as precision medicine.

With growing recognition of the potential of human
iPSCs for disease modeling and drug discovery, several
large-scale initiatives (Human Induced Pluripotent Stem
Cell Initiative, StemBANCC, California Institute of
Regenerative Medicine, New York Stem Cell Foundation,
etc.) have been created to establish human iPSC reposito-
ries with comprehensive clinical and genetic information
and to make them available as worldwide research
resources (Soares et al. 2014). It may not take long to see
examples of successful application of human iPSCs in
biomedical science.
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