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Abstract. Cardiovascular and neurodegenerative diseases are the most common health threats in de-
veloped countries. Limited cell derivation and cell number in cardiac tissue makes it difficult to study
the cardiovascular disease using the existing cardiac cell model. Regarding the neurodegenerative
disorders, the most potential sources of cell therapeutics such as fetal-derived primary neurons and
human embryonic stem cells (ESCs) are associated with ethical or technical limitations. The success-
ful derivation of human-induced pluripotent stem cells (iPSCs) by de-differentiation of somatic cells
offers significant potential to overcome hurdles in the field of the replacement therapy. Human iPSCs
are functionally similar to human embryonic stem cells, and can be derived autologously without the
ethical challenges associated with human ESCs. The iPSCs can, in turn, be differentiated into all cell
types including neurons, cardiac cells, blood and liver cells, etc. Recently, target tissues derived from
human iPSCs such as cardiomyocytes (CMs) or neurons have been used for new disease modeling
and regenerative medicine therapies. Diseases models could be advantageous in the development of
personalized medicine of various pathological conditions. This paper reviews efforts aimed at both
the practical development of iPSCs, differentiation to neural/cardiac lineages, and the further use
of these iPSCs-derived cells for disease modeling, as well as drug toxicity testing.
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Abbreviations: AD, Alzheimer s disease; ALS, amyotrophic lateral sclerosis; APP, amyloid precursor
protein; BMPs, bone morphogenic proteins; CMs, cardiomyocytes; CNS, central nervous system;
CVD, cardiovascular disease; DA, dopaminergic neuron; EB, embryoid body; ESCs, embryonic stem
cells; FAD, familial Alzheimer ‘s disease; FGFs, fibroblast growth factors; iPSCs, induced pluripotent
stem cells; LGTS, long QT syndrome; MNs, motor neurons; PD, Parkinson 's disease; VEGFs, vascular
endothelial growth factors; vSMCs, vascular smooth muscle cells; TS, Timothy syndrome.

Introduction

Despite the therapeutic advances, the treatment of patients
with cardiovascular and neurodegenerative diseases still
presents significant medical problem. For example, heart
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failure belongs to the most common causes of death in the
western countries. In USA about 5.1 million individuals
suffer from the heart failure, and about 280 000 die per year
(Go et al. 2014). Medical advances at pharmacological, in-
terventional, and surgical levels have significantly decreased
the rate of mortality at the acute stage of the disease, and
prolonged life expectancy. However, current treatment strat-
egies are unable to regenerate the affected site of the heart
or to provide a definitive cure (Iglesias-Garcia et al. 2013).
Recently, neurodegenerative diseases including Parkinson s
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disease (PD), Alzheimer s disease (AD), Huntington s dis-
ease, and amyotrophic lateral sclerosis (ALS) constitute an
increasing threat for society. In general, they are age-related,
and are characterized by the progressive loss of structure or
function of neurons and glial cells in the brain. According
the World Alzheimer report 2014, number of people living
with dementia is estimated at 44 million, proposed to almost
double in 2030 and according Health communities. Also
Parkinson s disease affects 4 million people worldwide per
year according Health communities (Muangpaisan et al.
2011; Norton et al. 2014).

The mechanisms of neurological disorders are not well
known due to the limited accessibility of diseased tissue, as well
as an inability to link both the genetic and environmental influ-
ences with changes in central nervous system (CNS) function
(Deshmukh etal. 2012; Payne et al. 2015). The common features
of heterogenous groups of neurodegenerative disorders include
multiple pathogenesis, cellular abnormalities, unexplained phe-
notypic variability, and fatal outcomes (Gao et al. 2013).

Animal models have tremendously contributed to a better
understanding of disease mechanism. However, there are
limitations to use of animal models in terms of an accurate
recapitulation of human disease (Takahashi and Yamanaka
2013). The successful derivation of human iPSCs by the de-
differentiation of somatic cells provides significant potential
to overcome obstacles in the field of cardiovascular and
neurodegenerative diseases (Narsinh et al. 2011).

Screening of 24 factors by the Yamanaka s group which
are sufficient to revert the somatic cells to a pluripotent state
demonstrated that generation of iPSCs required a combina-
tion of only four transcription factors (Oct4, Sox2, Klf4,
c-myc) (Takahashi and Yamanaka 2006). In 2007, the same
group succeeded in generating human iPSCs using genes
encoding the same four transcription factors (Takahashi et
al. 2007). The results of this research revealed that although
the developmental process was thought to be irreversible,
by introducing key genes into differentiated adult cells,
the cells could be reset to a state in extremely early stage of

Table 1. Modeling cardiovascular and neurodegenerative diseases by iPSCs

Associated genes in

iPSC - differentiated

Disease name patients Clinical features cell type References
Neurodegenerative disease
Spinal . .
SMNI1, SMN2 Movement disorder Motor neurons Corti et al. 2012
muscular atrophy
Amyotrophic SOD1, FUS, TDP-43,

lateral sclerosis C90RF72

Movement disorder

Motor neurons Faravelli et al. 2014

Yagi et al. 2011;

Alzheimer’s disease ~ APP, PS1, PS2, APOE  Progressive dementia Neurons
Israel et al. 2012
GBA, LRRK2, PARK2, )
PARK?, PINKI, Midbrain Nguyen et al. 2011;

Parkinson’s disease SNCA, UCHLL,

MAPT, SNCAIP

Movement disorder

Devine et al. 2011;

dopamlnerglc neurons Badger ot al. 2014

CAG triplet repeats in

Huntington’s disease huntingtin (HTT)

disturbances

Movement dysfunction, cognitive
abnormalities, psychiatric

Neural stem cells,
astrocytes, striatal
neurons

Juopperi et al. 2012;
Caoetal. 2014

Cardiovascular disease

Lentigines, electrocardiographic

abnormalities, ocular hypertelorism,
pulmonary valve stenosis, abnormal cardiomyocytes

LEOPARD syndrome PTPN11

Carvajal-Vergara et
al. 2010

genitalia, growth retardation,

deafness

Ventricular tachyarrhythmias

Long QT syndrome (syncopes, cardiac arrest, dizziness, cardiomyocytes Morreti et al. 2010
palpitations)
LQT1 KCNQ1 Morreti et al. 2010;
LQT 2 KCNH2 Liang and Du 2014;
LQT 3 SCN5A Davis et al. 2012
Ventricular tachyarrhythmias,
Timothy syndrome  CACNA1C cutaneous syndactyly, intellectual ~ cardiomyocytes Yazawa and
Dolmetsch 2013

disability and seizures, etc.
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development in which they possessed pluripotency (Okano
and Yamanka 2014). This allowed researchers to reprogram
mature somatic cells harvested from patients and generate
an unlimited supply of pluripotent stem cells. In turn, they
could be differentiated into desired cell types such as neurons
or cardiac cells aiming to be used for disease modeling, drug
screening and cell therapy (Fig. 1) (Abeliovich and Doege
2009).

A straightforward application of iPSCs is to establish
patient-specific genetic disease models in vitro (Table 1).
These models are useful for understanding mechanism of
physiology and pathology of disease, validating therapeutic
targets, and drug screening/discovery (Liang and Du 2014;
Payne et al. 2015).

By differentiating patient-specific iPSCs into patient-
specific cardiomyocytes, it is possible generate iPSC-based
“disease in a dish” models, use them to study disease mecha-
nism and develop new therapeutics (Yoshida and Yamanaka
2010). Also, reprogramming technology allows researchers
to study the development and progression of neurodegenera-
tion, molecular pathways characteristic for specific subtypes
of neurons (dopaminergic neurons in Parkinson s disease)
in human system, and may enable the discovery of the novel

®

early diagnostics and therapies (Marchetto et al. 2011; Onder
and Daley 2012). For example, iPSCs-derived neural crest
stem cells could facilitate construction of tissue engineered
conduits during nerve regeneration (Wang et al. 2013).
The recent description of 3D cerebral organoid cultures for
recapitulating human brain development and modeling the
neurodevelopmental disorder microcephaly using patient
iPSCs provides an exciting example of this approach (Lan-
caster et al. 2013).

Methods for iPSCs generation

A tractable method for establishing iPSC lines is to transfer
a combination of transcription factors (Sox2, Oct4, c-myc,
Klf4 and Lin28) into the somatic cell by using proper deliv-
ery vectors (Okita et al. 2008). Significant progress has been
made in identifying new strategies for enhancing the repro-
gramming efficiency, as well as new methods for improving
the clinical safety by reducing the genomic modifications
required to complete the process (Iglesias-Garcia et al. 2013).
Methods involved in the transfer of genes into the target cells
can be divided into: a) integrating viral vectors (viral deliv-

reprogramming
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iPSCs
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Figure 1. Generation and current applications of iPSCs. iPCSs contribute to cell replacement therapy and disease modeling. Cell replace-
ment therapy: iPSCs can differentiate into iPSC-derived neurons (motor neurons, DA neurons, and glutaminergic neurons)/cardiomyo-
cytes, and in combination with genome modification to repair mutated gene, direct differentiation can be a method to replace damaged
cells (Abeliovich and Doege 2009). Disease modeling: patient-specific iPSCs are an abundant resource for disease modeling. Assessment
of differentiated iPSC-derived cell from protein processing modification, disease-associated gene expression, and so on provides new
platform for disease pathology research (Yoshida and Yamanaka 2010).
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ery system, transfection of linear DNA), b) integrative free
vectors (piggyBac transposon, plasmid/episomal plasmid
vectors, minicircle vectors), and ¢) non-integrating methods
(direct protein/microRNA delivery, small molecules) (Fig. 2)
(Deng 2010; Tanabe et al. 2014).

Integrating methods are those in which the viral vector
gets integrated into the host cell genome. The use of retro-
viruses and lentiviruses comes under this category. These
methods have a high efficiency but possess the risks of cancer
formation. Hence, with respect to that, different approaches
have also been employed (Singh et al. 2015).

The most promising appear non-integrating methods.
Protein transduction can completely replace the need for
gene delivery. The conjugation of proteins with the short
peptides responsible for cell penetration can be used for
delivery of the proteins into the cells. Most mouse and
human iPSCs were generated following this approach by
using purified polyarginine-tagged Oct4, Sox2, Klf4, and c-
myc (Kim et al. 2009). Remarkably, microRNAs alone were
suggested to be capable of generating iPSCs. Transfection
of mature microRNA from the miR-200c, miR-302s, and
miR-369s families or infection with a lentiviral construct
overexpressing the miR-302/367 clusters were reported
to reprogram mouse and human adipose stromal cells or
fibroblasts, respectively into iPSCs (Miyoshi et al. 2011).
Small molecules (inhibitors of histon deacetylases, histone
demethylases, DNA methyltransferases, etc.) can be consid-
ered as the powerful alternative for reprogramming as they
can target different cellular pathways controlling cell fate,
state and function. Their biological effects are typically rapid,
reversible, and dose-dependent, allowing precise control
over specific outcomes by fine-tuning their concentrations
and combinations. Recently, Hou et al. (2013) demonstrated
that chemically iPSCs could be generated from mouse
somatic cells using a combination of seven small molecule
compounds. The chemical reprogramming strategy appears
to have potential use in generating functional suitable cell
types for clinical applications.

Differentiation of cardiomyocytes and vascular smooth
muscle cells from iPSCs

Efficient generation of cardiac cells represents a key goal
in the therapeutic applications of iPSCs in cardiovascular
disease (Iglesias-Garcia et al. 2013). Numerous protocols,
most of them based on previous embryonic stem cells (ESC)
technology, have been used to differentiate iPSCs into car-
diomyocytes. These protocols include: the embryoid body
(EB) culture system, the monolayer culture system, and the
inductive co-culture system (Dimos et al. 2008).

Cardiac differentiation of human iPSCs was firstly re-
ported in 2009. The study outlined that both human iPSCs

and ESCs have similar capacity for differentiation into nodal,
atrial, and ventricular-like phenotypes. Cardiomyocytes
derived from human iPSCs and ESCs share similar cardiac
genes expression patterns, proliferation and sarcomeric
organizations (Vidarsson et al. 2010).

In vitro differentiation of stem cells to CMs mimics the
sequential stages of embryonic cardiac development. By us-
ing a series of defined growth factors guiding differentiation
toward the cardiac lineage, direct differentiation protocols
significantly enhancing the generation of human iPSC-
derived CMs were developed. These approaches revealed
guiding of CMs differentiation by sequential expression of
different sets of genes in specific stages: mesoderm forma-
tion (BRY, MIXL1, FOXC1, DKK1), cardiogenic mesoderm
(MESP1,ISL1, KDR), cardiac-specific progenitors (NKX2.5,
GATA4, TBX5, MEF2C, HAND1/2), and CM maturation
(ACTN1, MYH6, TNNT2). Three families of protein growth
factors are thought to control these early stages of mesoderm
formation and cardiogenesis: bone morphogenic proteins
(BMPs), which are members of the transforming growth
factor P superfamily; the Wingless/INT proteins (WNTs);
and the fibroblast growth factors (FGFs). These factors, or
their inhibitors, are expressed in the endoderm (Chow et al.
2013; Fujita and Fukuda 2014). Specifically, BMP signaling
generally promotes cardiogenesis, WNTs are involved in
cardiac specification, and FGFs drive mesodermal cells into
myocardial differentiation.

Most commonly are cardiomyocytes generated by EBs
(Nsair and MacLellan 2011). Pluripotent stem cells are cul-
tured in suspension for about 8 days in differentiation me-
dium, which includes EB formation. Then the EBs are further
cultured on gelatin-coated dishes for another 8-10 days. The
EBs contain cell types derived from mesoderm, ectoderm
and endoderm. Contracting cardiomyocytes are presented
within these mixed populations (Thorrez and Sampaolesi
2011). However, due to the obstacles related to both the low
differentiation efficiency and purity of derived cardiomyo-
cytes using EB system, new techniques have been developed
aiming to enhance their differentiation process, namely,
directing the differentiation of cardiomyocytes by using vari-
ous factors on monolayer cultures. By taking advantage of
arelatively uniform cellular monolayer without the complex
diffusional barriers presented in EBs, application of growth
factors and other interventions seems promising in the
future due to the easier control and higher reproducibility.
Combination of growth factors such as activing A, bone
morphogenic protein 4 (BMP4), FGF 2, wingless-type mouse
mammary tumor virus integration site family members 3A,
and vascular endothelial growth factor (VEGF) was shown
to induce cardiomyocytes differentiation with increased
efficiencies (Deng 2010; Mummery et al. 2012). A more
efficient way to generate cardiomyocytes is by co-culture of
human ESCs/iPSCs with endodremal cells, which are mouse
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embryonal carcinoma cells. This method generates cardio-
myocytes with fetal ventricular characteristics in 12 days
with efficiency 5-20%. More recently, small molecule-based
approaches were found to be highly efficient in cardiomyo-
cytes generation from iPSCs (Federation et al. 2014). For
example, Liang and Du (2014) demonstrated an efficient
and robust generation of cardiomyocytes from multiple
human pluripotent stem cell lines solely via small molecule
modulation of regulatory elements of Wnt/{3-catenin signal-
ling. Authors suggest -catenin is essential for cardiogenesis
upon pluripotent stem cells treatment with activing A and
BMP4. Also, they showed the small molecules are sufficient
to convert human pluripotent stem cells to cardiomyocytes
efficiently when applied at the appropriate developmental
stages (Narsinh et al. 2011).

Vascular cells can also participate in heart regeneration
along with cardiomyocytes. By using differentiation proto-
cols established for ESCs, recent studies have demonstrated
the capacity of iPSCs to differentiate into vascular smooth
muscle cells, contributing to heart repair by forming new
blood vessels (Iglesias-Garcia et al. 2013). Collagen IV,
retinoic acid, and the growth factors PDGF-BB and TGF-f1
have been implicated in the inducement of vascular smooth
muscle cells (vSMCs) differentiation. vSMCs were previously
derived from the human iPCSs from skin fibroblasts and hu-
man aortic smooth muscle cells (Wanjare et al. 2013). Wang
etal. (2014) established a facile procedure to generate iPSCs
from human aortic fibroblasts which were differentiated into
functional vSMCs. The human iPSCs were cultured in sus-

pension to form EBs, then the EBs were placed on Matrigel
in complete SmGM2 growth medium containing a growth
factor cocktail of bFGF, EGF and insulin. To further obtain
functional mature vSMCs, these cells were then placed on
gelatin-coated dishes in smooth muscle cell differentiation
medium. At the end of the fifth day of culture differentiation,
the cells elongated into spindle-shaped morphology. The
contractile potential of vSMCs was tested under muscarinic
agonist (carbachol) treatment. More than 50% of total tested
vSMCs contracted in response to carbachol treatment.

Establishment of an excellent purification system for
iPSC-derived cardiovascular cells is necessary for clinical
application. Fluoresce-activated cell sorting is the most
prominent method reported for selecting specific cell types,
although it requires antibodies, a long processing time, and
can process only small amounts of cells at one time. However,
as the human heart is a large organ, current protocols still
need further optimization to control in vitro maturation as
well towards the desired subtype (Nelson et al. 2010).

Cardiovascular disease modeling

In addition to their regenerative capacity, iPSCs represent an
important tool for modeling cardiovascular disease (CVD),
thus allowing to study the molecular mechanisms involved
in cardiac syndromes and to test specific drug targets. The
advantage of using iPSCs is that it would enable modeling
disease as closely to the patient’s physiology and genetic as

Figure 2. Methods for iPSCs genera-
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plasmid, piggyBack system, minicir-
cle vectors) has reduced the risk of
genomic integration, although they
suffer from low efficiency (Stadfeld et
al. 2008; Woltjen et al. 2009). C. More
recently, new methods have been

developed involving protein delivery
or transfection of synthetic modified

miRNA representing significant advance in generating iPSCs with higher efficiency (Kim et al. 2009; Yu et al. 2009). D. A simple and
convenient approach to manipulate epigenetic status is the use of small molecules for interferention. Thus, small epigenetic molecules
retain great potential with respect to improving reprogramming and replacing exogenous reprogramming factors (Hou et al. 2013; Lu et

al. 2013; Federation et al. 2014).
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possible to isolating patient-specific fibroblasts (Cho et al.
2014), unlike human ESC-cardiomyocytes based disease
models which can only be created from known mutations
introduced into the cells. Several cardiac disease models
have been established with human iPSC-cardiomyocytes
demonstrating the ability to recapitulate the cellular patho-
genic hallmarks of the diseases. These models are useful for
understanding mechanism of physiology and pathology of
disease, validating therapeutic targets, and drug screening
or discovery (Liang and Du 2014).

To date, iPSC models have been used to model a large
number of genetic arrhythmias including long-QT syn-
dromes, catecholaminergic polymorphic ventricular tachy-
cardia, arrhythmogenic right ventricular cardiomyopathy,
Overlap syndrome, LEOPARD syndrome, Timothy syn-
drome, etc. (Chow et al. 2013). While there is a wide range of
cardiovascular diseases, we decided to focus on several with
well defined clinical presentation, strong genetic component,
and significant research progress.

LEOPARD syndrome

Research group created the first human iPSCs model of
a CVD using skin fibroblasts from a patient suffering from
LEOPARD (lentigines, electrocardiogram conduction ab-
normalities, ocular hypertelorism, pulmonary stenosis, ab-
normal genitalia, retardation of growth, and sensorineural
deafness) syndrome, an autosomal dominant disorder
caused in 90% of cases by a mutation in the PTPN11 gene
encoding the protein-tyrosine phosphatase Shp2 resulting
also in myocardial hypertrophy. The generated human
iPSCs-CMs exhibited increased cell size and sarcomeric
organization, suggestive of the cardiac hypertrophic re-
sponse, as well as aberrant RAS-MAPK signaling. When
cardiomyocytes generated from the diseased iPSCs were
compared with cardiomyocytes derived from human ESCs
or with non-diseased iPSCs generated from a healthy broth-
er, a significant enlargement in cell surface area, a higher
degree of sarcomeric organization, and nuclear transloca-
tion of the NFATC4 transcription factor was observed, all of
which correlate with the hypertrophic phenotype observed
in patients (Chow et al. 2014). One limitation of the model
is the cardiac differentiation from human iPSCs was per-
formed by standard EB culture, resulting in a heterogeneous
population of cells (Carvajal-Vergara et al. 2010).

Long QT syndrome

The other reported disease-specific iPSC line mimics
congenital long QT syndrome (LQTS). LQTS is character-
ized by prolonged cardiac repolarization resulting in fatal
ventricular arrhythmias. More than a dozen different types
of inherited LQTS have been described, and human iPSCs

have been used to study LQTS types 1, 2, 3, and 8 (Egashira
etal. 2011). In long QT syndrome type 1 (LQT-1), muta-
tions occur in the KCNQI gene encoding the repolarizing
potassium channel mediating the delayed rectifier Ixg cur-
rent. Morreti et al. (2010) provided an early example, taking
skin biopsies from patients with LQT-1, reprogramming
their cells into iPSCs, and then differentiating those iPSCs
into cardiac cells. These patient-specific CMs recapitulated
the clinical presentation of Long-QT phenotype (increased
susceptibility to catecholamine-induced tachyarrhythmia,
phenotype attenuated by beta-blockade). By using a similar
approach, they successfully modeled long QT syndrome
type 2. These studies clearly establish iPSC-derived car-
diomyocytes as a powerful tool for drug discovery and
personalized medicine (Liang and Du 2014).

Timothy syndrome

Yazawa and Dolmetsch (2013) derived human iPSCs from
patient with Timothy syndrome (TS), a disorder in which
patients suffer from long QT syndrome, autism, immune de-
ficiency, and syndactyly due to a mutation in the CACNA1C
gene encoding Ca,1.2 L-type channel. Electrophysiological
recording and calcium Ca®* imaging studies of these cells
revealed irregular contraction, excess Ca>" influx, prolonged
action potentials, irregular electrical activity and abnormal
calcium transients in ventricular-like cells. In later study, the
same group tested candidate drugs in TS cardiomyocytes
and revealing roscovitine could successfully rescue these
cellular phenotypes.

These studies indicate a tremendous potential for our in-
creased interest in understanding of pathogenesis. However,
significant hurdles still exist in modeling the more complex
CVD using iPSCs technology: there are difficulties in en-
suring a purified cardiomyocytes population from iPSCs
through standard cardiomyocytes differentiation protocols,
the complexities of reproducing a heterogeneous disease
phenotype which may involve other systematic factors in
vitro using only cardiomyocytes, and limitations of modeling
essentially adult-onset diseases using iPSC-cardiomyocytes
with a predominantly fetal-like phenotype (Oh et al. 2012).
Resolving these obstacles will also have great impact on
facilitating in vivo studies, widespread applications in drug
discovery and development (Josowitz et al. 2011).

Differentiation of neural cells from iPSCs

In vitro differentiation and neural subtype determination
of the pluripotent cells prior to transplantation, as well as
the selection of cells with desire phenotype, are important
parameters of every regenerative therapy (Salewski et al.
2010). Nearly all neural-related differentiation protocols
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employing human ES cells have been successfully applied to
iPSCs. This provides further evidence for the bioequivalence
of both types of pluripotent stem cells (Hu et al. 2010; Brandl
et al. 2015). The human iPSCs derived from various tissues
(including skin, keratinocytes, blood cells, renal cells) have
been differentiated into a variety of cells characteristic of
specific neuronal subtypes so far, including motor neurons
(Dimos et al. 2008), dopaminergic neurons (Sundberg et al.
2013), cholinergic, striatal and cortical GABAergic neurons,
glutaminergic neurons, astrocytes, oligodendrocytes and
Schwann cells (Lee et al. 2010; Israel et al. 2012; Nicholas et
al. 2013; Wang et al. 2013). There are several protocols estab-
lished for the generation of motor neurons (MNs) and motor
neuron progenitors. The current methods for generating MNs
involve EBs formation in serum-free media followed by the
subsequent neural rosette formation in the presence of retin-
oic acid and Sonic Hedgehog, whose role is to caudalize and
ventralize MN progenitors, respectively. Then, neurotrophic
factors are then added to medium for the further maturation,
as well as for the cells to survive. However, these methods are
inefficient and require up to 60 days for developing MNs with
electrophysiological properties. Other protocol describes the
exogenous expression of MN-specific factors (neurogenin 2,
islet-1 and LIM/homebox protein 3) in human iPSCs derived
from human fibroblasts resulting into development of MNs
(Karumbayaram et al. 2009; Hester et al. 2011).

Currently available methods based on differentiation of
EBs or direct differentiation of adherent culture systems, are
either expensive or not scalable. Badja et al. (2014) published
a feeder-free method relying on the use of a chemically-
defined medium that overcomes the need for EB formation
and neuronal rosette isolation for neuronal precursors and
terminally differentiated neuron production. This specific
and efficient single-step strategy in a chemically defined
medium allows the production of mature neurons in
20-40 days with multiple applications. Recently, D Aiuto et
al. (2015) developed a protocol for large-scale generation of
neuronal stem cells/early neuronal progenitor cells and their
differentiation into neurons. This protocol allows robust and
cost-effective generation of cells above mentioned. Cells were
cultured in neurobasal medium supplemented with B27 and
BDNF and subsequently differentiated predominantly into
vesicular glutamate transporter 1 positive neurons. iPSC-
derived neurons expressed ligand-gated channels, which
were functional. This protocol paves the way for automated
high-throughput screening of drugs for neurological and
neurodegenerative diseases.

Neurodegenerative disease modeling

Modeling a neurological disease requires developing meth-
ods aiming to mimic development for producing defined

cultures of neurons or glia. In past decades, much progress
was made in treating and modeling neurodegenerative
diseases. However, undefined pathogenesis with multiple
genetic factors and no suitable therapies for most cases have
hampered further developments (Gao et al. 2013; Imaizumi
and Okano 2014). Hence, it is rather challenging to study
pathogenesis of human neurological disease due to the
complexity of neuronal system, as well as the difficulty of
culturing neurons in vitro (Lu and Zhao 2013). Knowledge
of the onset, duration, and severity of disease at the time of
tissue collection might lead to reliable correlation between
the existing and the modeled disease phenotypes (Mattis and
Svendsen 2011). iPSCs and their derivates may further create
opportunities to identify and screen promising therapeutic
compounds, and speed up the process by which drugs come
through (Arbab et al. 2014).

Alzheimer’s disease

Alzheimer s disease is one of the most common neurode-
generative disorders of the elderly, characterized by progres-
sive memory disorientation and cognitive disturbance. As
our population ages, the incidence of this disease is expected
to grow dramatically, it is expected that by 2050 as many as
115 million people worldwide will be suffering from demen-
tia (Chen and Blurton-Jones 2012). Animal model studies
based on the analysis of transgenic mice overexpressing
rare familiar AD-associated mutant genes is informative
about the mechanisms of familiar disease, but they have
not proven to be predictive for drug development (Doege
and Abeliovich 2014). The pathological profile of AD is
neuronal loss in the cerebral cortex and some subcortical
regions (hippocampus) accompanied by massive accumula-
tion of two types of amyloid fibril seeding senile plaques and
hyperphosphorylated tau-forming paired helical filaments.
The amyloid fibril is mainly composed of f-amyloid (Af)
peptides, the 40 and 42 amino acid forms (AB-40 and Af-
42) (Marchetto etal. 2011; Yagi etal. 2011). AP results from
proteolysis of the amyloid precursor protein (APP) cleav-
age by B- and y- secretase. Experiments performed on cell
cultures and mice suggest that the highly toxic AB-42 may
be overproduced in AD. The “amyloid hypothesis”, stating
Ap is the cause of the disease, was difficult to verify in living
nerve cells of patients (Gao et al. 2013).

The first conformation of increased AP-42 production of
neural cells of AD patients was reported by Yagi etal. (2011).
They produced iPSCs from skin fibroblasts of familial AD
(FAD) patients (preselin-1 or -2 mutations) and succeeded in
inducing neuronal cells. These patient-derived neuronal cells
produced twice the normal level of the highly toxic AB-42.
Following treatment of AD iPSC-derived neuronal cells with
a y-secretase modulator revealed the production of AB-42
was inhibited, thus this report also gave an example of the
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potential use of AD iPSCs for testing drug efficacy (Doege
and Abeliovich 2014).

Study by Israel et al. (2012) was focused on application
of iPSCs for probing familiar and sporadic AD. Fibroblasts
were derived from two patients of familiar AD caused by
a duplication of the APP gene (APPDp), two patients of
sporadic AD (sAD1 and sAD2), and two healthy control
individuals and were reprogrammed into iPSCs. Molecular
analysis of iPSCs-derived neurons indicated that APPDp
and sAD2 cells had higher levels of AB-40, phosphor-tau,
and active glycogen synthase kinase-3p (aGSK-3p), which
are crucial markers for the pathological process of APP
proteolysis and the formation of neurofibrillary tangles.
Specific drugs were added to isolate affected neurons
from APPDp and sAD2, revealing this the cells treated by
B-secretase but not y- secretase inhibitors had decreased
levels of phosphor-tau and aGSK-3p. One interpretation
of these findings is that p-secretase products other than A
may underlie tau protein pathology in the context of APP
duplication. These advances achieved by iPSCs technology
thus provide a promising method to study the mechanism
of sporadic AD in a large group of patients (Chen and
Blurton-Jones 2012).

Parkinson’s disease

Parkinson s disease is the second most common neurode-
generative disease after AD (Okano and Yamanka 2014).
Loss of dopaminergic neurons (DA) in substancia nigra
of the basal ganglia is characteristic neuropathological
feature. Prominent clinical features are motor symptoms
(bradykinesia, tremor, rigidity, and postureal instability)
and non-motor symptoms (olfactory deficits, autonomic
dysfunction, depression, and sleep disorders) (Cai et al.
2014). Although, etiology of PD still remains unclear, it is
believed the interactions between environmental and genetic
factors are the cause of the loss of nigral DA neurons and
ensuing locomotor system (Pu et al. 2012). Idiopathic PD
accounts for the vast majority of parkinsonism. However,
2% to 3% of PD cases are linked to monogenic mutations.
Neuronal loss is typically progressive and accompanied by
a-synuclein (SNCA)-containing intraneuronal inclusions
known as Lewy bodies and Lewy neuritis (Barker and
Drouin-Ouellet 2014).

Currently, there is no effective medication to treat PD.
Drug therapies provide only relief of symptoms and have
unpredictable side effects. Although motor symptoms can
be treated relatively well with L-3,4-dihydroxyphenylalanine
(L-DOPA), DA agonist, enzyme inhibitors, and deep brain
stimulation, effective therapies for nonmotor symptoms,
such as dementia, are lacking, and disease progression
cannot be counteracted. Cell therapy could be a suitable
approach to treat PD (Lidvall and Kokala 2010).

Many mouse models and postmorten tissue studies have
provided insight into pathogenesis of PD. However, the
former consistently fail to recapitulate the cardinal features
of PD and the latter are end-stage representations (Qui et al.
2013). In 2009, Soldner et al. (2009) derived human iPSCs
from skin biopsies obtained from patients with idiopathic
PD and developed a robust reprogramming protocol allow-
ing the reproducible generation of patient specific stem cells
with efficient removal of transgene sequences.

Using a single iPSC line as an universal control to study
distinct PD-lined mutation may allow better understand-
ing of the mechanism by which mutation affects cells and
ultimately patients (Bridndl et al. 2015). The first biologically
relevant cellular phenotype from iPSCs derived neurons
from PD patients was described by Nguyen et al. (2011).
In this study, iPSCs were derived from 60-year-old female
PD patient carrying a point mutation in LRRK2, the most
common PD-related mutation. In the study they found that
dopaminergic neurons from PD patient expressed increased
levels of a-synuclein, the protein whose dysfunction unites
all PD cases, and showed increased sensitivity to cellular
stressors including hydrogen peroxide, MG-132 and 6-hy-
droxydopamine. Study of Devine et al. (2011) revealed that
neurons differentiated form PD-specific iPSCs produce twice
as much a-synuclein as neurons from normal iPSCs, indicat-
ing that one cause for neurodegeneration is an upregulation
of a-synuclein levels. Rienhardt et al. (2011) demonstrated
that neurons differentiated from iPSCs derived from patients
with PD harbouring LRRK2 (G2019S) mutation exhibit
multiple phenotypes including reduced axon outgrowth
and increased sensitivity to stress. These PD-associated
phenotypes were rescued by genetic correction (zing finger
nuclease technology) of the LRRK2 mutation in the patient
derived iPSCs.

Wernig et al. (2008) reported extensive differentiation of
iPSC-derived neural precursor cells into glia and neurons
upon their transplantation into the fetal mouse brain. Func-
tional recovery was observed after transplantation of iPSC-
derived midbrain dopamine neurons into the adult brain
of Parkinsonian rats. Although iPSCs technology for PD
treatment has been dramatically improved, further studies,
with larger cohorts, will be necessary to confirm the phe-
notype observed and characterize downstream, potentially
therapeutic, molecular targets (Marchetto et al. 2011).

Conclusion

iPSC-based disease models are providing valuable insight
into the pathogenesis of human neurological and cardio-
vascular disease and cellular targets of therapeutic inter-
vention. The ultimate goal of iPS-based disease modeling is
to generate personalized iPSCs so the patient-specific cell
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model can be used to validate a drug treatment strategy for
patient (Cai et al. 2014). iPSCs offer many advantages over
the traditional methods, which include preclinical studies
mostly based on cell lines and animal models (Young et al.
2012). Nevertheless, there are a number of pressing issues
needed to be addressed before iPSC technology can be
extensively used for clinically relevant disease modeling
(Marchetto et al. 2011). Among these questions are vari-
ability in iPSCs generation methods, variability between
individuals, epigenetic/genetic instability and the ability
to obtain disease-relevant subtypes of cardiomyocytes or
neurons. Nowadays, there are few but important applica-
tions of iPSCs. If this field keeps on growing at the present
pace, it would not take long time to expand the applications
iPSCs to more biological fields to aid research and treat-
ments (Singh et al. 2015).
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