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Abstract—This review considers different methods for obtaining induced pluripotent stem (iPS) cells and their use in bio-
chemical and biomedical research. Some viral and nonviral methods for obtaining iPS cells are described. Basic factors
involved in reprogramming are considered. It is also demonstrated that the most suitable source of iPS cells are skin fibro-
blasts. Properties of iPS cells and embryonic stem cells are compared, and some advantages of iPS cells for biological and
biomedical investigations are emphasized. The possibilities for application of iPS cells in the development of cell models of
some neurodegenerative diseases, drug screening, and cell therapy are also considered.
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The latest discoveries in the fields of molecular
genetics and cell biology offer new opportunities for the
study of the molecular framework underlying the progres-
sion of several serious diseases of humans, including the
neurodegenerative diseases, as well as for development of
approaches for cell therapy of these medical conditions.
Until recently, it was believed that adult somatic cells that
have undergone their developmental program during
embryogenesis could not be reverted to their initial undif-
ferentiated state (Fig. 1).

Different manipulations with somatic cells cause
their partial dedifferentiation accompanied by partial or
complete malignization, which is schematically repre-
sented in Fig. 1. However, data obtained in the last decade
indicate the possibility of reversal of the process of differ-
entiation of mammalian cells. The prime objective is to
reprogram human somatic cells into pluripotent cells
capable of yielding adult cell types upon differentiation
for possible future application in cell therapy approaches
for treatment of neurodegenerative diseases.

In 2006, Japanese researchers Takahashi and
Yamanaka [1] reprogrammed embryonic and adult mouse

Abbreviations: ES cells, embryonic stem cells; iPS cells,
induced pluripotent stem cells; LIF, leukemia inhibitory factor;
MEF, mouse embryonic fibroblasts; PD, Parkinson disease;
SNCA, alpha-synuclein; TF, transcription factor.
* To whom correspondence should be addressed.

fibroblasts into pluripotent stem cells by viral transduc-
tion of four genes encoding transcription factors (TF)
Oct3/4, Sox2, c-Myc, and Klf4. They named these cells
induced pluripotent stem (iPS) cells. The cells obtained
by the described method shared growth properties and
morphological characteristics with embryonic stem (ES)
cells and expressed ES cell-specific markers. In as little as
one year, Takahashi et al. [2] followed by Nakagawa et al.
[3] from the same laboratory of Kyoto University report-
ed successful reprogramming of adult human fibroblasts
and derivation of human iPS cells using the same factors
(Oct4, Sox2, c-Myc, and Klf4). In this article, we will
review the methods for derivation of iPS cells and com-
pare their properties with ES cells. We will discuss possi-
ble future applications of iPS cells for studying biochem-
ical cues underlying several serious diseases of the human
nervous system and for the development of cell therapy
approaches for treatment of these diseases.

METHODS FOR DERIVATION AND PROPERTIES
OF INDUCED PLURIPOTENT STEM CELLS
Embryonic Stem Cells

First, we turn our attention to several properties of

ES cells. In 1998, James Thompson and his colleagues
from the University of Wisconsin-Madison reported the
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Fig. 1. Schematic representation of differentiation of somatic cells
during the development of an organism.

generation of the first human ES cell line [4]. These cells
were derived from inner cell mass of the blastocyst stage
embryos, and they were propagated on feeder layers of
mouse embryonic fibroblasts (MEFs). It is known that
MEFs secrete all growth factors that are essential for
maintenance and self-renewal of ES cells (LIF, FGE,
TGFB, Activin, Wnt, etc.) [5, 6]. Subsequently, a feeder-
free method was developed for propagation of human ES
cells using Matrigel, CELLstart, and several other artifi-
cial substrates [7-9]. To date, the most popular and effi-
cient protocols for propagation of human ES cells utilize
either fibroblast feeder layers or Matrigel and mTeSR
medium, which contain all components that are essential
for maintenance of the pluripotent state of human ES
cells. Under these conditions, ES cells grow as dense,
usually round-shaped colonies. The size of the cells is
approximately 20 um. Human ES cells demonstrate high
nucleus-to-cytoplasm ratio, distinct nucleoli, perinuclear
localization of mitochondria, low ATP level, high levels
of oxygen consumption, and low levels of mitochondrial
DNA [10-13].

ES cells have a unique pattern of histone modifica-
tions: the extensive regions upstream of genes involved in
early development are occupied by histone H3 trimethyl-
ated at lysine 27 (H3K27me3, a repressed chromatin
mark) surrounded by less extended regions of histone H3
dimethylated at lysine 4 (H3K4me2, an active chromatin
mark). Such special chromatin domains were named
“bivalent”. This results in an intermediate state of early
development genes that are neither activated nor com-
pletely repressed [14, 15]. Perhaps the hyperdynamic
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structure of chromatin in ES cells is explained by very
short times of interaction of various histone modifications
with chromatin (from several seconds or minutes) [16]. It
is noteworthy that DNA domains with “bivalent” chro-
matin structure were also observed in somatic cells, but in
this case the repressive H3K27me3 mark dominates over
the H3K4me?2 activator mark. ES cells have the capacity
for indefinite in vitro proliferation, retaining their normal
karyotype. In these cells the internal signal cascades are
blocking differentiation and supporting the presence of
active self-renewal promoting TFs.

Several primary TFs essential for maintenance of
pluripotent state were identified in the end of the last cen-
tury — namely Oct3/4 (POUS5F1), Sox2, and Nanog [17-
19]. These work closely with each other and with a variety
of other genes. Some of these genes are responsible for
maintenance of pluripotency of ES cells; others are
involved in differentiation in the ectodermal, endoder-
mal, and mesodermal directions as well as to extraembry-
onic lineages. The list of genes actively transcribed in ES
cells includes properly the ones encoding Oct3/4, Sox2,
and Nanog, the genes encoding TFs STAT3, Zic3, Hesxl,
and Esrrb, as well as the genes encoding chromatin-
remodeling proteins (SET, MYST3), neurogenesis
inhibitors (Rest), and proteins related to telomeres (Rif2
complex with other proteins protects chromosome ends
from degradation). The genes inactive in ES cells are par-
ticularly those involved in the differentiation process [20].
Despite the open chromatin organization, the DNA
methylation level in ES cells is higher than in differenti-
ated somatic cells [21]. ES cells are also distinct in their
pattern of DNA methylation; in 99.98% of cases, the
CpG islands are methylated in fibroblasts, while in ES
cells only 75% of these are methylated.

Induced Pluripotent Stem Cells

The reprogramming of somatic cells using a set of
TFs was first achieved by Japanese researchers Takahashi
and Yamanaka in 2006 [1]. That discovery founded a new
line of research in developmental biology. Yamanaka’s
laboratory work was focused on a search for the factors
involved in the maintenance of pluripotency in ES cells.
Several dozen genes were identified whose activity was
significantly elevated compared to the level in adult dif-
ferentiated cells. It was already known that fusion of ES
cell and a specialized adult cell could generate a pluripo-
tent cell [22].

The Japanese scientists tested combinations of 24
TFs involved in maintenance of pluripotency in ES cells
to select a set of factors essential for reprogramming of
somatic cells. By infecting somatic cells with retroviruses
bearing various combinations of TFs, it was found that
four of these factors (Oct4, Sox2, Kif4, and c-Myc) are
necessary and sufficient to induce the pluripotent state in
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MEF cells. As early as in 2007, Takahashi and Yamanaka
published data on derivation of iPS cells from adult
human skin fibroblasts [2]. The cells obtained by this
method shared morphology, growth properties, and spe-
cific marker expression with traditional ES cells.

Figure 2 (a and b) shows the similar morphology of
human ES and human iPS cells obtained from a healthy
donor. The size of iPS cells is approximately 20 um, and
like ES cells, the iPS cells are characterized by high
nucleus/cytoplasm ratio. The iPS cells grow as flat mono-
layer colonies with tight contacts between adjacent cells.

ES cells represent the “gold standard” for iPS cells;
in fact, iPS cells are in vitro derived ES cells. Thus, the
two types of cells demonstrate similarity, or even identity
in their morphological, molecular, immunocytochemi-
cal, and functional characteristics. Undifferentiated iPS
cells are characterized by expression of conventional sur-
face markers such as proteoglycans TRA-1-60, TRA-1-
81, glycolipid SSEA4, and, to a lesser extent, the glyco-
lipid SSEA3 [2]. SSEA-4 and SSEA-3 are definitive only
for human and primate pluripotent cells, while murine
ES and iPS cells bear the specific surface antigen SSEA-
1[1].

The intracellular markers for the undifferentiated
state are represented by TFs that are essential for mainte-
nance of pluripotency, such as Oct4, Nanog, and Sox2 [1,
2]. ES and iPS cells are also similar in their epigenetic
profiles. For instance, the promoters of the Oct4 and
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Nanog genes are demethylated in both types of pluripo-
tent cells. Figures 2c and 2d show data on expression of
several pluripotency-associated markers in human iPS
cells.

Transcription factors involved in reprogramming.
Here we briefly describe the properties of each of the four
transcription factors that were identified by Yamanaka’s
group [1, 2].

Transcription factor Oct. This TF, also known as
Oct3/4(POUSF1), appears to be a crucial element in the
regulation of pluripotency and in controlling cell differ-
entiation [23]. The homeodomain-containing protein
encoded by Oct4(pousfl) gene binds the DNA sequence
5'-ATGCAAT-3', causing either activation or suppres-
sion of transcription depending on sequences flanking the
binding site. In human and mouse embryos, Oct4 expres-
sion is localized in the inner mass of the blastocyst [24],
Oct4-knockout embryos die after the blastocyst stage.
Pluripotent stem cells are sensitive to variations in protein
Oct4 level. Down-regulation of Oct4 expression in ES
cells causes spontaneous differentiation to trophoblast
phenotype, while its increased expression induces forma-
tion of primitive endoderm and mesoderm [25-27]. Such
influence is possibly explained by connection of Oct4
with its target genes. For example, Hand is responsible for
development of early trophectoderm, Sppl encodes
osteopontin protein that is expressed in developing prim-
itive ectoderm, Fbx15 and FGF4 are expressed in inner

Fig. 2. Human ES and iPS cells in vitro. a) Human ES cell colony of HUES?9 line. b) A colony of human iPS cells derived from fibroblasts of
a healthy donor. Magnification x200. ¢, d) Immunocytochemical staining of pluripotency markers in iPS cells; ¢) Oct4 (red), SSEA4 (green),
DAPI (blue); d) Sox2 (red), TRA-1-61 (green), DAPI (green). Magnification x100.
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cell mass (ICM), etc. [28]. Oct4 is a classical protoonco-
gene, its aberrant expression leading to dysplastic growth
and formation of various types of tumors [29, 30]. Oct4
also influences the tumorigenicity of ES cells in vitro,
since the elevation of Oct4 expression induces maligniza-
tion in normal cells [25].

Transcription factor Sox2. Sox2 (SRY, sex-determin-
ing region Y-box2) belongs to Sox family of TFs involved
in regulation of various stages of cell development and
differentiation. Proteins of this family bear a highly con-
served DNA-binding domain known as HMG (high-
mobility group), which on average consists of 80 amino
acid residues. This group of proteins is involved in regula-
tion of transcription and chromatin architecture. Sox2
forms a physical complex with Oct4 that is involved in
regulation of expression of UTF1, Fgf4, and Fbx15 genes
that are essential for maintenance of pluripotency of ES
cells [19, 31, 32]. Homozygous Sox2~~ embryos do not
survive to the epiblast stage and die at the implantation
stage. Sox2 knockout in ES cells induces their differenti-
ation into various cell types, including trophectoderm,
which indicates an important role of Sox2 in mainte-
nance of pluripotency [33, 34]. Sox2 is also a protoonco-
gene. Aberrant expression of this gene can lead to devel-
opment of breast cancer, small-cell lung cancer, and
prostate cancer [35, 36].

Transcription factor Kif4. Klf4 belongs to of the
Kruppel-like family of transcription factors. Proteins of
this family are involved in various processes including
embryonic development, cell proliferation, differentia-
tion, and apoptosis [37]. In experiments on mice, a
sequential expression of this gene was demonstrated in
embryonic development. Thus, initially the expression of
KIf4 is detectable in extraembryonic tissues, then in
digestive tract, and finally in developing layers of embry-
onic skin [38-40].

In adult animals, Kif4 expression is observed in
digestive tract and skin as well as in terminally differenti-
ated epithelial tissues [39, 40]. Of interest, Klf4 demon-
strates high expression level in non-dividing cells and
nearly zero expression in actively proliferating cells [41].
Murine embryos with Klf4 gene knockout develop nor-
mally but die soon after birth because of a defect in skin
protective function [39].

Decreased Klif4 protein level does not manifest itself
phenotypically; however, simultaneous inhibition of sever-
al members of the KIf family induces differentiation of ES
cells. Based on these data, it was proposed that other pro-
teins of the Klf family could act redundantly to mitigate the
absence of KlIf4 expression [28, 42]. In contrast to Oct4
and Sox2, Klf4 was identified both as a potential oncogene
and as tumor suppressor. Klif4 is associated with develop-
ment of esophageal, intestinal, and breast cancer [43-47].

Transcription factor c-Myc. c-Myc is a multidomain
TF involved in processes of proliferation, differentiation,
and cell growth [48, 49]. It was demonstrated that c-Myc
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is involved in regulation of more than 10% of all known
genes [48, 50]. Consequently, approximate calculations
reveal more than 2500 possible genomic binding sites for
c-Myc [51]. Besides its involvement in transcription
of genes encoding specific proteins, c-Myc also partici-
pates in regulation of noncoding genes of microRNA
[52, 53].

c-Myc knockout murine embryos normally proceed
through early stages, but at later stages abnormalities in
development of the neural tube, heart, and blood vessels
emerge, which leads to embryonic lethality on day 10 [54,
55]. Curiously, ES cells bearing c-myc knockout prolifer-
ate normally and are capable of self-renewal in vitro [54].
¢-Myc, like all other TFs listed above, is a protooncogene.
Its elevated expression is observed in more than 70% of
various human tumors, making c-myc one of the most
commonly detected tumor markers [48].

It should be noted that iPS cells could be generated
not only by Oct4, Sox2, KiIf4, and c-Myc, but also by
other TF combinations. Thus, soon after the first com-
munication on generation of iPS cells by “Yamanaka
cocktail”, data were published on possible substitution of
KIf4 and c-Myc with Nanog and Lin28 [56], while Sox2
and Klf4 can be replaced with Sox1 and KIf2 [3].

The following developments in the field of iPS cell
generation were pointed, in particular, towards improve-
ment of effectiveness of reprogramming and the search
for new reprogramming approaches that preclude the use
of a genome-integrating vector based on lentiviral and
retroviral sequences.

iPS Cell Derivation Methods

Most of the established methods for iPS cell deriva-
tion are presented in Fig. 3.

All known reprogramming methods can be conven-
tionally divided into viral-based and nonviral-based. In
turn, the viral-based methods can utilize genome-inte-
grating and non-integrating vectors. Historically, the viral-
based methods were the first to be developed, utilizing
retroviral [1, 2] or lentiviral [56] vectors. With these meth-
ods, transgenes are integrated into random regions of the
target cell genomic DNA with random copy number.
Because of their expression, reprogramming is induced.
Subsequently, as the cells progress through the stages of
the reprogramming process, the transgenic expression
should become silenced due to induction of corresponding
genes of the target cell and activation of histone methyl-
transferases [57]. The transgene silencing is expected to
occur in a strictly defined period. In the case of early
down-regulation, the reprogramming would not take
place at all, or it will not proceed to completion, generat-
ing partially reprogrammed cells that depend on exogenic
expression [58]. At the same time, the constitutively active
transgenes can affect the differentiation potential of the
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derived iPS cells and cause the emergence of tumors in
chimeric animals [59]. One approach to solve the problem
of transgenic silencing at the appropriate time is the use of
inducible vectors. For instance, the widely used Dox-
inducible system based on lentiviral vectors of TFs allows
controlling the level of transgenic TF expression by doxy-
cycline added to the culture medium. This method has its
specific limitations. First, “leaking” is common to
inducible the expression system, with some transgenic
expression observed even in the absence of activator.
Second, virtually all cell lines require empirical identifica-
tion of doxycycline concentration and optimal time for
transgene silencing. For fibroblasts and keratinocytes, the
optimal durations are established, being 16 and 10 days,
respectively [60]. By using the Dox-system in mice,
chimeras were obtained in which the transgenes were
silenced in all tissues. The cells of the mice that were defi-
cient in one of the essential transgenes were used for
screening of small molecules that can substitute for the
corresponding TF in the reprogramming process [61].

The solution of the integration problem can be
solved by using DNA recombinase enzymes. Viral vectors
were constructed in which the transgenes were flanked by
LoxP sites [62, 63]. The DNA sequence between two
direct LoxP repeats can be excised by Cre-mediated
recombination. The Cre recombinase can be delivered
into the cell nucleus by using Pseudomonas aeruginosa
bacteria, which cause injection of proteins with specific
N-terminal sequence into the cells followed by the trans-
port of the protein into the nucleus [64].

Vector systems based on episomal plasmids do not
require being integrated into the genome, and, thus, they
are considered potentially safer for generation of iPS cells
to be used for cell therapy of human diseases. The use of
the combination of plasmids bearing Oct3/4, Sox2, KIf4,
c-Myc, Lin-28, and small interfering RNA in combina-
tion with EBNAI (Epstein—Barr nuclear antigen 1,
essential for amplification of episomal vectors) improves
several-fold the reprogramming efficiency [65]. Recently,
the use of single-stranded RNA Sendai virus, of the
Paramyxoviridae family, has become an increasingly pop-
ular method of reprogramming [66-68]. The Sendai virus
does not integrate itself into the genomic DNA of the cell.
Moreover, it can be removed from iPS cells by incubating
them at 39°C. Completely reprogrammed cells are usual-
ly obtained 25 days after infection. As with the other
methods, the effectiveness of reprogramming greatly
varies depending on the cell type used in the experiment.
For example, for fibroblasts the effectiveness of repro-
gramming on average is 1%, which presents a rather good
index, and for blood cells is 10 times lower, about 0.1%
[68].

Another nonviral method of delivery of genes, which
is suitable for various types of somatic cells, is the use of
DNA-transposons. DNA-transposons are mobile genetic
elements capable of moving inside the genome, and they
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Fig. 3. Several methods for reprogramming of mammalian cells.

also possess the capacity to “cut and paste” using specif-
ic transposase enzyme [69]. Transposons consist of inser-
tion DNA segments able to move inside the genome as a
whole element, carrying together the interjacent genes.
To date, several transposon systems for delivery of genes
into mammalian cells have been described: Sleeping
Beauty (SB), SB100X, PiggiBag (PB), and Tol2 [70-72].
The use of the PiggiBag-based vector bearing a DNA cas-
sette encoding four TFs (Oct4, c-Myc, Klf4, Sox2), plus
Rarg (retinoic acid receptor-gamma) and LRH-1 (liver
receptor homolog 1), allowed successful generation of
both mouse and human iPS cells. The last two receptor
genes were included not by accident; LRH-1 is an impor-
tant element in regulation of transcription of genes, and
also an essential factor in maintenance of pluripotency.
Rarg and LRH-1 cooperatively act to induce the expres-
sion of Oct4. All these effects contributed to improvement
of the reprogramming efficiency.

Another approach to overcome the limitations asso-
ciated with introduction of viral sequences into repro-
grammed cells, as well as with excessive activity of
pluripotency-inducing genes, is the use of microRNA
[73, 74]. It is known that several microRNAs are highly
expressed in ES cells and play an important role in con-
trol of the activity of the genes associated with mainte-
nance of pluripotency. For example, microRNA from the
miR-302 family interacts with p52 and promotes progres-
sion through G1/S phase of the cell cycle. miR-195 is
known to associate with WEEI kinase (a negative regula-
tor of cyclin B/CDK complex) and facilitates progression
through G2/M phase [75, 76]. Utilization of microRNA,
in particular miR-93 that is able to suppress the TGF-3 11
receptor, considerably improves reprogramming efficien-
cy [77]. Combined use of TFs and microRNAs of the
miR-302 family dramatically improves the efficiency of
reprogramming of human fibroblasts [74]. Mioshi et al.
achieved reprogramming of human and mouse cells by
mature microRNA and named the resulting cells
“miRIPSC” [78]. The use of a cocktail of miRNAs (miR-
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302-367) without introduction of additional TFs also
yielded iPS cells [79].

Another method for producing iPS cells without
interference with cell genomic DNA is the use of RNA of
corresponding TFs. Warren et al. reprogrammed human
neonatal fibroblasts with 1.4% efficiency and were able to
further elevate it to 4.4% by adding another TF, Lin28, to
a standard cocktail of four TFs and combining it with a
methyltransferase inhibitor (valproic acid). For this pur-
pose, the reprogramming of fibroblasts was performed at
lowered O, level (5%), which is a hypoxic condition [80].
However, this method has not become common in prac-
tice due its technical difficulty (the use of modified RNA)
and its cost.

Several laboratories have successfully reprogrammed
human [81] and mouse [82] fibroblasts utilizing recombi-
nant proteins of corresponding TFs, carrying “tat” pep-
tide of HIV-1 and polyarginine, which are necessary for
delivery of these proteins into the cell [82]. The repro-
gramming efficiency under those conditions was rather
low (0.006% for mouse and 0.001% for human fibro-
blasts). Technical difficulties and low efficiency leave in
doubt the development of this method in the near future.

Attempts have been made to find so-called “small
molecules” that can improve the efficiency and time of
reprogramming, many of which influence epigenetic sta-
tus of the cells and promote decondensation of chromatin
[83]. For instance, it was shown that the simultaneous
application of Bix-01294 (an inhibitor of histone methyl-
transferase) and BayK8644 (a calcium channel activator)
makes it possible to exclude two TFs and to use vectors
bearing only the Oct4 and KIf4 genes in the reprogram-
ming procedure [84]. It was found that it is sufficient to
use only valproic acid (histone deacetylase inhibitor) in
combination with Oct4 and Sox2 to generate iPS cells
from human fibroblasts [85]. Valproic acid also improved
the efficiency of reprogramming during iPS cell prepara-
tion by recombinant proteins of proper TFs, as indicated
above [82]. Molecules SB432542 and PD0325901, which
are inhibitors of the TGFP and MEK signaling pathways,
respectively, can promote the efficiency of reprogram-
ming up to 100-fold when used in combination with the
four main TFs (Oct4, Sox2, Klf4, c-Myc) [86].

In 2013, the reprogramming of mouse fibroblasts was
accomplished utilizing exclusively “small molecules”.
The effectiveness of this method was about 0.2%, which is
comparable to the effectiveness obtained with viral vec-
tors. The generated cells were named “chemically-
induced pluripotent stem” (CiPS) cells [87].

For a rather long period of time, it was unclear why
the effectiveness of reprogramming is so low (from 0.002
to 2-4%) even when an excess of reprogramming factors
(viruses, plasmids, RNAs, small molecules, etc.) are
applied to cells. Only recently, researchers in Israel were
able to reach nearly 100% effectiveness of reprogramming
of human fibroblasts [88]. It was found that an essential
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requirement of successful reprogramming depends on
suppression of the nucleosome remodeling and deacetyl-
ation (NuRD) protein complex, which is expressed in all
somatic cells [89]. Mbd3 protein is one of the subunits of
this complex. It is possible that Mbd3/NuRD is a specif-
ic epigenetic regulator that limits the expression of key
pluripotency genes. Thus, it was shown that increased
expression of Mbd3 prevents the derivation of iPS cells.
This is caused by deacetylation of Lysine 27 in the histone
H3 molecule by the above complex. As a result, another
complex, called PRC2 (polycomb repressive complex 2),
causes trimethylation of this lysine residue of H3 histone,
leading to inhibition of several pluripotency-related genes
including Oct4 and Nanog [90]. On the other hand, the
suppression of Mbd3 promotes the reprogramming effi-
ciency and favors the derivation of pluripotent stem cells
able to contribute to viable chimeric mice, even in the
absence of c-Myc and Sox2 [91].

Hanna and colleagues showed that using the four
classic TFs (Oct3, Sox2, Kif4, c-Myc) in combination
with inhibition of Mbd3 expression permits determined
and synchronized reprogramming of skin cells of mouse
and human into iPS cells in seven days with almost 100%
efficiency [89]. Therefore, we conclude that the problem
of effective reprogramming of mammalian cells is solved.
It should be noted, however, that even with reprogram-
ming at low efficiency of 0.01 to 0.1% (the first works on
derivation of iPS cells) by using, for example, 1,000,000
fibroblasts in viral transfection, from 100 to 1000 inde-
pendent iPS cell clones can be generated, which is more
than sufficient for further experiments.

Sources for Derivation of iPS Cells

Although fibroblasts are the most popular source for
preparation of iPS cells, it must be noted that other
somatic cells can be successfully reprogrammed as well.
Thus, iPS cells have been derived from neural stem cells
[92], endothelial cells [93], keratinocytes [60], and termi-
nally differentiated lymphocytes [94], hepatocytes [60],
epithelial cells of stomach [95], hair follicles [96], cells of
conjunctiva [97], and mononuclear cells of peripheral
blood [98]. The present variety of sources for iPS cell
preparation shows that iPS cells can be derived from any
type of somatic cells of an adult organism, but the prefer-
ence, especially in the case of humans, would rely on
accessibility of the corresponding donor material. In this
case, skin fibroblasts and keratinocytes are beyond com-
petition.

One important question related to reprogramming is
whether the reversion of pluripotency of a cell is a sto-
chastic process, or is it related to a sequence of events? To
answer that question, corresponding investigations on
reversion of the pluripotent state of the cells were carried
out. The changes occurring in fibroblast cells during

BIOCHEMISTRY (Moscow) Vol. 79 No. 13 2014



INDUCED PLURIPOTENT STEM CELLS

reprogramming were analyzed at different stages. It was
found that after three days of viral infection, the silencing
of fibroblast-specific genes ensued with simultaneous
activation of ES cell-specific genes (alkaline phosphatase,
SSEA1, Fbx5). From 10 to 15 days after transfection,
endogenous expression of Oct4, Sox2, and Nanog can be
observed. Simultaneously with increased expression of
these genes, reactivations of telomerase and of the second
X chromosome in female cells occurs [99]. At this stage,
the reprogramming process becomes less dependent on
viral expression of transgenes; however, these cells are still
not completely reprogrammed, and a decreased level of
transgenic expression leads to inevitable reversal to a dif-
ferentiated fibroblast phenotype [99]. When the level of
endogenous Oct4, Sox2, and Nanog will increase, the sta-
ble functioning of the autoregulatory loop of endogenous
pluripotency-related genes is established, and reactiva-
tion of the ES-specific transcriptional network occurs
along with transgene silencing.

Based on the above-mentioned and other publica-
tions, Scheper and Copray proposed their own model of
reprogramming in their review, which was named “two-
stage switch” [100]. In the first stage, the suppression of
expression of lineage-specific genes and removal of
repressive epigenetic marks from pluripotency-associated
genes occurs. In the second stage of reprogramming,
reactivation of an endogenous autoregulatory loop
occurs, as well as the induction of the main transcription-
al network underlying the pluripotent state. Exogenous
Oct4 and Sox2 became able to activate endogenous regu-
latory sites of Oct4, Sox2, and Nanog. Full epigenetic
remodeling of other pluripotency genes leads to their
activation and restoration of the transcriptional network,
thus characterizing the pluripotent state of cells. Finally,
complete silencing of transgenes takes place, and the
pluripotency becomes dependent on the autoregulatory
loop of the endogenes. Thus, it was demonstrated that
overexpression of a limited number of key factors can
drive cells into a new stable state associated with changes
in activity of hundreds of genes in the process of the
reprogramming. During this, the telomeres of chromo-
somes elongate, and their normal shortening during dif-
ferentiation of iPS cells back into fibroblasts occurs [101].

The discovery of Yamanaka and his colleagues was
the most important fundamental discovery in biology in
the beginning of XXI century, and thus it was recognized
by the Nobel Prize in 2012. The importance and the
potential of the current findings are shown by the growth
of the number of publications on this subject, which is
represented in Fig. 4.

Similarities and Differences between ES and iPS Cells

As mentioned above, completely reprogrammed
cells and ES cells express the same pluripotency markers.
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In addition to protein markers, there are functional assays
for pluripotency. The most common functional assay is
the spontaneous in vitro differentiation of ES cells. After
cultivation of human ES cells in the absence of feeder of
mouse embryonic fibroblasts, the formation of embryoid
bodies occurs, and during their further cultivation the
expression of markers of endoderm, mesoderm, and ecto-
derm can be detected in the differentiating cells [102].
The same picture is observed during in vitro differentia-
tion of iPS cells. Figure 5 depicts immunofluorescent
detection of ectodermal (a), mesodermal (b), and endo-
dermal (c) markers after spontaneous differentiation of
iPS cells in vitro.

The only possible in vivo assay for pluripotency for
human ES and iPS cells is teratoma formation after injec-
tion of cells into immunodeficient SCID mice. In the
derived teratomas, differentiated tissues such as gut
epithelium (endoderm), cartilage, bone and smooth mus-
cle (mesoderm), as well as neural epithelium (ectoderm)
can be observed [2, 103]. Both ES and iPS cells obtained
from differentiated mouse cells, aside from their ability to
contribute to somatic lineages in chimeric animals, can
also participate in formation of germ line [82, 104]. The
iPS cells completely replicate the capacity of ES cells for
in vitro differentiation into specialized cell types. Thus,
Fig. 6 shows neurons that were derived from human iPS
cells by differentiation under specific conditions.

As noted above, ES and iPS cells are almost identical
in morphological and functional characteristics; however,
the social aspects of these two pluripotent types of cells, as
well as their potential applications, are significantly differ-
ent. ES cells have several drawbacks that limit their poten-
tial use in medical and research applications. Some ES
and iPS cell-specific attributes are presented in the table.

Indeed, both ES and iPS cells possess pluripotency —
the capability to differentiate into all known cell types of
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Fig. 5. Spontaneous differentiation of iPS cells in vitro with formation of representatives of three germ layers: ectoderm (a), mesoderm (b),

endoderm (c).

100 'm
"

Fig. 6. Neural differentiation of iPS cells in vitro. Immunofluorescence detection: a) DAPI (blue), BIII-tubulin (green); b) DAPI (blue),
dopaminergic neurons (yellow); ¢) DAPI (blue), GABAergic neurons (green).

an adult organism. Both cell types can grow indefinitely
under specific in vitro conditions, and what is important,
retain their normal karyotype. The principal differences
between the two cell types lie in their sources: ES cells are
derived from blastocysts, while iPS cells are derived from
cells of an adult organism. In addition, of course, an
important advantage of iPS cells is the possibility to derive
“diseased” cells, which are the cells from patients with
various health problems, including hereditary diseases. In

Comparison of human ES and iPS cells

Characteristics ES cells | iPS cells
Pluripotency + +
Karyotype normal normal
Source embryo adult

(blastocyst) | organism
Possibility to produce “diseased” cells - +
Possible correction of genetic defect + +
Patient-specificity - +

addition, iPS cells provide individualization and patient-
specificity, which is very important for the development of
approaches for individual cell therapy.

Concerning cell therapy, one of the main drawbacks
of ES cells should be noted — the possible development of
immune response to a transplant. Since a limited number
of ES cell lines exist, it might be not possible to find a
transplant that would match a host in all leukocyte anti-
gens (HLAs). A possible way to overcome that limitation
is the use of human ES cells, genetically modified with
recipient HLA genes. However, this approach is complex
and labor intensive, and it is not known how many clones
would be necessary. Another possible alternative is the
generation of a patient-specific ES cell line by nuclear
transfer from a donor’s somatic cell to an enucleated
oocyte. This method bypasses the problem of immune
rejection of a transplant; however, it is inevitably associat-
ed with a generation of a human embryo, and its further
disruption for generation of ES cells. Thus, the current
method combines both human cloning and human
embryo destruction, two highly questionable procedures
for ethical and political concerns [105]. The legal status of
the human embryo and possibility or impossibility of
destroying it are discussed by politicians, experts in
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bioethics, human right activists, and publicists over long
periods of time. In several countries, manipulations with
human embryo are legally forbidden.

Finally, the iPS cells open the opportunity (as well as
ES cells) to correct genetic defects associated with sever-
al hereditary diseases by the use of homologous recombi-
nation.

SEVERAL ASPECTS OF APPLICATION
OF INDUCED PLURIPOTENT STEM CELLS
IN BIOCHEMICAL AND BIOMEDICAL RESEARCH

Let us now review the problems related to the use of
iPS cells in biological and medical research. Figure 7
schematically illustrates the stages of iPS cell creation,
along with some of their possible applications [106].

First, iPS cells represent a unique object for creation
of a cell bank that can be used for basic research, and for
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future considerations, for individualized cell therapy of a
specific patient. In addition, after the development of
standardized protocols these cells will also find their use
in test systems for screening of novel therapeutic drugs.
Currently, works on creation of iPS cell cryobanks are
underway in Japan, USA, Russia, and several other coun-
tries [107].

Testing of Novel Pharmaceutical Drugs

One pressing problem of modern pharmacology and
medicine is the creation of safe and effective drugs for
treatment of specific medical conditions. For their cre-
ation, adequate, relatively inexpensive, and reproducible
high-throughput technologies for screening of potential
drugs are necessary. The fact that reprogramming tech-
nology permits the generation of iPS cells from individual
differentiated somatic cells of healthy donors and patients

Accumulation of cell mass
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cells (skin fibroblasts
and other cells)
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Fig. 7. Generation and various applications of iPS cells (original figure from [106] is presented with some modifications).
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with hereditary and acquired diseases highlights its
advantages over ES cell technology. The development of
such technology will allow significant reduction in the
number of animal experiments in drug screening. The
capacity to differentiate iPS cells into cardiomyocytes,
hepatocytes, fibroblasts, and neurons will allow investiga-
tors to perform targeted preclinical toxicological in in
vitro trials [108-110].

Cell Models of Human Diseases

In the recent years, a large number of publications
have described the production of iPS cells from patients
with different diseases, in particular, with hereditary dis-
eases. After directed differentiation, these cells demon-
strate specific changes characteristic for a given disease
[111-115]. The modeling of various neurodegenerative
diseases of the central nervous system is of special inter-
est. This is for several reasons. First, the obtaining of
biopsy material from human brain is impossible in most
conditions except for specific surgical operations typical-
ly related to oncology. Second, it is virtually impossible to
propagate adult neurons in vitro. The human brain con-
tains a huge diversity of neural cells that differ in their
ergicity and specific functions. However, one can over-
come the difficulties indicated above using iPS cells.
Since iPS cells can be virtually indefinitely propagated in
vitro, it is possible to obtain from them the necessary
number of cells for all kinds of biological experiments. To
date, sufficiently effective protocols have been developed
for differentiation of these cell into neurons of specific
ergicity, as well as glial cells [116-118].

As an example, let us refer to certain results obtained
during studies of pathophysiological mechanisms under-
lying Parkinson disease (PD) by using iPS cells. PD is a
chronic progressive degenerative disease of the central
nervous system that is accounted for by the loss of
dopaminergic neurons and decreased levels of the neuro-
transmitter dopamine in the striatum [119]. This disease
can be either hereditary or sporadic. For hereditary forms
of this disease, several genes involved in the progression
of the disease have been identified (Park8, Park2, Pinkl,
Snca). Sanchez-Danes et al. [120] undertook a compre-
hensive study on the pathogenesis of PD using iPS cells
derived from seven patients with the sporadic from of the
disease, four patients bearing the G2019S mutation in
the Lrrk2 gene, and four patients with no previous histo-
ry of neurodegenerative diseases. The efficiency of for-
mation of iPS cell clones varied between the donors, but
it was not associated with diagnosis of PD or age of
donor. Upon differentiation, adult dopaminergic neu-
rons of predominantly A9 subtype were obtained. That
particular group of neurons forms the substantia nigra
pars compacta, which undergoes massive degeneration in
PD.

NOVOSADOVA, GRIVENNIKOV

Alpha-synuclein (SNCA) is another protein related
to the development of PD. The exact function of this pro-
tein is still not clear. There is evidence for its role as a
molecular chaperone that regulates protein—protein and
protein—lipid interactions. SNCA might also play an
important role in synaptic vesicles, in storage and com-
partmentalization of neurotransmitters, and, most signif-
icantly, of dopamine [116]. It is well known that protofib-
rils of SNCA are the main component of Levi bodies in
PD. This indicates the important role of aggregation of
SNCA in pathogenesis of PD. A study was undertaken to
reveal the role of SNCA in differentiated dopaminergic
neurons generated from iPS cells that were derived from
patients with various forms of PD as well as from healthy
donors. It was found that neurons from patients bearing
the G2019S mutation in Lrrk2 gene have anomalous
accumulation of SNCA compared to dopaminergic neu-
rons from healthy donors and of patients with the sporadic
form of PD [120]. Another team demonstrated a high
level of SNCA in dopaminergic neurons derived from
patients bearing mutations in the Lrrk2 gene [121]. Thus,
these results not only support the hypothesis of a mutual
influence of Lrrk2 and Snca mutations, but also give an
opportunity to use the obtained iPS cells as a model of the
monogenic form of PD. It is known that PD develops over
several years, sometimes even decades. Long-term (65-75
days) culture of iPS cell-derived dopaminergic neurons
was principal (patients with sporadic form of disease,
patients bearing Lrrk2 mutations, or healthy donors)
[120]. Notably, such long-term culture was accomplished
on a mouse postnatal astrocyte monolayer. It was shown
that dopaminergic neurons from healthy donors are mor-
phologically homogenous with adult neuron phenotype
with well-developed neurites. At the same time, the neu-
rons of PD patients had different and significant changes
in morphology (decreased length and number of neurites,
full absence of neurites, fragmented nuclei, and vac-
uolization). It is important that such differences were not
observed under standard 30-day cell culture conditions.
After 75 days in vitro, the dopaminergic neurons derived
from patients bearing the mutant Lrrk2 gene and a spo-
radic form of PD had a higher percentage of apoptotic
cells compared to normal cells. Another team of scientists
derived iPS cells from patients with a hereditary from of
PD bearing mutations in the Pinkl1 gene. It was demon-
strated that the current mutation does not influence the
reprogramming process and differentiation of iPS cells
into dopaminergic neurons. However, in adult neurons
that bear the above mutation, in stress conditions the
mobilization of Parkin to damaged mitochondria is dis-
turbed, while neurons from healthy donors do not
demonstrate such disturbances [122]. Nguyen et al. [121]
showed that cells bearing a mutant Lrrk2 gene express ele-
vated levels of oxidative stress-associated genes in
response to various damaging agents such as hydrogen
peroxide, 6-hydroxydopamine, and the proteasome
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inhibitor MG-132. These data suggest that cells bearing
mutant genes and cells from healthy donors might have
different responses to pharmacological drugs, and in par-
ticular, to the concentration of a drug that is administered.
A promising approach in studying the molecular mecha-
nisms underlying the origin and development of
Parkinsonism is the construction of maps of metabolic
pathways that involve the products of mutant genes [123].

Development of Cell-Therapy Approaches
to Human Diseases

Several teams are now conducting transplantation
experiments with dopaminergic neurons derived from iPS
cells in animal models. Thus, differentiated cells were
successfully transplanted into a rat PD model induced by
6-hydroxydopamine. After implantation of donor cells, a
significant improvement in motor functions was observed
[124-126]. At the same time, the application of iPS cells
in cell therapy is limited by several problems. So far, no
studies have been performed to reveal the correlation
between cellular characteristics of cultured neurons and
clinical parameters of disease in donor patients. In this
regard, the potential of these cultures as adequate cellular
models of neurodegenerative diseases is not completely
clear. The role of derivatives of iPS cells in the develop-
ment of informative vital diacritical and prognostic bio-
markers of PD and other neurodegenerative diseases has
not yet been investigated [127]. Individual publications
have illustrated that neural cultures derived from iPS cells
can be used as an adequate biological matrix for studying
biomolecular aspects and pathochemical sequences of
development of the neurodegenerative process: its staging
and possibilities for prevention and/or therapy [126, 128,
129]. Nevertheless, investigations in the field of potential
applications of iPS cells in transplantology are developing
quite rapidly. Thus, it is planned to begin clinical trials of
iPS cell derivatives for correction of several diseases such
as PD, platelet deficiency, cardiovascular diseases, multi-
ple sclerosis, retinal lesions, and spinal cord traumas
[130-134].

CONCLUSION

The development of technology for reprogramming
of somatic cells and production of mammalian iPS cells,
including human cells, has revealed new prospects in
transplantology and in vitro study of the molecular and
cellular basis of serious human diseases [1, 2]. The devel-
opment of this technology has also opened possibilities
for creation of models for several serious human patholo-
gies, including neurodegenerative diseases, as well as for
creation of test systems that permit large-scale screening
of drugs for targeted treatment of specific human diseases

BIOCHEMISTRY (Moscow) Vol. 79 No. 13 2014

1435

in vitro, considering the phenotypic traits of the patient.
The fact, reprogramming technology provides an oppor-
tunity to generate iPS cells from individual differentiated
somatic cells of healthy donors and patients with various
medical conditions, giving it a clear advantage over ES
cell technology, which in turn opens broad perspectives
for the development of personalized medicine. The devel-
opment of such technology will allow significant reduc-
tion in the number of animal experiments in drug screen-
ing by directly conducing assays on human cells. The
capacity to differentiate iPS cells into cardiomyocytes,
hepatocytes, fibroblasts, neurons, etc. would allow inves-
tigators to perform preclinical toxicological in vitro trials.

The iPS cells generated by various methods, espe-
cially by those that do not interfere with the structure of
genes in somatic cells (nonviral reprogramming meth-
ods), can become a key for their wide use in cell therapy
of different serious diseases of humans that require the
restoration of cell or organs of the patient that were dam-
aged in the pathological process. In recent years, papers
devoted to this important question have emerged, and it
can be expected that in the near future their number will
increase [135-139].

However, the wide application of iPS cells in cell
therapy is still limited by several problems, of which their
possible malignant transformation in vivo appears the
most serious. For another thing, in case of diseases of the
brain, considering the exclusive complexity of the human
nervous system, several additional problems arise in using
iPS cells for transplantation. First, it is the generation of
a sufficient number of neurons of correct ergicity and the
maintenance of their survival after transplantation.
Second, the correct integration of transplanted cells in
the appropriate brain regions, including their differentia-
tion, and the establishment of correct contacts between
neurons. Moreover, in the third place, it is a functional
activity of transplanted iPS cells.

Nonetheless, the iPS cell technology appears cur-
rently as the most promising for study of molecular mech-
anisms of cell pathologies under personalized conditions,
the creation of efficient test systems for search and
screening of pharmacological drugs, as well as for devel-
opment of methods for cell therapy of various human dis-
eases [140].
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