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Abstract—During the last two decades molecular genetic and cell mechanisms of proliferation and differentiation of mam-
malian stem cells have been intensively studied in leading laboratories all over the world. Studies in this field are very impor-
tant both for basic science and for the development of promising cell therapy technologies. Embryonic stem cells represent
a unique experimental model for the investigation of basic principles of mammalian cell differentiation and development.
Using this model, important data on similarity in genetic programs during embryonic development and embryonic stem
cells differentiation have been obtained. These include basically similar consequent expression of transcription factors, cell
receptors, tissue specific proteins, and ion channels. Lines of embryonic stem cells are widely used for the investigation of
gene functions in ontogenesis as well as in adult organisms (using gene-knockout strategy). This review deals with different
pathways of mammalian (including human) embryonic stem cells differentiation. It considers the main approaches to
directed differentiation of these cells in vitro: use of feeder cells, growth factors, and other chemical compounds and also
genetic modification. Some examples of application of embryonic stem cells derivatives for cell therapy of some pathologi-

cal conditions are discussed.
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genetic modifications

This review considers the main features and possible
directions of application of mammalian (including
human) embryonic stem (ES) cells. Isolation of mouse
ES cells and the development of corresponding cell lines
opened new possibilities not only for studies of develop-
mental biology and gene functioning at the level of the
whole organism, but also for studies of directed differen-
tiation of these cells with subsequent development of
approaches for cell therapy [1, 2].

In this review, special attention will be paid to the
problem of directed differentiation of ES cells into vari-

Abbreviations: BDNEF, brain derived neurotrophic factor; BMP,
bone morphogenetic protein; ERK, extracellular signal-regu-
lated kinase; ES cells/ESC, embryonic stem cells; FGE, fibrob-
last growth factor; FGFR, fibroblast growth factor receptor;
GFAP, glial fibrillary acidic protein; HIF-1, hypoxia-inducible
factor-1; HSC, hematopoicetic stem cells; LIF, leukemia
inhibitory factor; NGE nerve growth factor; NT-3, neu-
rotrophin-3; siRNA, small interfering RNA; SSEA, stage-spe-
cific embryonic antigen; TGF-f, transforming growth factor f3;
VEGE, vascular endothelial growth factor.

ous cell types and perspectives of their use in practical
medicine.

After injection into blastocysts, ES cells can be
involved in formation of all germinal tissues including
generative ones; this gives rise to the development of
chimeric animals [3]. Manipulations with mouse ES cells
in combination with the method of homologous recombi-
nation (which may cause directed changes in ES cells
genome) gives a possibility for the development of trans-
genic animals with particular altered genotype. This
approach was originally used in 1987 by Thomas and
Capecchi [4]; using mouse ES cells, they demonstrated
gene inactivation (knockout) by means of homologous
recombination. Subsequent studies on genetic modifica-
tion of ES cells and directed changes of gene structure of
living organisms and substantial contribution of M.
Capecchi, M. Evans, and O. Smithies to this field were
appreciated by scientific community. In 2007, these sci-
entists were awarded the Nobel Prize in Physiology and
Medicine “for their discoveries of principles for introduc-
ing specific gene modifications in mice by the use of
embryonic stem cells”.
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Fig. 1. Main directions of ES cell differentiation.

The main property of ES cells is their pluripotency,
i.e. the ability for differentiation into all known types of
somatic cells found in a living organism in vivo and in vitro
and also unlimited proliferative potential with mainte-
nance of initial phenotype [3, 5, 6]. Figure 1 shows the
main directions of ES cell differentiation into derivatives
of the three germinal layers (ectoderm, mesoderm, and
endoderm).

Recently it has been demonstrated that ES cells can
be differentiated not only into somatic cells but also into
germ cells [7-9]. Taking into consideration this fact, I will
use here the term pluripotency for ES cells rather than
multipotency, which is used for characteristics of stem
cells existing in most tissues of adult organisms (these
cells can differentiate into a limited number of cell types).

Three types of mammalian ES cells are recognized.

1. Cells isolated from internal cell mass of mam-
malian blastocyst [1, 2]. These cells usually defined as ES
cells.

2. Cells of embryonic carcinomas originally obtained
from teratocarcinomas (consisting of a mixture of differ-
entiated cells from various germinal layers and undiffer-
entiated stem cells) [10]. These cells are characterized by
karyotypic instability and low activity in embryonic
development during their transfer into a recipient blasto-
cyst. These features limit their use.

3. Primary germinal embryonic cells [11, 12]. These
ES cells exhibiting high proliferative activity can be main-
tained (under certain conditions) in cell culture in the
undifferentiated state for a long period.

Maintenance of an undifferentiated phenotype in ES
cells culture requires the presence of a so-called feeder
layer; the latter is usually mouse primary embryonic
fibroblasts or STO fibroblasts [2]. Figure 2 (see color
insert) shows mouse ES cells growing at the feeder layer of
mouse embryonic fibroblasts.

Morphological characteristics of all known ES cells
are similar: these cells have a large nucleus preferentially
containing euchromatin and several nucleoli. The cells
are characterized by a high nucleus-to-cytoplasm ratio:
the cytoplasm is a thin round band surrounding the
nucleus. ES cells are also characterized by high activity of
endogenous alkaline phosphatase (Fig. 3, see color
insert), which is one of the commonly used tests suggest-
ing maintenance of the pluripotent status of these cells.
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Figure 3 shows staining of colonies formed by undif-
ferentiated ES cells. The feeder layer cells do not give
positive reaction to alkaline phosphatase activity. ES cells
are also characterized by high level of telomerase activity,
which correlates with their undifferentiated degree.

Below I consider features of some of the best-studied
ES cells and the ways of their differentiation.

CHARACTERISTICS OF EMBRYONIC
STEM CELLS

Mouse Embryonic Stem Cells

The first mouse ES cells were obtained in the begin-
ning of 1980s [1, 2]. Most of these cells were derived from
mouse embryos of the inbred line 129/Sv at the stage of
blastocyst. These include the following ESC lines: R1,
W9.5, AB-1, CP-1, CCE, CC.1, PJ1-5, E14, D3 [13].
Karyotypic analysis of 35 ESC lines has shown that 25
lines are characterized by the XY karyotype whereas the
others have XO and XX karyotypes. It is suggested that ES
cells are preferentially formed from cells with male karyo-
type, because the second X chromosome may be a
pluripotency destabilizer [14]. All ES cells have basically
normal karyotype (2n = 40) and its changes result in the
loss of pluripotency [15].

Mouse ES cells exhibit high proliferative activity; in
culture, they can maintain undifferentiated state for a
long time as well as normal and stable karyotype. Mouse
ES cells are characterized by relatively short time for cell
population doubling (about 12-15 h) with very short G1
phase. In these populations, cells of moderate size (10-
12 um) predominate; during reseeding, they exhibit adhe-
sive and proliferating properties. Contacting the feeder
layer, they form (visually) normal monolayer colonies,
which can differentiate into embryoid bodies under cer-
tain conditions. In the beginning of ES cells differentia-
tion, expression of cyclin D increases, G1 phase is pro-
longed, and the rate of cell divisions decreases [16].

As mentioned above, for maintenance of undifferen-
tiated phenotype of mouse ES cells in vitro cells are culti-
vated on a feeder layer. The latter is usually formed by pri-
mary embryonic fibroblasts inactivated by mitomycin C
or by y-irradiation. Another method used for prevention
of ES cells differentiation is addition of a specific growth
factor, known as leukemia inhibitory factor (LIF), to the
culture medium (lacking the feeder layer).

Some features of leukemia inhibitory factor. LIF
belongs to a class of cytokines. It is a hematopoietic regu-
lator inducing differentiation of myeloid leukemia M1 cell
line. The feeder cells from primary embryonic fibroblasts
produce LIF and thus maintain undifferentiated state of
ES cells [17]. In the presence of bovine embryonic serum,
recombinant LIF can partially function as the feeder layer
and provide growth and proliferation of ESC [6].
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LIF is a member of the interleukin-6 (IL-6) family,
which also includes interleukin-11 (IL-11), onco-
statin M, ciliary neurotrophic factor (CNTF), and car-
diotrophin (CT-1).

LIF realizes its effects via interaction with a corre-
sponding plasma membrane receptor; the latter is a het-
erodimer complex of proteins gp130 and LIFR. Initially
LIF interacts with its receptor, LIFR, and then with gp130.
This results in formation of a ternary complex [18], which
activates the transcription factor STAT3 signaling pathway.
This is the main factor responsible for maintenance of ES
cells pluripotency [19, 20]. Besides, the signaling pathway
associated with STAT3 maintenance of the undifferentiated
status of ES cells can also involve the BMP-SMAD path-
way. Recently, it has been demonstrated that in serum free
medium LIF can block neuronal differentiation of mouse
ES cells and maintain only their pluripotency to a lesser
extent. However, combined effects of LIF and BMP (bone
morphogenetic protein) maintain ES cell pluripotency.
These authors suggest that the major contribution of BMP
is attributed to induction of Id gene expression involving the
SMAD pathway [21]. It should be noted that there are two
other pathways involved in maintenance of the undifferen-
tiated state of ES cells—ERK and Wnt-1 [22, 23].

Surface antigens and maintenance of pluripotency.
Mouse ES cells express the surface antigen SSEA-1
(stage-specific embryonic antigen) detected at the stage
of an 8-cell mouse embryo up to the inner cell mass of the
blastocyst [24].

Figure 4 (see color insert) shows immune fluores-
cence detection of the SSEA-1 antigen on the surface of
mouse ES cells. Full staining of the cell clusters suggests
that most cells are in the undifferentiated state and main-
tain their pluripotent properties. Earlier documentation
of undifferentiated phenotype of mouse ES cells
employed the ECMA-7 marker, and for differentiating
cells the TROMA-1 marker was used. It has already been
mentioned that mouse ES cells are characterized by high
level of expression of endogenous alkaline phosphatase
(Fig. 3) and telomerase, which is required for mainte-
nance of proliferative activity [25, 26].

In joint experiments with colleagues from Sechenov
Moscow Medical Academy, we were the first to find calci-
um channels in mouse ES cells and to characterize them
[27]. It was shown that voltage-gated ion channels are basi-
cally absent on the surface of ES cells. However, our results
suggested the presence of a large calcium store in ES cells;
it was sensitive to thapsigargin, a specific inhibitor of calci-
um ATPase of intracellular calcium stores. Ryanodine-
sensitive stores were weakly developed in these cells.

Maintenance of pluripotency of mouse ES cells
required expression of some transcription factors such as
Oct-4, Nanog, and Rex-1 [28-31]. Oct-4 is a member of
the POU protein family; it is required for formation of the
inner cell mass of the blastocyst and is expressed in early
stages of the development of mouse embryos [32].

GRIVENNIKOV

However, the increase of its expression causes differentia-
tion of ES cells in the mesoderm and endoderm, whereas
its absence results in formation of trophoectoderm [28].
The transcription factor Nanog is also involved in main-
tenance of pluripotency of mouse ES cells; the increase in
its expression promotes maintenance of undifferentiated
state of ES cells in the absence of LIF and corresponding
activation of STAT3. Maintenance of pluripotency of ES
cells with increased expression of Nanog but in the
absence of LIF requires Oct-4 expression, because in the
absence of Oct-4 cell differentiation begins [31, 33].
Gordeeva et al. [30] compared expression of the homeo-
box-containing transcription factors Oct-4, Pax-6, Prox-
1, and Ptx-2 in mouse ES cells. This study originally
demonstrated expression of Prox-1 and Ptx-2 genes at
initial stages of cell differentiation. This suggests an
important role of these genes in embryogenesis.

It has recently been shown that some neurotrophins
(BDNF (brain derived neurotrophic factor), NT-3, and
NT-4 (neurotrophin-3 and -4)) can maintain both prolif-
eration and pluripotency of a culture of human ES cells;
these neurotrophins prevent apoptosis of these cells [34].
The effects of neurotrophins are realized via a signaling
pathway that includes activation of phosphatidylinositol-
3-kinase.

Formation of embryoid bodies. Initial stages of differ-
entiation. In the absence of the feeder layer and LIF, ES
cells form so-called embryoid bodies, which represent
germs of endoderm, ectoderm, and mesoderm and
resemble post-implantation development. Attachment of
an embryoid body to the adhesive substrate is accompa-
nied by disruption of tight junctions between surface cells;
this results in impairment of basal membrane integrity
and formation of contacts between inner cells with a sub-
strate. After that the inner cells migrate from the embry-
oid body and their active proliferation followed by subse-
quent differentiation into various tissues (e.g. muscular,
nervous, epithelial, etc.) begins [6]. Mouse ES cells can
form simple and cystic embryoid bodies [5, 35].

Figure 5 (see color insert) shows the embryoid bod-
ies formed by mouse ES cells grown on a gelatin substrate
and also initial stages of differentiation of these cells
accompanied by disruption of embryoid bodies and cell
migration from the inner space along the substrate [46].

It should be noted that differentiation of ES cells can
occur spontaneously, and it may also be induced by some
growth factors and various chemical compounds.
Differentiation of ES cells in vitro is used as a model for
studies of embryogenesis and corresponding differentia-
tion into various cell types.

Human Embryonic Stem Cells

Isolation and cultivation of human ES cells was a
colossal achievement of the 1990s. These cells were isolat-

BIOCHEMISTRY (Moscow) Vol. 73 No. 13 2008



EMBRYONIC STEM CELLS AND DIRECTED DIFFERENTIATION

ed from pre-implanted blastocysts fertilized in vitro by their
extraction from the inner cell mass (which was then plated
onto the feeder layer) followed by subsequent cell growth
and preparation of corresponding cell lines [25, 36-39].

Figure 6 (see color insert) shows human ES cells
grown on a feeder layer of mouse embryonic fibroblasts.

Injection of human ES cells under testicular capsule
of immune deficient mice (SCID strain) resulted in for-
mation of teratomas containing derivatives of germinal
layers [25, 36]. Pluripotency of human ES cells is also
maintained by the transcription factors Oct-4 and Nanog
[33]. Similarly to mouse ES cells, human ES cells could
maintain for a long time their pluripotency, high prolifer-
ative activity, and (this is especially important) normal
karyotype (46XX/XY) [40]. These cells are also charac-
terized by high activity of alkaline phosphatase and
telomerase [25, 37]. However, differences between human
and mouse ES cells also exist. Some of these differences
are listed in Table 1.

In contrast to mouse ES cells, human ES cells form
only cystic embryoid bodies. Undifferentiated human ES
cells express specific surface antigens SSEA-3, SSEA-4,
TRA-1-60, and TRA-1-81 [25, 37, 41] and do not express
SSEA-1 typical for mouse ES cells. Cell population dou-
bling time is higher for human ES cells (30-35 h) than for
mouse ES cells (12-15 h) [40]. In most cases, reseeding of
mouse ES cells employs trypsin, whereas mechanical dis-
sociation is used for reseeding of human ES cells because
their enzymatic treatment often results in chromosome
aberrations [35]. However, recently 17 lines of human ES
cells with normal karyotype were obtained after enzymatic
treatment of cells [42]. Cultivation of human ES cells in
vitro also often employs the mouse embryonic fibroblast
feeder, secreting necessary growth factors. However, it was
demonstrated that LIF weakly inhibited differentiation of
these cells in spite of activation of the LIF/STAT3 signal-
ing pathways in human ES cells (it is possible that this acti-
vation is not sufficient for maintenance of pluripotency of
these cells) [25, 36, 43]. The major difference of human
ES cells from mouse ES cells is spontaneous or BMP-4-
induced differentiation into trophoectoderm cells [25, 44].
It is possible that the inner cell mass of the human blasto-
cyst maintains ability for generation of trophoectoderm.
This suggestion is supported by data that a decrease in
expression of Oct-4 in human ES cells results in increased
expression of trophoectodermal (Cdx2) and extraecmbry-
onic endodermal markers such as GATA-6 [45].
Suppression of Nanog gene expression by means of RNA
interference was also accompanied by increased expres-
sion of trophoectodermal markers in these cells [46].

Possible application of human ES cells in cell thera-
py requires very strict conditions of their cultivation. The
possibility of human cell infection with pathogenic
microorganisms, retroviruses, and other pathogens,
which might contaminate embryonic serum and feeder
layer cells, should be absolutely ruled out. In this connec-
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Table 1. Some properties of mouse and human ES cells

Properties and cell Mouse | Human References
markers ES cells | ES cells

Oct-4 + + [24, 25, 28-30]
Nanog + + [28, 31, 33, 36]
SSEA-1 + - [24, 25, 41]
SSEA-3/4 - + [25, 37, 41]
TRA-1-60/81 - - [25, 37, 41]
LIF-receptor + + [6, 19, 20, 25, 36]
Alkaline phosphatase + + [25, 26]
Telomerase activity + + [25, 26]
Formation of simple, cystic [5, 29, 30, 35]

embryoid bodies cystic

tion, much attention is now paid to preparation of new
lines of human ES cells that can grow on a feeder-free
substrate using synthetic media with serum substitutions;
such approach can significantly standardize the cultiva-
tion procedure [48].

Other Embryonic Stem Cells

Pluripotent stem cells have also been obtained from
other animals including hen [48], hamster [49], rabbit
[50], rat [51, 52], mink [53], pig [54], sheep [55], cattle
[56-58], and some primates [59-63].

However, only mouse and chicken ES cells can differ-
entiate into germinal pathway cells. Development of stud-
ies on human ES cells also required ES cell lines from
other primates. Monkey ES cells are characterized by typ-
ical markers of human ES cells; they also maintain normal
karyotype and high proliferative activity in vitro [60]. These
cells can be a convenient model for studies of human ES
cells. In addition, the monkey ES cell line Cyno-1 isolat-
ed from a blastocyst obtained by parthenogenesis in vivo
exhibited many features typical for human ES cells: high
activity of telomerase and alkaline phosphatase, expression
of corresponding cell markers (Oct-4, SSEA-3, SSEA-4,
TRA-1-60, TRA-1-81), and ability to differentiate into
various cell types. This gives hope that parthenogenetical-
ly derived cells might serve as a source for autologous ther-
apy; this would exclude the necessity of embryo develop-
ment. However, use of cells lines obtained using such an
approach has certain limitations because of impairments
in expression of imprinting genes in these cells [65].

Application of ES Cells

ES cells are now used both in basic scientific studies
and in practice (Fig. 7).
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Fig. 7. Directions for use of ES cells in biology and medicine.

Since their discovery, ES cells have been used for
studies of initial stages of embryonic development of var-
ious species, especially mammals, and recently for their
cloning as well. Some experiments have shown that in
vitro ES cells undergo all stages of initial development
that normally occur in embryos in vivo.

ES cells have been successfully used to create chimeric
animals. It was already mentioned that mouse ES cells were
used as a model for the development of methods of homol-
ogous recombination; use of these methods allowed the
introduction of extremely accurate changes in genomes of
living cells and the monitoring of functions of these altered
genes at the level of the whole organism [4, 13].

The most recent and intensively developing direc-
tions of application of ES cells include their directed dif-
ferentiation into certain cell types. This is especially
important for human cells, which may be used for cell
transplantation and also for the development of cell mod-
els for testing of drugs (Fig. 7).

DIRECTED DIFFERENTIATION
OF EMBRYONIC STEM CELLS
AND FACTORS INFLUENCING THIS PROCESS

Studies of differentiation of ES cells and especially
their directed differentiation into certain types of cells
represent not only theoretical interest, but they give hope
to develop perspective methods of cell or tissue therapy of
various serious human diseases.

Here I consider some approaches to regulation of dif-
ferentiation of ES cells, which are summarized in Fig. 8.

It should be noted that at early stages of the develop-
ment of these approaches the major attention has been
paid to search and employment of various growth and dif-
ferentiation factors; however, now genetic modifications
of ES cells for induction of certain types of cell differen-
tiation attracts much attention. During recent years,
much attention is paid to genetic modifications of ES
cells for induction of certain types of cell differentiation.

GRIVENNIKOV

Below is a list of conditions that should be used dur-
ing the development of approaches for directed differen-
tiation of ES cells for their subsequent use for transplan-
tation into a particular recipient (particularly a human).

1. Initial conditions should favor elaboration of a
large number of undifferentiated ES cells.

2. During the next stage, it is necessary to differenti-
ate cells and to obtain maximally possible number of cells
of a certain type (ideally it should be a homologous pop-
ulation) suitable for transplantation.

3. Solution of all these tasks requires the develop-
ment of standardized conditions for elaboration of ES
cells and for their subsequent differentiation as well; these
are important preconditions to get reproducible results.

In vivo studies of directed differentiation of ES cells
and the effects of cell environment on this process use cell
transplantation into various organs of adult animals
(brain, liver, heart, etc.) followed by subsequent monitor-
ing of the transplanted cells. Such studies employ ES cells
marked with fluorescent proteins. Cells expressing such
proteins are easily detected in sections by means of fluo-
rescence microscopy of sections of organs and tissues of
interest.

Figure 9 (see color insert) shows ES cells of R1 line
transformed with plasmids carrying genes encoding vari-
ous fluorescent proteins: “green”, “red”, and “blue”. The
use of genes under controllable promoters is a very prom-
ising approach. For example, Fig. 9 (¢ and d) shows
expression of a “blue” protein under control of promoter
of heat shock protein gene. The figure clearly shows lack
of staining of transfected cells incubated at 37°C and
appearance of blue fluorescence of cells incubated at
40°C [66].

Use of Feeder Layer Cells

Cells of the feeder layer can be used for induction of
differentiation of ES cells; this has recently been demon-
strated by Schmitt et al. [67].

Some approaches to directed differentiation
of embryonic stem (ES) cells and stem (ST) cells

~ N

Use of growth Use of genetically modified
and differentiation feeder cells for induction
factors of certain types
of cell differentiation

Genetic modifications of ES and ST cells
for induction of directed differentiation
or maintenance of cells in the undifferentiated state

Fig. 8. Modes of induction of directed differentiation of ES cells
in vitro.
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Mouse ES cells were cultivated on a substrate of OP9
stromal cells expressing the delta-1 ligand required for
activation of corresponding Notch receptors on ES cells.
During experiments, the authors achieved differentiation
of the ES cells into T-lymphocytes, which expressed sur-
face markers specific for this type of cells. Moreover,
functional competence of resultant T-lymphocytes was
demonstrated during their transplantation into immune
deficient mouse recipients lacking these cells. Thus, this
is a rather perspective approach for elaboration of a basi-
cally unlimited number of cells required for particular
experiments and also for their directed differentiation
with high yield of desired cells.

Use of Growth and Differentiation Factors

Various chemical compounds are now widely used
for induction of differentiation of ES cells in certain
direction. Retinoic acid, a vitamin A derivative, was one
of the first compounds used for this purpose. Interesting-
ly, various concentrations of retinoic acid determine pref-
erential differentiation of ES cells into either neuronal or
myogenic directions.

Figure 10 (see color insert) shows differentiation of
mouse ES cells in the neuronal direction; this was caused
by 1 uM retinoic acid added to cell cultures at the stage of
embryoid bodies.

Studies of genetic control of myogenic and epithelial
differentiation of ES cells have shown that sequential
expression of tissue-specific genes in these cells is the
same as during the process of normal development [68,
69].

Ways and modes of differentiation of these cells into
some cell types induced by factors of growth and differen-
tiation are considered below.

Differentiation into cardiomyocytes. Cardiovascular
diseases are the leading cause of mortality in such coun-
tries as USA, Russia, China, and India. In our country up
to one million people die every year from these diseases.
So, in vitro cardiomyocyte preparation is one of the
important directions of induction of ES cell differentia-
tion. This is related to the possibility of elaboration of
large quantities of cells for replacement therapy. ES cell
differentiation into cardiomyocytes can be easily observed
in vitro by appearance of spontaneously contracting cell
clusters. In most modern protocols describing differenti-
ation of ES cells into cardiomyocytes, initial stages of
manipulations with cells include the stage of embryoid
body formation in the absence of LIF [70].

There are several factors influencing differentiation
of ES cells into cardiomyocytes: type of ES cell line, ini-
tial number of cells in the embryoid body, medium com-
position, and the presence of serum, growth factors, and
other additions as well as time of embryoid body seeding.
Among conditions promoting differentiation of mouse
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and human ES cells in the cardiogenic direction one
should mention: retinoic acid (10 nM) [71], dimethyl sulf-
oxide (0.5-1.5%) [72], 5-azo-deoxycytidine [73], and
ascorbic acid [74]. Recently a stimulating effect of nitric
oxide on differentiation of mouse ES cells into cardiomyo-
cytes has also been found [75]. Initial stages are charac-
terized by the increase of regions with spontaneous con-
tractions followed by subsequent increase in the contrac-
tion rate. Aggregation of cells and changes in the rate of
spontaneous contractions may last from several days up to
one month depending on cell number at the initial stages.
It is important to understand that totally differentiated
cardiomyocytes often stop spontaneous contractions, but
they can be maintained in culture for a long time. Thus,
three stages of differentiation can be arbitrarily recog-
nized depending on duration of cell cultivation: early
(appearance of pacemaker-like cells and primary car-
diomyocytes), intermediate, and terminally (differentiat-
ed atrial and ventricular cells). Methods of differentiation
of ES cells into cardiomyocytes as well as modes of
enrichment of differentiating cells with cardiomyocytes
have been developed [76].

Differentiation into central nervous system cells.
Directed differentiation of ES cells via the ectodermal
pathway, which includes differentiation of cells of the
nervous system, is now well documented. Most studies
are focused on preparation of nervous tissue from ES
cells. In addition, other ectoderm elements have also
been obtained; these include cells expressing keratinocyte
markers [69]. Using these cells, structures similar to
embryonic skin have been obtained; this suggests that
they may normally function in tissues [77]. Formation of
skin tissue cells is particularly regulated by BMP4 [78].
Interestingly, addition of BMP4 to a culture of cells dif-
ferentiating via the neuroectodermal pathway results in
inhibition of the development of nervous tissue and cell
differentiation into keratinocytes.

It is very difficult to investigate differentiation of ES
cells via the neuroectodermal pathway because of very
complex structure of the mammalian nervous system.
Taking into consideration the practical impossibility of
investigation of initial stages of cells differentiating via the
neuroectodermal pathway in vivo (especially in humans),
ES cells should be considered as a unique model of these
processes, because during differentiation in the neuroglial
direction in vitro they pass all the stages as during in vivo
development [79, 80].

It should be noted that differentiation in this direc-
tion results in formation of various cell types: neurons and
glial cells. In addition, a “common pool” of glial cell pre-
cursors gives rise to various differentiated cells such as
astrocytes (also subdivided into several types), oligoden-
drocytes, and Schwann cells. The population of neurons
formed during differentiation is also heterogeneous; it
consists of neurons of various ergicity including
dopaminergic, cholinergic, GABA-ergic, glutamatergic
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neurons, etc. Compared with this, differentiation of ES
cells into cardiomyocytes is a rather “simple” task.

If directed differentiation of ES cells (especially
human ES cells) is considered as the source for subse-
quent transplantation into brain, strict requirements for
methodological regulations become quite understand-
able.

Differentiation of human ES cells in the neuroglial
direction was achieved using a system of artificial three-
dimensional carriers of polyhydroxy esters [81]. In this
system, co-treatment of ES cells with NGF (nerve growth
factor) and NT-3 resulted in significant increase in num-
ber of both nestin-positive (neuronal precursors) and -
I1I-tubulin positive (neurons) cells. In the differentiating
culture, structures resembling vessels were also observed.
Gerrard et al. [82] developed effective differentiation of
human ES cells in the neuronal direction. The method is
based on blockade of BMP signaling in cells by means of
its antagonist noggin used during early stages of differen-
tiation. Use of such approach during long-term cultiva-
tion yielded up to 90% of cells expressing such markers of
neuron precursors as nestin and PSA-NCAM (nerve cell
adhesion molecule). Subsequent cultivation resulted in
appearance of mature nerve cells expressing MAP2 and
B-III-tubulin. It is important to indicate that on the
developed system appearance of glial cells was not
observed during long time of cultivation. Only after 80
days of cultivation, appearance of GFAP (glial fibrillary
acidic protein)-positive cells was observed.

Use of this method resulted in preferential differen-
tiation of cells into GABA-ergic neurons. There was
small number of TH (tyrosine hydroxylase)-positive cells
(presumably dopaminergic neurons) and lack of any glu-
tamatergic neurons. However, if cells were treated at a
certain stage of differentiation (cultivation for about 40
days) with some growth factors such as FGFS (fibroblast
growth factor), GDNF (glial derived neurotrophic fac-
tor), BDNE, and also with ascorbic acid (in various com-
binations), the number of TH-positive cells significantly
increased. Thus it seems that using various combinations
of growth factors it is possible to obtain neuronal enriched
cell populations.

Lecithin-modified BDNF also increased neuronal
differentiation of ES cells both in vitro and in vivo [83].
Cell differentiation into neuronal direction is accompa-
nied by intracellular activation of ERK 1/2 (extracellular
signal regulated protein kinase) [84]. Corresponding inhi-
bition of these kinases by a specific inhibitor (UO126)
resulted in significant decrease in neuronal differentia-
tion. In addition, the inhibitor caused activation of cas-
pase 3; this suggests that the ERK signaling pathway is
involved not only in differentiation, but also in mainte-
nance of cell viability.

Study of neuronal differentiation of ES cells lacking
JNKI, JNK2, and JNK3 protein kinases (belonging to
the family of stress-activated protein kinases) revealed
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interesting features [85]. ES cells lacking JNK2 and
JNK3 kinases exhibited normal ability to differentiate in
the neuronal direction as normal cells, whereas ES cells
lacking JNK1 did not exhibit such feature. However,
these cells demonstrated preferential epithelial differenti-
ation. Neuronal differentiation of mammalian ES cells
could also be induced by factors synthesized by avian
neurons. Addition of conditioned medium obtained from
cultures of chicken dorsal root ganglion neurons signifi-
cantly stimulated such differentiation [86].

Peptide regulators of neuroglial differentiation. In
contrast to growth and differentiation factors, which are
rather large (and therefore expensive) protein molecules,
regulatory peptides are potentially more attractive and
perspective factors influencing processes of directed dif-
ferentiation of ES cells.

Cazillis et al. [87] used two peptides for differentia-
tion of mouse ES cells: pituitary adenylate cyclase acti-
vating polypeptide (PACAP) and vasoactive intestinal
peptide (VIP). Both peptides act at VPAC1 and VPAC2
receptors coupled to GTP-binding proteins. Incubation
of ES cells with each peptide (final concentration
100 nM) for eight consecutive days after seeding and sub-
sequent formation of embryoid bodies resulted in induc-
tion of directed differentiation of these cells in the neu-
ronal direction. In control cultures the proportion of cells
with neuronal phenotype (positive for staining on neuron
specific enolase) varies from 10 to 25%; after treatment
with PACAP and VIP it increase to 80 and 91%, respec-
tively. PACAP and VIP did not influence the number of
O4-positive cells (an oligodendrocyte marker). In cul-
tures treated with these peptides, there were no GFAP-
positive cells (an astrocyte marker) found also. In differ-
entiated cultures, TH- and GABA-positive cells repre-
sented 47 and 52% and 54 and 42% after induction of dif-
ferentiation by PACAP and VIP, respectively. Both pep-
tides stimulated neuron formation and increased their
length (in the treated cultures). These peptides are no
exception. For example, Kim et al. [88] demonstrated
that agonists of p- and k-opioid receptors (also transduc-
ing signals by means of a system of GTP-binding pro-
teins) stimulated differentiation of ES cells into neuronal
precursors. It is suggested that their action is realized via
the system of corresponding (ERK) protein kinases.
Thus, use of short peptide may represent a perspective
approach to directed differentiation of ES and other stem
cells, which might then be used in cell therapy.

Hematopoietic differentiation pathway. Hemato-
poiesis is formation of blood cells from their stem cell ori-
gin. Bone marrow stem cells give rise to two lineages:
lymphoid (B- and T-lymphocytes) and myeloid (erythro-
cytes, macrophages, segment nuclear cells, and
megakaryocytes). During embryo development, hemato-
poiesis occurs via two independent (primary and second-
ary) pathways. Primary hematopoiesis required only for
embryonic development involves yolk-sac cells, which
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produce embryonic erythrocytes and macro-phages, but
cannot form hematopoietic stem cells (HSC) and lym-
phoid lineage cells. Secondary hematopoiesis gives rise to
HSC and then to all blood cells typical of the adult organ-
ism.

During cultivation in a medium containing embry-
onic serum, ES cells undergo preferential differentiation
via the hematopoietic pathway (with high reproducibility
of such experiments) [89]. In the forming embryoid bod-
ies more that 50% of cells express Flk-1 receptor (for
VEGF), the characteristic marker of hematopoietic cells
and blood vessel cells [90]; more than 5% of cells can give
stably dividing line of hematopoietic cells. Detailed study
of differentiation kinetics, set of working genes, the level
of their expression, and comparison with data on yolk-sac
cells has shown that ES cells develop via the primary
hematopoietic pathway [91-93].

The direction of ES cells into the secondary
hematopoiesis pathway required changes in conditions of
cell growth. During common cultivation of ES cells with
OP9 stromal cells, the former underwent lymphoid
cytokine-induced differentiation into B-lymphocytes
[94, 95].

Cells exhibiting HSC properties were obtained dur-
ing cultivation of ES cells in medium containing IL-3,
IL-6, and SCF (stem cell factor). Cells possessing CD45
and c-kit markers were isolated and injected into thigh-
bone of mice subjected to irradiation induced bone mar-
row cell killing. Some time after injection, cells derived
from lymphoid and myeloid lineages formed from corre-
sponding ES cells were found in peripheral blood of these
mice [96]. It was also demonstrated that increased
expression of HoxB4 resulted in formation of HSC, capa-
ble for functioning in vivo [97]. ES cells represent a con-
venient model for studies of early stages of the
hematopoietic pathway because in embryos this system is
hardly available for investigation.

Differentiation of ES cells into insulin-producing
cells. About 4-5% of the human population suffers from
diabetes mellitus, and the total number of patients may
exceed 350 million by 2010. So development of directed
differentiation of ES cells into B-cells of islets of
Langerhans and subsequent transplantation of such cells
are very important for the development of new methods
for treatment of this disease. Using H9 human ES cells,
Assady et al. [98] demonstrated that long-term cultivation
of these cells is accompanied by formation of embryoid
cells and results in formation of a rather large number of
cells producing insulin. After 19 days of differentiation,
up to 60% of the embryoid cells gave positive immune
staining for insulin. The first cells synthesizing insulin
appeared on the 14th day of cultivation. Among the cells
giving positive staining for insulin, about 1-3% of cells
exhibited high level of insulin secretion. However, the
authors failed to detect induction of insulin secretion by
glucose. Lumelsky et al. [99] developed a five-stage
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method for differentiation of ES cells into insulin-pro-
ducing cells. Subsequently Shi et al. [100] improved the
procedure of ES cell differentiation and shortened the
time required for B-cell production to two weeks. The
major approach used by these was sequential treatment of
mouse R1 ES cells with various growth factors: activin A,
retinoic acid, and bFGE The resulting cells regulated
insulin secretion in response to addition of glucose. This
is an important achievement of this group. These cells
expressed specific markers presented at the P-cells of
Langerhans islets. Administration of such cells to mice
with experimental diabetes normalized blood glucose.
However (as in other cases), transplantation of such
insulin-producing cells frequently caused the develop-
ment of malignant tumors in the recipient mice.

Differentiation of ES cells into other cell types. A
combination of various factors may give preferential dif-
ferentiation of ES cells into other cell types. For example,
hepatocyte growth factor (HGF) in combination with
NGF caused a significant shift of differentiation of mouse
ES cells to formation of hepatocytes: after cultivation
with these factors for 15 days, there was appearance of a
large number of functionally active hepatocytes. This was
confirmed by detection of specific markers in these cells:
o-1-antitrypsin, a-fetoprotein, albumin, and hepato-
cytes nuclear factor [101]. Inhibition of TGF-p (trans-
forming growth factor-$) and signaling associated with
the factor resulted in inhibition of differentiation of ES
cells into smooth muscle cells.

Use of Genetic Modifications in ES Cells
for Their Directed Differentiation

Insertion of certain genes into ES cells of various ori-
gin is used not only for studies of functions of these genes,
but also for solution of problems of directed differentia-
tion and elaboration of a large number of cells with cer-
tain phenotype that would be suitable for cell therapy.
Some examples of the use of the genetic modification of
ES cells are summarized in Table 2.

For preparation of dopaminergic neurons, Kim et al.
[103] used genetic modification of ES cells with the tran-
scription factor Nurrl followed by subsequent cell differ-
entiation in the presence of PA6 stromal cells. Cell lines
overexpressing Nurrl formed twice as many neurons as
control cultures and the number of TH-positive cells in
these cultures exceeded 50% of total cell number. The
resultant TH-positive cells not only synthesized and
secreted dopamine into the medium, but also exhibited
electrophysiological characteristics typical for midbrain
dopaminergic neurons. Transplantation of such cells into
mouse striatum resulted in their effective integration into
the brain tissue.

Another approach was realized by Shim et al. [104].
They obtained ES cells transfected with bc/-x/ gene; these
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Table 2. Some examples illustrating use of genetically
modified ES cells for cell therapy

Disease Genes transfected | Reference
into ES cells
Autoimmune encephalitis MOG and TRAIL [102]
Parkinson’s disease nurrl [103]
Parkinson’s disease bcl-XL [104]
Diabetes mellitus nkx2.2 [107]
Retinal pathology rx/rax [108]
Stroke bcl-2 [105]
Stroke NO synthase [75]
Hematopoietic pathology SDF-1 [109]
Muscular pathology IGF-11 [106]
Metachromatic leukodystrophy aryl sulfatase [110]
Sickle cell anemia B(A)-globin [111]

cells expressed antiapoptotic protein of the Bcl-2 family.
Differentiation of the transfected cells resulted in appear-
ance of a larger number of cells expressing markers of
dopaminergic neurons compared with control cells.
Moreover, such cells were less sensitive to the cytotoxic
effect of 1-methyl-1,4-phenylpyridine, a known cytotox-
ic agent for dopaminergic neurons. Transplantation of
cells expressing the bcl-x/ gene to the brain of rats with
symptoms of Parkinson’s disease caused clearer normal-
ization of behavioral symptoms than in recipient animals
receiving control cells.

In attempt to correct brain impairments after exper-
imental stroke, Wei et al. [105] also used mouse ES cells
transfected with the bcl-2 gene. Treatment of the trans-
fected cells with retinoic acid (for induction of neuronal
differentiation), followed by their transplantation into the
cavity formed after stroke, in 1-8 weeks after transplanta-
tion resulted in filling of the cavity with cells expressing
markers of neurons, astrocytes, and oligodendrocytes.
Moreover, the transplanted cells exhibited higher viabili-
ty and ability for neuronal differentiation and the recipi-
ent animals were characterized by accelerated restoration
of impaired brain functions. Thus, genetically modified
ES cells might be used as a very valuable tool for therapy
of severe strokes.

Using genetic modifications of ES cells, it is possible
to achieve their differentiation into other cell types.
Kanno et al. [75] used an adenovirus vector carrying the
gene of the inducible form of NO synthase for induction
of mouse ES cell differentiation into cardiomyocytes. The
transfected cells formed four times more clusters of con-
tracting cardiomyocytes than control cultures. At the
stage of embryoid bodies, the treatment of ES cells with
compounds generating NO caused similar effect. The
cardiomyocytes formed in vitro expressed antigenic mark-
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ers of mature cardiomyocytes (troponin I and myosin
light chains). Interestingly, NO not only induced differ-
entiation of ES cells into cardiomyocytes, but also stimu-
lated apoptosis in undifferentiated cells.

Induction of myogenic differentiation was obtained
after transfection of mouse ES cells with the gene encod-
ing IGF-II (insulin-like growth factor-2) [106]. After
transfection and corresponding selection, the cells exhib-
ited expression of both early (myogenin, myoD) and later
(dystrophin) markers of skeletal musculature. Transplan-
tation of such cells into mice with injured anterior tibial
muscle significantly improved their motor functions. This
was accompanied by formation of new myofibrils. The
authors concluded that genetic modification of ES cells
with IGF-II might be perspective for cell therapy of vari-
ous types of muscle diseases and injuries.

Genetic modifications of ES cells by means of the
Nkx2.2 gene resulted in appearance of pancreatic 3 cells
in vitro [107]. These cells were able to synthesize and
secrete insulin into the medium and also to express some
cell markers of B cells (proinsulin 1, proinsulin 2, and
PDXI1). However, the authors failed to demonstrate
insulin secretion induced by glucose.

Modification of ES cells by transcription factor
Rx/rax resulted in differentiation of some of the cells into
retinal neurons in vitro [108]. According to electrophysio-
logical data, these cells exhibited functional activity.

Some factors produced by stromal cells can influ-
ence differentiation of ES cells towards hematopoietic
cells. For example, transfection of mouse ES cells with
the stromal cell-derived factor SDF-1/CXCL12 stimulat-
ed formation of erythroid, macrophage, and multipotent
precursors of hematopoietic cells in vitro [109].

Metachromatic leukodystrophy is a very severe dis-
ease characterized by impairments in lipid metabolism
and progressive demyelinization in the central nervous
system. It is caused by deficiency of aryl sulfatase (AS),
and AS-deficient mice have been obtained to model this
disease. ES cells transfected with the AS gene were used
for correction of this disease in these mice. After trans-
fection, cells were differentiated into glial cells, which
were then transplanted into the brain of AS-deficient
mice. The transplanted cells maintained their viability
and integrated into various brain regions. Four weeks
after transplantation, there was significant decrease (by
~50%) in sulfatide deposits in brain regions of these ani-
mals; this suggests success of the cell therapy [110].

Wu et al. reported about successful correction of
sickle cell anemia modeled in mice by means of expres-
sion of a human mutant gene of B(S)-globin [111]. The
authors replaced the gene of B(S)-globin for the normal
gene of B(A)-globin in ES cells obtained from such ani-
mals, and then they obtained transgenic mice lacking
pathological symptoms of this disease. Recently Hanna et
al. [112] reported similar results, but these authors used
autologous induced pluripotent cells corrected by means
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of homologous recombination with the human B-globin
gene.

Modifications of ES cells with various viral genes are
interesting not only for studies of functioning of these
genes and their effects on early embryonic development
and cell differentiation; they can be used for the develop-
ment of cell models for pharmacological studies.

During studies of functions of various immunodefi-
ciency virus genes, mouse ES cells transfected with the
regulatory genes fat and nef of this virus were obtained
[113]. Earlier it was demonstrated that the far gene
exhibits oncogenic potential and it activates transcription
of some genes and increases cell proliferation. The nef
gene suppresses expression of some genes and decreases
growth of cells, but it cooperates with the taf gene during
formation of transformation foci [114]. Transfection of
mouse ES cells with these genes revealed some interesting
facts [115]. The cells transfected with tat gene demon-
strated higher proliferative activity compared with control
cells as well as compared with cells transfected with the
nef gene. The time required for formation of embryoid
bodies by all cell lines insignificantly differ from control
cells. However, in cultures transfected with the nef gene
and the raf gene, the number of embryoid bodies formed
was two times higher and two times less than in control,
respectively. In cells transfected with the nef gene the per-
cent of the embryoid bodies with contracting cardiomyo-
cytes was 1.5-fold higher than in the control, whereas in
ES cells transfected with the faf gene this parameter was
lower than in the control. Thus, there was a reverse corre-
lation between the effects of HIV regulatory genes on pro-
liferation of ES cells and differentiation of these cells
[115].

Genetic modification of ES cells influences the ear-
liest stages of their differentiation. The effects of the pub
gene, a specific inhibitor of the transcription factor PU.1
(involved in regulation of hematopoiesis), was investigat-
ed on proliferation and initial stages of differentiation of
ES cells in vitro. Two approaches were employed:
increased expression of human pub gene (hpub) and sup-
pression of endogenous mouse pub expression by means
of RNA interference [116, 117]. Genetically modified
polyclonal ES cells transfected by plasmids expressing
hpub or with plasmids generating small interference RNA
(siRNA) for this gene under control of cytomegalovirus
promoter did not influence proliferative activity com-
pared with control cells. Suppression of endogenous pub
expression in ES cells by means of siRNA resulted in a
twofold decrease in formation of embryoid cells, whereas
additional expression of exogenous Apub resulted in a
twofold increase in formation of embryoid bodies com-
pared with control. Figure 11 (see color insert) shows
results of these experiments.

These results suggest that the pub gene is involved
into very early stages of differentiation of ES cells result-
ing in formation of embryoid bodies.
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Subsequent estimation of the effect of increased and
decreased expression of this gene on in vitro spontaneous
differentiation of transfected cells into cardiomyocytes
and neurons is shown in Figs. 12 (see color insert) and 13,
respectively.

The data of Fig. 12 suggest that Apub overexpression
caused a 2-fold increase in formation of clusters of con-
tracting cardiomyocytes in cell cultures, whereas the
decrease in pub gene expression caused a 3-4-fold decrease
in formation of such clusters in corresponding cell cultures.
Interestingly, under conditions of neuronal differentiation
the increase and the decrease of expression of these genes
caused completely different results (Fig. 13).

Overexpression of Apub caused a 2-fold decrease in
neuron number in cultures 20 days after cell seeding (Fig.
13a). At the same time, the decrease in pub gene expres-
sion by means of RNA interference caused a 2.5-fold
increase in neuron number (Fig. 13b). Thus, change of
pub gene expression in ES cells cause oppositely directed
effect on the differentiation of these cells into cardiomyo-
cytes (mesoderm derivatives) and neurons (ectoderm
derivatives).

Small interfering RNAs (siRNAs) are widely used for
studies of gene functioning in ES cells during their differ-
entiation into various cell types [118-120]. For example,
transfection of mouse ES cells with siRNA for genes Oct-
4 and Sox-2 resulted in significant decrease of their neu-
ronal differentiation [121]. In control ES cells the num-
ber of colonies detected by means of antibodies to neu-
ronal specific B-111-tubulin was about 90%, whereas sup-
pression of Sox-2 and Oct-4 gene expression decreased
this value to 65 and 45%, respectively. Using models of ES
cells and human embryonic carcinoma cells, it was
demonstrated that suppression of Oct-4 and Sox-2 gene
expression by means of RNA interference resulted in
induction of mesodermal differentiation [122].

250 4
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Fig. 13. Effect of increased Apub gene expression (a) and decreased
pub gene expression (b) on neuronal differentiation of mouse ES
cells in vitro. Histogram of neuron number in the transfected ES
cell cultures on the 20th day after seeding. a) Ordinate shows num-
ber of neurons per well (in percent) (n = 10). Gray column, ES-
DNA3 cell line (control); black column, ES-hPub cell line. *p <
0.05. b) Ordinate shows number of neurons per well (in percent)
(n = 10). Gray column, ES-Ineo cell line; black column, ES-
iRNA cell line. *p < 0.05.
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Maintenance of undifferentiated state of these two
cell types ultimately required normal functioning of the
FGF—FGEFR (fibroblast growth factor and its receptor)
system.

At the same time, suppression of Oct-3/4 in mouse
ES cells by means of siRNA or antisense sequences
resulted in inhibition of their mesodermal and (subse-
quent) cardiomyocyte differentiation [123].

Suppression of L.3/Lhx8 gene expression in mouse
ES cells revealed its specific role in processes of neuronal
differentiation [124]. Transfection of ES cells with a vec-
tor carrying sequences generating L.3/Lhx8 siRNA under
control of H1.2 promoter significantly influenced their
directed differentiation into nervous system cells induced
by retinoic acid; there was basically total inhibition of
cholinergic neuron formation (detected by choline
acetyltransferase staining). However, no significant
changes in the number of GABA-ergic neurons were
found in these cultures. Induction of L3/Lhx8 gene
expression normalized formation of cholinergic neurons,
and the authors concluded that this gene plays a key role
in differentiation of ES cells into cholinergic neurons and
that it is involved in the development of forebrain basal
nuclei.

Opposite effects on gene expression (consisting in
suppression or stimulation of gene expression) may
demonstrate involvement of their products in regulation
of cell proliferation, viability, and differentiation. For
example, stimulation of expression of well-known anti-
apoptotic gene Bc/2 in mouse ES cells caused increased
formation of hematopoietic embryoid cells with their
subsequent differentiation into colonies during their
seeding on methylcellulose [125]. At the same time, ES
cells transfected with a plasmid carrying sequences of
siRNAs for this genes were characterized by decreased
ability for differentiation into hematopoietic lincages.

During embryogenesis, mammalian embryos are
developed (especially at early stages) under oxygen
deficit. It was demonstrated that hypoxia induced factor
(HIF-1) can inhibit signal transduction through the LIF-
STAT?3 system of mouse ES cells; this effect is associated
with direct inhibition of LIFR expression via binding to a
regulatory element present in the promoter of this gene
[126]. HIF-1 overexpression and suppression of its
expression by means of RNA interference confirmed its
effect on LIFR expression. Thus, HIF-1 can stimulate
differentiation of ES cells by inhibiting LIF-STAT?3 sig-
naling responsible for maintenance of pluripotency of ES
cells.

There are developments showing genetic vectors car-
rying RNA interference sequences and their expression
can be regulated by various factors. For example, Wang et
al. used tetracycline-regulated plasmid generating
siRNA, which stably integrated into mouse ES cells
[127]. Using this model, they demonstrated inducible and
reversible repression of the Npm1 gene in these cells by
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specific siRNA (this resulted in suppression of ES cell
proliferation).

The possibility of suppression of expression of cer-
tain genes (especially key genes for certain types of cell
differentiation) opens perspectives for preparation of
large homogenous cell populations with certain type of
cell differentiation. This is ultimately important for their
use in cell therapy.

Differentiation of ES cells towards neuronal lineages
can be induced using genes encoding neurotrophins,
trophic factors influencing proliferation, cell differentia-
tion into neurons of certain ergicity, and their viability
[34]. Figure 14 (see color insert) shows results on induc-
tion of neuronal differentiation in ES cells by means of
overexpression of the ngf gene encoding nerve growth fac-
tor. Mouse ES cells were transfected with a plasmid car-
rying the ngf gene fused with GFP gene under control of
the cytomegalovirus promoter.

One can easily see long neurite outgrowths of form-
ing neurons and associates of these cells morphologically
similar to nerve nodes. Cells were immunocytochemical-
ly detected after 24 days of their cultivation in vitro. No
such structures were found in the control.

Thus, different approaches to genetic modification
of ES cells, which include both suppression of expression
of some genes and also their overexpression, are perspec-
tive directions in studies of differentiation of these cells.

However, genetically modified ES cells with certain
direction of cell differentiation have limited application
in cell therapy of severe human diseases due to poor
knowledge of delayed effects of such modifications on the
recipient’s body, particularly risk of development of
malignant tumors.

Preparation of ES cells and the development of
methods for manipulations with them represent one of
the most remarkable and important scientific achieve-
ments at the beginning of the third millennium. Since
mammalian ES cells are basically unlimited sources of
undifferentiated and nontransformed cells with normal
diploid karyotype, they will remain as major objects for
studies on pathways of embryonic development, forma-
tion, and functioning of particular tissues under normal
and pathological conditions. In addition, human ES cells
(including genetically modified ones) will be employed in
cell therapy of severe human diseases.

However, results of recent studies open principally
new possibilities in cells therapy. It is possible to repro-
gram human somatic cells into pluripotent stem cells for
their subsequent differentiation into various cell types and
their subsequent transplantation into patients suffering
from various incurable diseases.

In 2006, Japanese scientists Takahashi and
Yamanaka [128] reprogrammed mouse adult and embry-
onic fibroblasts into pluripotent stem cells. They defined
these cells as induced pluripotent stem (iPS) cells.
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Initially they selected 24 candidate genes that would be
involved in induction of pluripotency in somatic cells and
maintenance for such pluripotency in ES cells.
Fibroblasts were reprogrammed in vitro by transfection
with retroviral vectors carrying genes encoding four tran-
scription factors, Oct3/4, Sox2, c-Myc, and KIf4.
Resultant iPS cells exhibited morphological and growth
properties similar to those of ES cells; they also expressed
specific markers typical for ES cells. Transplantation of
such cells into immunodeficient mice resulted in forma-
tion of tumors containing cells of various tissues derived
from three germinal layers (ectoderm, mesoderm, and
endoderm). However, administration of iPS into mouse
blastocyst did not reveal chimeric animals among off-
spring (27 animals). Thus, these experiments demonstrat-
ed the possibility of in vitro preparation of pluripotent
mammalian cells by their treatment with a limited num-
ber of particular regulatory factors. Later, in 2007 this
group obtained chimeric animals using iPS cells [129,
130].

In the very beginning of 2008, Aoi et al. [131]
obtained clones of iPS cells from liver and gastric mucosa
of adult mice. In late 2007 and the beginning of 2008,
Takahashi et al. [132] and Nakagawa et al. [133] (from the
same laboratory of Kyoto University) reported about suc-
cessful dedifferentiation of human adult fibroblasts and
preparation of human iPS cells using the same factors
(Oct3/4, Sox2, c-Myc, and Klf4). Similar results (suc-
cessful preparation of human iPS cells from fibroblasts
using the same factors) were also reported by an
American group [134]. It should be noted that resultant
iPS cells exhibited similarity with human ES cells by the
following signs: morphology, proliferating activity,
expression of surface antigens, global gene expression,
epigenetic status of genes responsible for pluripotency,
telomerase activity, and (this is especially important) by
normal diploid set of chromosomes. In addition, this cell
line could differentiate into various cell types of all three
germinal layers both in vitro, and in teratomas.

However, Nakagawa et al. [133] significantly
improved the method for iPS cell preparation and exclud-
ed retroviral vector containing Myc gene from the experi-
mental protocol. This approach significantly reduced the
risk for tumor development in chimeric animals.

Yu et al. [135] obtained iPS cells from human fibro-
blasts by means of a rather different combination of fac-
tors. They used the following set of factors: Oct4, Sox2,
NANOG, and LIN28. Absence of Oct4 or Sox2 com-
pletely prevented formation of iPS cell colonies, whereas
lack of NANOG or LIN28 decreased their number by
more than an order of magnitude. Finally, resultant
clones of iPS cells also had normal diploid set of chromo-
somes and they insignificantly differed from human ES
cells by morphology, proliferative and telomerase activity,
expression of surface antigens, as well as by ability for dif-
ferentiation into derivatives of the three germinal layers.
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Figure 15 (see color insert) illustrates possibilities of
preparation of iPS cells and their subsequent use for cell
therapy of human diseases. It should be noted that not
only skin fibroblasts but also other proliferating cells
(available in reasonable quantities) might undergo dedif-
ferentiation. The possibility of manipulations with cells
from patients with inherited diseases is a very important
aspect of this problem: dedifferentiation of these cells
into iPS cells and correction of genetic defects in such
cells by means of homologous recombination and subse-
quent transplantation into the same patients would be a
powerful tool for treatment of these diseases.

However, this requires additional intensive studies
for minimization of potential mutagenic effects during
use of retroviral constructs in the processes of somatic cell
dedifferentiation.

Efficiency of applicability of various approaches
such as ES cells, iPS cells, and cells derived after nuclear
transfer for cell therapy still remains unclear. Further
studies are needed for elucidation of advantages of one of
the above considered approaches.
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Fig. 2. (I. A. Grivennikov) Mouse ES cells colonies on a feeder
layer of mouse embryonic fibroblasts: a) colonies formed by ES
cells; b) feeder layer cells (x400).

Fig. 5. (I. A. Grivennikov) Embryoid bodies obtained in a culture
of mouse ES cells (x200). A) Embryoid bodies on the 3-4th day
after attachment to the gelatin substrate; a) embryoid body. B)
Onset of cell migration from the embryoid bodies; b) arrow shows
cells migrating from the embryoid body after disruption of an
external shell.

Fig. 3. (I. A. Grivennikov) Detection of alkaline phosphatase
activity in mouse ES cells culture growing on a feeder layer
formed by mouse embryonic fibroblasts (x200): a) stained
colonies formed by ES cells; b) unstained cells of the feeder layer.

Fig. 6. (I. A. Grivennikov) Colonies of human ES cells, line

Fig. 4. (I. A. Grivennikov) Immune fluorescence detection of hESMO03, grown on a feeder layer of mouse embryonic fibroblasts
SSEA-1 antigen in culture of mouse ES cells grown on a feeder (x400). This photo was kindly provided by M. A. Lagar’kova
layer of mouse embryonic fibroblasts (x400). (Institute of General Genetics, Russian Academy of Sciences).
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Fig. 9. (I. A. Grivennikov) Mouse ES cells, line R1, transfected with vectors carrying “colored” protein genes. (Data obtained in collabo-
ration with L. I. Korochkin and his colleagues at the Institute of Gene Biology, Russian Academy of Sciences.) a) ES cells transfected with
a plasmid carrying “red” protein gene under control of the cytomegalovirus promoter. b) ES cells transfected with a plasmid carrying
“green” protein gene under control of the cytomegalovirus promoter. ¢, d) ES cells transfected with a plasmid carrying “blue” protein gene
under control of the heat shock protein promoter: ¢) cells grown at 37°C; d) the same cells grown at 40°C (x200).

Fig. 10. (I. A. Grivennikov) Induction of neuronal differentiation in a culture of mouse ES cells treated with 1 pM retinoic acid.
Immunofluorescent detection of cells by means of antibodies against $-I1I-tubulin (x200).
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Fig. 11. (I. A. Grivennikov) Effect of increased Apub gene expression and decreased pub gene expression on formation of embryoid bodies
of mouse ES cells. a) Photo of embryoid bodies in a culture 3-4 days after cell seeding (x200). Control: ES-DNAJ3 cell line. Cells were trans-
fected by control vector without the hPub gene. A similar pattern was observed in the case of the control ES-Ineo cell line. EB-hPub: ES-
Pub cell line. Cells were transfected by the vector carrying hPub. EB-iRNA Pub: ES-iRNA cell line. Cells were transfected by the vector
carrying a sequences generating interfering RNA for the Pub gene. b) Histogram of embryoid bodies in transfected ES cell cultures after
cultivation for 3 and 6 days. Grey columns, kPub (control ES-DNA3 cell line); black columns, Pub (ES-Pub cell line). ¢) Histogram of
embryoid bodies in transfected ES cells cultures after cultivation for 4 and 8 days. Grey columns, iRNA (control) (control ES-Ineo cell
line); black columns, iRNA (ES-iRNA cell line). Ordinate, number of embryoid cells; abscissa, cultivation time (days); *p < 0.05.

Number of clusters 9 @
Cell culture of contracting < /d
cardiomyocytes

(per well)
ES-DNAGS (control) 8§+2
ES-hPub 16+ 2.5
ES-Ineo (control) 5+1
ES-iRNA 1.5+0.5

Fig. 12. (I. A. Grivennikov) Effect of increased spub gene expression and decreased pub gene expression on differentiation of mouse ES
cells into cardiomyocytes. The table shows statistical data on the effect of increased (ES-hPub line) and decreased (ES-iRNA line) expres-
sion of formation of clusters of contracting cardiomyocytes. Controls were ES-Ineo and ES-DNA3 cell lines. Immunocytochemical stain-
ing of cardiomyocytes with antibodies to troponin I is shown on the microphotograph on the right (x200).
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Fig. 14. (I. A. Grivennikov) Immunocytochemical staining of NGF-GFP ES cells with antibodies to B-III-tubulin (cultivation for 24 days)
(x200).
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Fig. 15. (I. A. Grivennikov) Preparation of inducible pluripotent stem cells from human somatic cells for subsequent transplantation to a patient.
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