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Role of hypoxia in stem cell development

and functioning

The response of stem cells (SC) to hypoxia is one of the main mechanisms of an organism’s adapta-
tion to changing terms of external and internal environment. This review describes the role of
hypoxia in functioning of various stem cell types — embryonic, hematopoietic, mesenchymal and
neural, paying special attention to the very limited data concerning intermittent hypoxia (IH)
effects. All stem cells and their precursors exist in microenvironment named stem cell niches. The
most crucial factor for their normal functioning is hypoxia, which contributes to maintaining the SC
in quiescent state with necessary rate of self-renewal. The key element of these mechanisms is a
complex of hypoxia-inducible transcription factors. An additional exogenous hypoxic impact leads
to activation of SC system. Very scant information on IH effects on SC that was obtained generally in
cell culture models, reveals that intermittent hypoxia at certain duration and intensity is a more
potent trigger of transcription activation than constant hypoxia. In the future a method of IH train-
ing/treatment could be effectively used for correction of physiological changes and pathological

disorders in an organism.
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INTRODUCTION

The last decades were marked by rapid ac-
cumulation of knowledge about stem cells,
their role in ontogenetic development, physio-
logical regulation of organism functions and
their unique importance in regeneration and
reparation of injuries. It has become evident
that this direction can make a scientific break-
through and explain not only some obscure vital
processes but give an extremely effective tool
that provides a further development of biology,
biotechnology and medicine. The importance of
practical value of stem cell knowledge can
scarcely be overestimated because it provides
an extreme progress in transplantology, oncolo-
gy and many others fields of medicine.

Stem cells and progenitor (precursor) cells
represent the minor cell populations which are
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, hypoxia, hypoxia-inducible factors, cytokines.

initial elements forming various cell and tis-
sue types during embryogenesis and postna-
tal ontogenesis [20,82,83]. They are chara-
cterized by ability to self-renewal and
retention of multipotency in different degree,
i.e. the ability to differentiate into various cell
types. The term “embryonic stem cells” is
used towards the elements derived from inner
mass of blastocyst and possessing properties
of totipotency, i.e. the ability to originate the
whole organism. The term “postembryonic
stem cells” (fetal cells and cells at subsequent
postembryonic ontogenetic stages) is served
for the designation of adult (or regional) stem
cells because of their exclusive pluripotency,
i.e. the ability to provide a variety of cellular
elements mainly within one or two germ layers
(such as hematopoietic, mesenchymal, and
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neural stem cells). Under certain conditions
these cells could undergo the transdifferen-
tiation and generate nonrelevant cell types.

The ability of stem/progenitor cells to mi-
grate and engraft into host tissues is key to
their potential use in gene and cell therapy
[27]. During last decade stem cells have been
extensively studied as individual therapies for
treatment of cardiovascular diseases, diabe-
tes, neurological disorders (including Parkin-
son’s and Alzheimer’s diseases), bone defects,
hemophilia, cancer, etc. [59]. The response
of stem cells to hypoxia is one of main mecha-
nisms of the adaptation to changing terms of
external and internal environment. It was ob-
served long ago that stem cells are able to
respond immediately to hypoxia [45]. Later
investigations have shown that hypoxia not
only improves the proliferation of various stem
cells in vitro but also plays an important role
in the differentiation of stem cells, and pro-
motes their survival [14,87,90].

Stem and/or precursor cells exist in a dis-
tinct tissue structure called the niche that
regulates the self-renewal and differentiation
of these cells [38,66]. The stem cell niche is
a unique tissue microenvironment. Some
recent findings suggest that hypoxia in the stem
cell niche is critical for the maintenance of
the undifferentiated stem or precursor cell
phenotype [38]. Hypoxia is the necessary at-
tribute of bone-marrow niches, which testi-
fies to the fundamental role of hypoxia in
recirculation and other mechanisms of stem
cells functioning [7]. Different oxygen pres-
sures and time of hypoxic exposure could play
important and divergent roles in cell develop-
ment. Transcription factors and cytokines
clearly influence these processes. Recent
work has revealed an important link between
the factors that are involved in regulating stem
and progenitor cell behaviour and the hypoxia-
inducible factors, which provides a molecular
framework for the hypoxic control of differ-
entiation and cell fate [80].

This chapter reviews the data about the

ISSN 0201-8489  ®izion. acyph., 2009, T. 55, Ne 4

role of hypoxia in functioning of different types
of stem cells (embryonic, hematopoietic,
mesenchymal, neural) with special attention
to the very scant information about intermit-
tent hypoxia effects.

HYPOXIA AND EMBRYONIC STEM
CELLS

Hypoxia is by no means a pure pathological
condition. Lack of oxygen occurs often under
various physiological states, especially when
the fast tissue growth leaves behind the de-
velopment of blood supply. First of all it is
concerned to embryogenesis progressing at 1
to 5% oxygen content. However, such a situ-
ation is of no harm for normal embryonic de-
velopment; moreover, it seems to be a neces-
sary and thoroughly “selected” in the process
of evolution way of forming mammalian em-
bryos. This may suggest that regular interre-
lations under hypoxic conditions are common
for all the developing tissues. Thus, stem cells
as well as embryonic cells and other multipo-
tent precursors exist in the environment named
niches [72]. The functioning and differentia-
tion of stem cells are influenced by stromal
cellular contacts, extracellular matrix proteins,
temperature, and other factors of microenvi-
ronment including oxygen supply. A low oxy-
gen level improves the survival of embryonic
stem sells (ESC) and hematopoietic stem cells
(HSC) [13,17, 44,74]. Hypoxia regulates also
the number of cells in internal blastocyst mass
and accelerates the development of hemato-
poiesis and hemangioblast precursors [1,25,63].

Mammalian adaptation to hypoxia at the
cellular and systemic levels is primarily pro-
vided by transcriptional regulators, hypoxia-
inducible factors (HIFs). HIFs are hetero-
dimers consisting of a regulatory a-subunits
(HIF-1a, HIF-2a, HIF-3a) and a constitutive
B-subunit (HIFB), which is also known as
ARNT (aryl hydrocarbon nuclear trans-
locator) [68,84]. HIFs regulate expression of
no less than 180 genes involved in the control
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of cellular metabolism, erythropoiesis and an-
giogenesis [12,29,32] by means of binding
hypoxia response elements (HREs) located in
enhancers or promoters of these genes [61].
The first revealed HIFa subunit was a
HIF-1a structure expressed overall in human
and murine tissues, which is considered to be
a primary regulator of response to hypoxia.
Then HIF-2a also became known as endot-
helial PAS domain protein 1 (EPAS 1), HIF-
1-like factor (HLF) and HIF-1-related factor
(HRF) were identified, which put the ques-
tions regarding the participation of these fac-
tors in adaptation to hypoxia. HIF-1a and
HIF-20 have a high degree of homology,
which underlines their common capacity to
form heterodimers with ARNT, bind with
HRESs and activate transcription in various in
vitro tests [84]. While HIF-1a is widespread,
HIF-2a is found in restricted cell types, such
as endothelial, derived neural crest cells,
pulmonary pneumocytes of II type, hepatic
parenchyma and renal interstitial cells
[11,16,18,77]. Genetic experiments in mice
showed that the loss of HIF-1a or HIF-2a
resulted in abrupt distinction of phenotypes;
this indicates that each protein has unique
physiological functions. It is possible that HIF-1a
and HIF-2a are equivalent functionally, but
play different roles because of different places
of expression. On the other hand, HIF-1a and
HIF-2a may regulate partly duplicating, but
not identical genes. As to the role of HIF-3a
subunit in cell response to hypoxia, this
question is still obscure. Some data showed
that HIF-3a protein has an opposite activity
compared to the other HIF subunits [41].
Low concentration of oxygen (2%) in
bovine blastocyst culture enhances cell viabil-
ity, which is associated with increased expres-
sion of glucose 1 transporter (SLC2AI1), a
complex that facilitates coming of anaphase
(ANAPC1) and myotrophin (MTPN), again
indicating a role of oxygen in regulation of
embryonic development mediated by expres-
sion of oxygen-sensing genes. However, a
bovine embryo, at least at the stage of blasto-
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cyst, has no detectable level of oxygen-sens-
ing HIF-1a gene expression, whereas HIF-
20 protein is revealed in a sufficient concen-
tration. The oxygen-regulated expression of
lactate dehydrogenase A and SLC2A1 in bo-
vine blastocysts indicate that regulation of
these genes might be mediated by HIF-2a.
These results confirm the findings that bovine
blastocyst cells are unique in relation to oxy-
gen reactivity as compared with somatic cells,
and that loss of HIF-1-mediated gene expres-
sion reduces a shared response to low physi-
ological content of oxygen in the environment
which predetermines the subsequent favou-
rable development [24].

Hypoxia was shown to inhibit stem cells
self-renewing and induce their early differ-
entiation in vitro even in the presence of
leukemia-inhibitory factor (LIF). These ef-
fects are mediated by down-regulation in the
system of LIF-STAT3 signaling pathways.
Under hypoxic conditions HIF-1a inhibits
transcription of a LIF-specific receptor (LIFR)
by binding directly with HRE located in LIFR-
promoter. Data indicate that in vitro hypoxia-
induced stem cell differentiation is triggered,
at least partly, by the HIF-1a-mediated sup-
pression of LIF-STAT3 signalling [30].

To differentiate more clearly between
unique and duplicating roles for HIF-1a and
HIF-2a, the “knock-in” ESC technology was
developed. The division, differentiation and
function of ESC, adult stem cells and
multipotent precursors are regulated by a sig-
nal complex of microenvironment including
oxygen partial pressure. Using the genetic
“knock-in” strategy, it was shown that the
target substitution of oxygen-regulated tran-
scription factor HIF-1a for HIF-2a results in
enhanced expression the genes specific for
HIF-2a, including Oct-4, a transcription fac-
tor important for stem cells to preserve their
pluripotency. Loss of HIF-2a results in a
considerable reduction in the number of
embryonic primordial germinal cells, for which
transcription factor Oct-4 expression is
connected with survival and preservation of
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function. These results identify Oct-4 as a
HIF-2a-specific target gene and indicate that
HIF-2a can regulate both function and dif-
ferentiation of stem cells through Oct-4 acti-
vation. The transcriptional factor Oct-4 plays
a significant role in the preservation of ESC,
embryonic epiblast and primordial germinal
cells in non-differentiated state [47,67]. In
addition, it is of critical importance for the
regulation of ESC differentiation and preser-
vation of internal blastocyst mass cells
pluripotency. The in vitro experiments showed
that a twofold reduction in Oct-4 level resulted
in loss of both ESC pluripotency and their
ability to differentiate in mesodermal, neuro-
ectodermal and ectodermal directions [51,69];
that is why Oct-4 expression is strictly
controlled during embryogenesis and postna-
tal development. For example, a reduction in
Oct-4 regulatory influence is required for dif-
ferentiation of trophoderm and primitive en-
dodermal lines. At the stage of rudimentary
cushion, Oct-4 is expressing again in epiblast,
and subsequently its activity reduces during
gastrulation, although expression is preserved
in primordial germinal cells. Moreover, the
correlative relationships indicate that, should
Oct-4 expression be disrupted, the cloned
embryos will not develop following posti-
mplantation stage. In adults, Oct-4 expresses
in germinal cells and in populations of regional
stem cells, for example HSC [32,75]. At last,
ectopic Oct-4 expression is observed in tu-
mor growth and reversible epithelial dyspla-
sia in transgenic mice [8,26]. However, at
present the mechanisms of Oct-4 expression
regulation are largely unknown.

HYPOXIA AND HEMATOPOIETIC STEM
CELLS

In mammalian adults, hematopoiesis is carried
out in bone marrow where sparse resting stem
cells spring extensive populations of commit-
ted progenitors, of which all blood cell lines
derive throughout whole life of an individual.
The HSC potential is determined substantial-
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ly by the ability of stem cells to immortalize
themselves due to self-renewing. It became
clear that the stem cell is seen in association
with other cells which determine its behavior.
Exogenous signals influencing on the alterna-
tive between self-renewing and differentia-
tion are determined by influences originating
from discrete domains of microenvironment
in bone marrow, so-called “niches” [66].

HSCs are used mostly in hematology due
to their ability to maintain hematopoiesis and
therefore to protect recipients exposed to
lethal irradiation Weissman et al. [82]. De-
spite the absence of direct evidence about
spatial distribution of long-term repopulating
HSCs in bone marrow, certain findings indi-
cate that at least a part of HSCs is found in
immediate proximity to endosteal bone sur-
face, and that hematopoietic differentiation is
oriented in the line of longitudinal axis
[39,48,66]. The genetic studies confirmed that
endosteal osteoblasts were critical cellular
elements of HSC niches [5,88]. Calvi et al.
[5] revealed parallel and selective expansion
of HSC, when an elevation in osteoblast
content was reached using parathyroid
hormone. Zhang et al. [88] showed that a de-
crease in quantity of osteoblast receptors to
bony morphogenetic protein results in eleva-
tions in the number of both osteoblasts and
HSC, suggesting that adhesion of these two
types of cells via N-cadherine might play a
role in the formation of HSC niches. Arai et
al. [2] demonstrated that HSC expressing ty-
rosine kinase receptor Tie2 were mainly cells
of “side population” (SP), which excluded
Hoechst (Ho) dye and adhered to osteoblasts.
These authors also found that an interaction
between Tie2 and its ligand, angiopoetine-1,
which could have determined HSC staying in
resting state.

Hypoxia is not spread on most normal tis-
sues, but bone marrow represents a unique
tissue type having a complicated hierarchical
organization, which originates from a small
population of resting stem cells whose differ-
ent compartments may have their own oxy-
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gen supply level. Therewith, at present little
is known about HSC distribution in bone
marrow in relation to blood vessels. Most
recently, Simon and Keith [70] noted that al-
though stem cells can be perivascular, the
vessels might be associated with venous
structures and therefore could be exposed to
relatively hypoxic oxygen partial pressure
(pO,). It has been proposed that HSC and
their proliferating progenitors are naturally
distributed along pO, gradient, with the HSC
occupying the most hypoxic niches [10,56].
Furthermore, some authors demonstrated that
hematopoiesis is improved ex vivo, when the
cultured cells are exposed to 1-3% oxygen
saturation [10,13,28]. It seems that multiple
niches characterized by different O, levels
might exist in bone marrow. Some stem cells
occupy hypoxic niches, whereas others oc-
cupy relatively well-oxygenated perivascular
microenvironments [70].

Chow et al. [9], applying a mathematical
model of oxygen distribution in bone marrow
suggested that stem cells sited in the area with
very low, almost close to anoxia, oxygen level
which protected these extraordinary valuable
cells against oxygen radicals generated by
damaged cells. Further progress in hypoxic
cellular markers technique together with
routine methods of blood perfusion measu-
rement enabled to study oxygen gradients in
bone marrow [56]. As a result, direct findings
have been obtained indicating that HSC in bone
marrow are isolated within hypoxic microen-
vironment, which suggest that hypoxia plays
a fundamental role in preservation of stem
cells normal functioning.

Methods for detecting hypoxia in tissues
and HSC. Several studies on animals used the
intravenous administration of Ho dye to visu-
alize the zones of hypoxia by the method of
fluorescent microscopy on tissue sections
from solid tumors. It was shown that hypoxic
cells were localized at a more or less constant
and relatively large distance from blood ves-
sels in areas with low Ho dye-staining
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[3,15,79]. Quantitative determination of Ho
dye diffuse gradient is better when using
cytometric analysis of disaggregated cells.
This technique allows to establish a correlation
between the intensity of Ho dye cell staining
and their level of oxygenation [52,53]. Simi-
larly Parmar et al. [56] used this method to
determine Ho dye inclusion into bone marrow
cells. The Ho dye was administrated intrave-
nously, its content was estimated in leukocytes
of peripheral blood, thymocytes and bone
marrow. Among bone marrow cells, there was
a wide distribution of fluorescence intensity,
from intensive to light, which ensured the for-
mation of clear gradient. This contrasted with
a high level of fluorescence in well-oxygen-
ated blood leukocytes that did not eliminate
practically Ho dye and also with a very low
level of staining in the thymus, where most
cells were in relatively hypoxic state.

Previous studies with the use of oxygen
microelectrodes showed that the thymus is a
deeply hypoxic organ under normal physiologi-
cal conditions. The administration of hypoxic
marker, pimonidazole, resulted in its accumu-
lation in cortex, medullar substance and
corticomedullary junction, which conformed
to widespread cell hypoxia in the normal thy-
mus. The hypoxia-associated accumulation of
pimonidazole was reduced, but not abrogated
by the oxygen administration. In the normal
thymus hypoxia-inducible genes are expressed
at the basal level, which indicates the exist-
ence of physiological adaptation to permanent
hypoxia. In contrast to changes in thymus size
and cellularity during lifetime, oxygen tension
in thymus cells does not change with age [53].
Another combined study of hypoxia and cell
death showed that, with hypoxia achieved by
a gas mixture application or high density of
cultured cells, spontaneous in vitro apoptosis
of thymocytes is reduced. These regulatory
mechanisms of cell hypoxia preservation may
also exist in vivo, since oxygen tension can
regulate survival of thymocytes both in vitro
and in vivo [23].
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The development of mature T-cell reper-
toire in the thymus depends on the interaction
between thymocytes and stromal cells. To
facilitate intercellular contacts, epithelium in
the thymus differentiates into a unique three-
dimensional network. It was established that
a three-dimensional configuration of thymic
stroma depends upon oxygen tension and per-
manent physical contact between stromal cells
and developing thymocytes [19].

To detect bone marrow-derived hypoxic
cells, another methodical approach is used
when special chemical marker of hypoxia, the
reductive 2-nitroimidazole compound pimo-
nidazole (PIM) is administered [23]. Being
administered in vitro, pimonidazole forms
stable deposits in hypoxic areas and then can
be identified by anti-PIM antibodies. It was
confirmed that this marker is really selective
to hypoxic bone marrow cells after in vitro
treatment by anti-PIM antibodies in the iso-
lated SP-cells. Positive staining by anti-PIM
antibodies was only observed under the
conditions of exposure to anoxia (95% N2 and
5% CO,). Since the thymus is a hypoxic
organ, it can be used as a positive control in
tandem with bone-marrow samples for in vivo
detection of PIM-binding cells.

In addition, a study using hypoxic cytotoxin
tirapazamine (TPZ) has shown that TPZ
reduced selectively the number of HSC in
bone marrow [4]. After the treatment with
TPZ, a pronounced reduction in the number
of cells expressing SP-phenotype occurred
(by 95%). Under hypoxic conditions TPZ is
reduced to benzotriazinyl radical and other
intermediate compounds that eventually result
in DNA double helix breakage and cell death.
In the presence of oxygen, TPZ-radical is
oxidized to non-toxic initial compound. In vivo,
TPZ causes reductions in thymus weight and
cellularity, thereby confirming that thymic tis-
sue exists under pronounced hypoxic condi-
tions.

It was shown that the formation of PIM
deposits depends upon oxygen tension in cells
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and can serve as an effective marker for the
cells with hypoxia less than 10 mmHg [62].
The highest anti-PIM staining was observed
in the “tip” fraction of SP-cells, which had
the highest HSC concentration [21,40,55].
Parallel measurements in thymic tissue of the
same mice were shown to be an important
source for comparison and verification of the
methods for estimating oxygenation level. In
addition, thymus is more accessible for mi-
croelectrode pO, measurement. According to
previous data, thymus pO, is about 10 mm Hg
[23]. In contrast to most bone marrow cells,
thymocytes showed pronounced hypoperfu-
sion and widespread staining with a hypoxic
marker PIM. Therefore, only a very small part
of bone marrow cells, i.e. HSC fraction and
its closely associated cells, exists at a low
level of oxygenation, while a larger part of
bone marrow tissue containing the committed
and differentiating progenitors is oxygenated
relatively well.

As 1t was noticed above, stem cell niches
consist of specialized microenvironment that
participates in stem cells growing and
regulates their pool. Previous studies focused
on the endosteal region of bone marrow as a
principal place for stem cell niches involved
in hematopoiesis [5,88]. It was proved that
the interaction between molecules of angio-
poietine and osteopontine of adjacent osteo-
blasts promotes the preservation of HSC dor-
mant state [2,49,73]. Besides that, an asso-
ciation of HSC and sinusoidal endothelium was
suggested recently as an alternative place for
niches in this tissue [33]. A relatively low level
of oxygenation is also a criterion of bone
marrow niche of stem cells. Oxygen gradient
can realize the position effect determining
spatial configuration of the hematopoietic sys-
tem and connecting the primary physiological
situation in maintenance of stem cells
homeostasis, since it creates microenviron-
ment, which protects against toxic and mu-
tagenic effects of free oxygen radicals. As
far as HSC are substantially non-dividing cells
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with a small need for oxygen respiration, they
can reside and function sufficiently in hypoxic
state.

A quantitative proteomic analysis of the
isolated bone marrow populations, which is
based on cellular surface markers, has
revealed cells expressing a high level of gly-
colytic and oxidative reducing proteins [78].
Though this special cell population contains
also a large number of non-stem cell precur-
sors and is not so highly enriched with HSC
as the “tip” SP-cells [6,57], this analysis
shows that at least certain bone marrow cells
are adapted to anaerobic metabolism. In this
respect, the factors that control HSC SP-phe-
notype are of special importance, since it is
already known that active removal of Ho dye
is connected with expression of ABC trans-
porter, ABCG2/BCRP1 [92]. The observation
showing that SP-cells, especially those
capable of the highest removal of Ho dye in
region of SP-profile, are positive for a hypoxic
marker PIM, which supports the finding of
Krishnamurthy et al. (2004), where ABCG2/
BCRPI1 gives preference of survival under the
hypoxic conditions and, moreover, HIF-1a
activates expression of BCRPI.

Role of chemokines/cytokines in hypoxia-
promoted HSC survival. There are also data
about the control of one chemokine - stromal-
derived factor-1 (SDF-1) - by HIF-1a, with
an account for normal inversed interrelations
between oxygen level and SDF-1. This may
suggest an interesting possibility of the for-
mation of homing mechanism, by means of
which the transplanted HSC find niches of
stem cells. Hypoxia-induced transcriptional
factors also participate in the control of genes
associated with self-renewing of stem cells,
including telomerase [50,86], transcription fac-
tors Oct4 [12] and Notch [22]. On the whole,
HIF proteins due to their stabilization under
regionally low oxygen tension can serve as
oppositely directed dominant regulators of
numerous key genes participating in HSC
functioning.
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In a liquid culture of murine bone marrow
cells, a balance between self-renewing of
primitive cell-precursors and clonogenic ex-
pansion of precursors is preserved better with
1% oxygen than 20% oxygen [28]. These re-
sults are of interest for ex vivo expansion of
human cell-precursors, as far as low oxygen
tension can restrict an excess proliferative
potential of apheresis products. Mobilized
colony-stimulating factors and apheretically
collected blood cells are a main source of cell-
precursors for autologous transplantation.
Ivanovic et al. [28] cultivated cells with 1%
and 20% oxygen for 7 days in a serum-free
medium in the presence of IL-3 and stem cell
factor (SCF). The growth of clonogenic pre-
cursors (CFU-GM, BFU-E, CFU-Mix) as well
as more primitive human HSC, which are able
to generate clonogenic precursors in a sec-
ondary culture, and the proliferation and dif-
ferentiation of CD34+-cells were analyzed.
The expansion of CD34+-cells and clonogenic
precursors was considerably lower in the
cultures with 1% oxygen than those with 20%.

Thus, hypoxia is the most important fac-
tor of microenvironment, which determines
HSC functional activity and the courses of
development. To our regret, we could not find
any published evidence about intermittent hy-
poxia effects on HSC.

HYPOXIA AND MESENCHYMAL STEM
CELLS

Mounting evidence shows that stem cells are
distributed all over the body [76]. Among the
most widespread stem cells are mesenchymal
multipotent stromal cells (MSC), which have
dendritic structure, pronounced adherent prop-
erties and non-hematopoietic phenotype in-
cluding CD105 and CD73 [43]. In bone mar-
row, there are 10,000 nucleus-containing cells
per 1 MSC. MSC can differentiate with the
formation of bone, cartilaginous, adipose,
muscular and connective tissues. MSC play
an important role supporting HSC and ensur-
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ing normal hematopoiesis. They are of an ex-
ceptional importance in the development of
immunological reactions and are notable for
pronounced tolerogenic activity. Due to their
plasticity, certain capability of transdifferen-
tiation, migration activity and the presence of
homing mechanisms, a great number of re-
searchers ascribe MSC to the most important
elements, which constitute the basis for re-
generation of many tissues both in norm and
pathology. It is notable that tissue oxygen ten-
sion and hypoxia-induced factors also exert a
significant influence on MSC diverse functions.

Embryonic chondrocytic growth plate is a
unique avascular and hypoxic mesenchymal
tissue [65]. In this microenvironment, chon-
drocytes not only survive, but also pass
through all the cellular processes (prolifera-
tion, stasis, differentiation, etc.) necessary for
the normal development of enchondral bone.
One of the consequences of activated HIF-1a
transcription is expression of vascular endot-
helial growth factor (VEGF), while an excess
HIF-1a accumulation is regulated by von
Hippel-Lindau (VHL) tumor suppressor, ligase
of ubiquitine E3 that realizes its proteolysis.
It was shown that each component of this
pathway is an important regulator of enchon-
dral bone development. In particular, it was
established previously that HIF-1a is a life-
supporting factor for hypoxic chondrocytes,
which down-regulates cell proliferation. It is
also of interest that hypoxia increases accu-
mulation of extracellular matrix by HIF-1a-
dependent type, which indicates that HIF-1a
might be of critical importance not only for
cell survival and proliferation, but also for cell
differentiation. It was established that HIF-
10 is a factor of differentiation, since it is
necessary for MSC for both the early chond-
rogenesis and the development of joints [60].

To study in depth a role of transcriptional
factor HIF-1a in cartilage biology, the
investigations were performed with primary
epiphyseal chondrocytes, where HIF-1a was
removed purposefully. HIF-1a occurred to be
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necessary for glycolysis regulation under the
aerobic and anaerobic conditions. In the ab-
sence of HIF-1a, chondrocytes were unable
to support the ATP level in hypoxic microen-
vironment, which indicates a fundamental
importance of this factor in regulation of their
metabolism. The VEGF synthesis is also hy-
poxia-induced, however this effect is absent
in the HIF-1a-NULL mutant cells. Strongly
increased type-II collagen protein levels were
detected in wild-type cells after 44 hours of
hypoxia. At the same time, type-II collagen
mRNA and protein levels were strongly de-
creased under low oxygen in chondrocytes
lacking HIF-1a [58]. These results clearly
demonstrate the importance of HIF-1a in
maintenance of anaerobic glycolysis, and
thereby extracellular matrix synthesis, of epi-
physeal chondrocytes.

During the bone formation and reparation
the processes of osteogenesis and angiogen-
esis are tightly coupled. Blood vessels not only
delivery oxygen and nutrients to developing
bone but also play an active role in bone for-
mation and remodeling by mediating the in-
teraction between osteoblasts, osteocytes,
osteoclasts, and vascular cells at a variety of
levels. Tissue hypoxia is believed to be a ma-
jor stimulus for angiogenesis by activating
HIF-1a pathway. Such activation is accom-
panied by certain gene expression, for ex-
ample VEGF gene, which plays a critical role
in angiogenesis, endochondral bone formation,
and bone repair following fracture. Recent
works have shown that osteoblasts use the
HIF-1a pathway to sense reduced oxygen
tension and transmit signals that impinge on an-
giogenic and osteogenic gene programs during
bone formation. Using genetic approach, it was
demonstrated that overexpression of HIF-1a
in mouse osteoblasts via VHL destruction re-
sulted in a considerable elevation of angiogen-
esis and osteogenesis intensity [80].

In relation to oxygen tension, osteoblasts
are located ideally within bone and respond
to hypoxia with activation of HIF-1a pathway.

123



Role of hypoxia in stem cell development

It was shown that mice overexpressing HIF-
la in osteoblasts through selective deletion
of VHL gene expressed high levels of VEGF
and developed extremely dense, heavily vas-
cularized long bones. By contrast, mice
lacking HIF-1a in osteoblasts had the reverse
skeletal phenotype of the VHL mutants: long
bones were significantly thinner and less vas-
cularized than those of controls. Loss of VHL
in osteoblasts increased endothelial sprouting
from the embryonic metatarsals in vitro but
had little effect on osteoblast function in the
absence of blood vessels. Mice lacking both
VHL and HIF-1a had a bone phenotype in-
termediate between those of the single mu-
tants, suggesting overlapping functions of
HIFs in bone [81]. These studies suggest that
activation of the HIF-1a pathway in devel-
oping bone increases bone modeling events
through cell-nonautonomous mechanisms to
coordinate the timing, direction, and degree
of new blood vessel formation in bone.

Role of HIFs in endothelium during blood
vessels growth and development was studied
by expressing a dominant-negative HIF mu-
tant (HIFdn) that inhibits the transcriptional
responses mediated by both HIF-1 and HIF-
2, specifically in endothelial cells of transgenic
mice [37]. Transgenic HIFdn embryos
retarded in growth and died. Primitive vascu-
lar networks were established in them, but
vascular remodeling in yolk sac and in embryo
per se was defective. Vascularization of
neuroepithelium was also absent, while
cardiac ventricles were thin-walled and tra-
becula-free. Similar cardiovascular defects
were observed in Tie2-deficient mouse
embryos. Transgenic HIFdn embryos ex-
pressed successively reduced levels of endot-
helial angiopoetic receptor, Tie-2, whereas
other endothelial markers, such as PECAM-
1, Tie-1 and VE-cadherin, were not affected.
These results show that HIFs in endothelial
cells are the key factors for the development
of embryonic heart and blood vessels.

More and more findings indicate that adi-
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pose tissue-derived stem cells (ASC) can be
used in the therapy for ischemic heart disease.
However, mechanisms underlying their thera-
peutic effects are not elucidated. To estimate
anti-apoptotic effects of ASC, neonatal rat
cardiomyocytes were subjected to hypoxia in
a co-cultural system. It was revealed that ASC
secrete VEGF and insulin-like growth factor
1 (IGF-1) in significant amount. The apoptosis
in cardiomyocytes was largely prevented by
ASC, and 62.5% of the effect were mediated
by IGF-1, while 34.2% by VEGF. Similarly
ASC induced endothelial tubulo-formation by
means of VEGF secretion [84].

Taken together, current knowledge has
indicated that the MSC have well-developed
mechanisms for adaptation to hypoxia, and
their realization allows cellular functions to be
exercised with sufficient efficacy.

HYPOXIA AND NEURAL STEM CELLS

Recent studies in neuroscience have shown
that the adult central nervous system (CNS)
contains neural cell precursors and stem cells
that are able to generate new neurons, astro-
cytes and oligodendrocytes. Breaking a pre-
vious dogma that any new neurons cannot be
developed in CNS of adult mammalians, these
findings do create prerequisites for the de-
velopment of new neural restorative technol-
ogies [71]. The possibility of nervous system
regeneration appears to be very tempting; so
numerous molecular and cellular studies have
been performed on the endogenous neural
precursors and influencing factors.

Until recently, the effects of oxygen on
neural stem sells (NSC) proliferation and dif-
ferentiation have not been practically studied.
Some investigations were performed on the
basis of the fact that NSC exist within a
«physiological hypoxic» environment at 1% to
5% 02 in both embryonic and adult brains.
Subsequently, it was shown that hypoxia in
vitro is able to enhance the NSC growth and
support their survival. The in vivo studies have
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established that the number of endogenous
NSC in subventricular zone and dentate gy-
rus grows up under ischemic/hypoxic con-
ditions. In addition, hypoxia can influence dif-
ferentiation of NSC, as far as the number of
neurons, especially dopaminergic neurons,
grows up under these conditions. The mecha-
nism of these responses might be primarily
involved with the HIF-1 signaling pathway [93].

Ability of neural precursors to differenti-
ate and a potential role for HIF-1a were ex-
amined under the hypoxic conditions. As
compared with cultivating under normoxic
conditions, NSC cultivated under hypoxia (3%
oxygen) showed an increase in the percent-
age of neurons. In particular, a considerable
growth was observed in TH-positive neurons
differentiated from NSC; dopamine content
in the medium demonstrated an elevation as
well. HIF-1a protein expression was also
higher from 3 to 72 hours during hypoxia than
under normal conditions. These findings indi-
cate that hypoxia facilitates dopaminergic dif-
ferentiation, and that HIF-1a is involved in
regulation of this process [87].

Another in vitro study on NSC isolated
from rat embryonic mesencephalon also
showed that NSC are able to self-renew and
bear a nestine-positive phenotype. Under
hypoxic conditions NSC differentiated into a
greater number of neurons than under normo-
xia. The percentage of TH-positive cells diffe-
rentiated from NSC under normoxia and hy-
poxia was about 10% and 20%, respectively.
In addition, dopamine content in supernatant
of culture medium in the hypoxia group was the
double of that in the normoxia group [90,91].
These results indicate that hypoxia induces NSC
differentiation into neurons, in particular dopam-
inergic neurons. Therefore, hypoxia might be a
potential therapeutic approach to the treatment
for Parkinson’s disease [35].

To study HIF-1a function in CNS, knock-
out mice were used with the Cre/LoxP sys-
tem and a controlled nestine promoter Cre.
HIF-1a-deficient mice suffered from hydro-
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cephaly accompanied with a reduced number
of nerve cells and impaired spatial memory.
These germinal defects were eliminated suc-
cessfully by means of in vivo HIF-1a gene
delivery into embryos. Therefore, these results
showed that expression of HIF-1a in nerve
cells is of significance for normal brain de-
velopment. In the studies on knockout mice,
it was also established that HIF-1a is a tran-
scriptional factor, which participates in the
development and survival of dopaminergic
neurons in nigra substance with the in-
volvement of VEGF-dependent pathway [42].

Carotid body is an organ of the peripheral
nervous system susceptible to oxygen con-
centration in blood and responsible for its
changes via respiration regulation. Pardal et
al. [56] reported about discovery of stem cells
in carotid body, which proliferated in response
to hypoxia and produced neurons expressing
dopamine. Possibly, the found source of adult
stem cells might be beneficial in the therapy
for Parkinson’s disease [34].

Another research group [89] investigated
hypoxia (with tissue bath gassed with 95% N,
+ 5% CO, vs. 95% O, + 5% CO, in control)
induced changes in neuronal ATP-sensitive
potassium (K ) channels current in second-
order neurons of peripheral chemoreceptors
in the nucleus of the solitary tract (NTS). It
was shown that 1 week chronic exposure to
either sustained or intermittent hypoxia
reduces K,  channel function in NTS
neurons. This may represent a neuronal
adaptation that preserves neuronal excitabil-
ity in crucial relay neurons in the peripheral
chemoreflex pathways.

Intermittent hypoxia has been found to
prevent brain injury and to have a protective
role in the CNS. For example, in a study of
adult rats exposed to hypobaric hypoxia
(corresponding to altitudes of 3,000 m and
5,000 m) for 4 hours per day during 2 weeks,
the cells labelled with 5-bromo-2-deoxyuridine-
5-monophosphate (BrdU) grew up in sub-
ventricular zone (SVZ) and dentate gyrus. The
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number of BrdU-labeled cells in the SVZ
returned to normal level 4 weeks following
the end of intermittent hypoxia. However, the
number of BrdU-labelled cells increased two-
fold in dentate gyrus in 4 weeks after inter-
mittent hypoxia exposure. [94]. Based on
these findings, the authors concluded that in-
termittent hypoxia facilitates NSC prolifera-
tion in situ, and that newly divided cells in SVZ
and dentate gyrus respond to hypoxia differ-
ently. In other words, proliferation of NSC in
SVZ and dentate gyrus, possibly, facilitates
adaptation changes following the exposure to
intermittent hypoxia.

Other studies on cell culture models
showed that, with certain duration and inten-
sity, intermittent hypoxia is a more powerful
factor for triggering transcriptional activation
than continuous hypoxia. Nanduri and Pra-
bhakar [46] summarized that intermittent hy-
poxia activates HIF-1, immediate early gene
c-fos, activator protein-1, nuclear factor
kappa-B, and cAMP-response-element-bind-
ing protein. It also induces expression of the
proteins associated with neuron survival and
apoptosis as well as post-translation modifi-
cation of proteins, resulting in enhanced bio-
logical activity. The comparison between
continuous and intermittent hypoxia showed
pronounced differences in both the kinetics
of protein kinase activation and the types of
activated protein kinase. Future studies on
both gene and protein levels may provide bet-
ter understanding of the mechanisms of in-
termittent hypoxia effects.

CONCLUSION

Hypoxia is an optimal environment for main-
tenance and functioning of various stem cell
types (e.g. embryonic, hematopoietic, mesen-
chymal and neuronal). It promotes maintain-
ing of stem cells in a quiescent state with a
necessary rate of self-renewal. There are
certain regulatory mechanisms of the mainte-
nance of hypoxic condition in stem cell mi-
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croenvironment named niches. This microen-
vironment influences essentially the stem cell
proliferation and differentiation and protects
the cells against toxic and mutagenic effects
of free oxygen-derived radicals. The key ele-
ment of these mechanisms is a complex of
hypoxia-inducible transcription factors —
HIFs. A telomerase gene and also the key
cytokine genes indicate the direction of mi-
gration and intensiveness of repair process-
es. An additional exogenous hypoxic impact
leads to activation of stem cell system. Very
scant information on the intermittent hypoxia
effects on stem cells that was obtained gen-
erally in cell culture models reveals that in-
termittent hypoxia at certain duration and in-
tensity is a more potent trigger of transcrip-
tion activation than constant hypoxia. In the
future a method of intermittent hypoxia train-
ing/treatment could be effectively used for
correction of physiological and pathological
disorders in an organism.
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POJIb I'lTTOKCII Y PO3BUTKY
I ®YHKIIOHYBAHHI CTOBBYPOBHUX
KJITUH

Peaxuist ctoBOypoBux kiitue (CK) Ha rimokcito € oqaHuM 3
rOJIOBHUX MEXaHi3MiB ajanTanii opraHiamy 10 3MiH yMOB
30BHILIHBOIO Ta BHYTPILIHBOTO cepeloBHIa. Mera 1boro
OISy HOJIATaE Y BUCBITICHHI POJIi MMOKCIi B ()yHKLIOHYBaHHI
pisaux tunie CK (emMOpioHaNbHHX, TéMaTONOETHYHHX,
Me3eHXIMalIbHHX Ta HEPBOBHX), 3BEPTAIOUH CIICL[ialIbHY YBary
Ha Jy)Xe OoOMEXeHi JaHi, OO0 CTOCYIThCS e(PeKTiB aii
inrepBanbHOiI rinokcii (IT). Bei tumu CK Ta ix nonepeguuku
iCHYIOTb B MIKpPOOTOYEHHI, 1110 3BeThes Hittamu CK. Hait6ipim
KPUTHYIHUM (haKTOPOM JUTsl iX HOPMAIBHOTO (DYHKLIOHYBaHHS
€ TiNoKcis, sika cupuste miarpuManHio CK B crani criokoro 3
HeOOXIIHOI MIBHIKICTIO CaMOBITHOBIEeHHS. KirouoBuM
€JIEMEHTOM IbOTO MEXaHI3My € KOMIUIEKC TillOKCHIiHAY-
HOENbHUX TPAHCKPHUILIHHKUX (akTopiB. [lomaTkoBe eK30reHHe
riOKCHYHE MOJPa3HEeHs IIPU3BOAUTH JI0 aKTHBALil CUCTEMH
CK. Hdyxe mizepna indopmanis moxo aii II' na CK, ska
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31e0uIbIIoro Oyia OTpUMaHa Ha MOJIEISX KyJIBTYPH KIITHH,
BHSABIISE, 1110 IHTEPBAIbHA IIIOKCIs IPU NEBHIH TPUBAIOCTI Ta
IHTEHCUBHOCTI € OiNbII MOT'YTHIM TPUIe€pOM aKTHBALii
TPAHCKPUIILT, HiX MOCTiifHa rinokcis. B MaitoyTHpOMYy MeTOx
TpeHyBaHHA/IiKyBaHHA 3a ponomorot II' Mir 6u nieBo
BUKOPHUCTOBYBATUCS Ul KOPEKILii MaToJOriYHUX CTaHiB B
OpraHi3mi.

KutouoBi cioBa: eMOpioHaldbHI CTOBOYpOBI KIITHHH,
reMOIIOETHYHI cTOBOYPOBI KIIITHHY, HEHpaJlbHI CTOBOYPOBI
KJIITHHY, “HiWi”, rinokcis, rinokcuingyunbensHi daxropy,
LIUTOKIHM.

N.C. Hukoabckuii, T.B.CepedpoBckas

POJIb I'NITOKCUH B PA3SBBUTUH
N oYHKIIMOHUPOBAHUU CTBOJIOBBIX
KJIETOK

B 0030pe paccMarpuBalOTCS pe3ysbTaThbl U3YyUCHUS POIIH
TUMOKCUH B QYHKIIMOHUPOBAHNH PA3INYHBIX TUIIOB CTBOJIOBBIX
KJICTOK: SMOPHOHAJIBHBIX, FEMOIIOITHYECKHX, ME3CHXUMAIIbHBIX
U HelpanbHbIX. HU3Koe conepikaHue KHCIOpOAa UIpaer
(yHIaMEHTAIBHYIO POJIb B COXPaHEHUH HOPMAJIbHON (pyHKIINN
CTBOJIOBBIX KJICTOK. [IX peakuyst Ha TMIIOKCHIO SIBJISIETCS OTHUM
U3 IVIaBHBIX MEXaHU3MOB aJalTallid K U3MEHSAIOIHMCS
YCIIOBUSM cpelbl. Bce TUIBI CTBOJIOBBIX KJIETOK U KJIETOK-
IPE/IIECTBCHHUKOB (YHKIMOHUPYIOT B MUKPOOKPYIKEHHH,
MMEHYyeMOM HHIIEH CTBOJIOBBIX KileToK. Hanbosee 3HauMMbIM
(hakTOPOM JIJIs1 UIX HOPMAJIBHOTO (DYHKIIMOHHPOBAHHUS SIBJISETCS
TUIIOKCHS, KOTOpasi CIIOCOOCTBYET MPEeObIBAaHUIO CTBOJIOBBIX
KJIETOK B APEMJIIOIIEM COCTOSIHUM C HEOOXOAUMBIM TEMIIOM
caMo00HOBIeHHs. CTeNeHb THIIOKCUU B KJIETKAaX U TKaHIX
OLICHUBAIOT B OCHOBHOM CJIEAYIOLIMMHU METOAaMHU: 1) IpsIMbIM
U3MEPEHUEM HaNpsDKeHUs KHUCIOpoJa B TKaHIX; 2) IO
CIOCOOHOCTH TMIIOKCHYECKUX KIIETOK UCKI0YaTh (uIyo-
pecueHTHbIH kpacutens Hoechst; 3) iMMyHOGITyOpecLieHTHbIM
BBISIBJICHHEM MPOHUKAIOIIET0 B KJIETKU THIIOKCHYECKOTO
Mapkepa IMMOHU1a3011a; 4) oIpeiesIeHHeM KOJIMYeCTBa KIETOK,
JU3HUPYIONUUXCS MO BIMSHUEM CHEHU(PUIECKOrO THIIO-
KCHYECKOTo IIUTOTOKCHHA THpamna3zaMuHa. Mcronb3ys sTu
METOJBI, OBUIO YCTaHOBJIEHO, YTO HMPHU ONpPEIeTCHHBIX
00CTOSTENBCTBAX THIIOKCHS CYIIECTBEHHO BJIHUSET Ha
npoiudeparuio u AupGepeHIUPOBKY CTBOJIOBBIX KIETOK,
ocnabiss WM ycunuBas 3Tu npornecchl. KitoueBbIM Mexa-
HU3MOM aJaNTally KJIETOK K MOHMWKEHHOMY HAIpSOKEHHUIO
KHCIIOPOJia B OKpPY’Karollel cpelie sIBISETCS CUHTE3 HUHIY-
LIMPOBAaHHBIX TUIIOKcUel (akropos Tpanckpuniun HIFs. Otn
(haKTOpBl KOHTPOIHUPYIOT OONBIIOE KOJIHYECTBO I'€HOB,
BOBJICUCHHBIX B PETYJIALHIO META00JIN3Ma KIICTOK, FeMOII0332
M aHTHOI1033a, aCCOLMMPOBAHHBIX C CaMOOOHOBICHHEM
CTBOJIOBBIX KJIETOK, BKJIIOYasl I'eH TeJIOMepasbl, a TAK)KE TeHOB
KJIFOYEBBIX HUTOKMHOB, ONpEACIAIOINX HallpaBICHHUE
MHTPALMU ¥ UHTCHCUBHOCTH PENapaTHBHBIX IIPOLIECCOB.
Knrouessle cioBa: 5MOPHOHAIBHBIC CTBOJIOBBIE KIETKH,
IeMOIOITHYECKUE CTBOJIOBBIE KJIETKH, HEHpaJIbHbIE CTBOJIOBBIC
KJIETKH, «HULIN», THIIOKCHUS, TUIOKCHSI-UHAYLIHOCIbHbIC
(haKTOpBI, IUTOKHHBI.
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