Experimental & Molecular Medicine (2013) 45, e44; doi:10.1038/emm.2013.87

OPEN © 2013 KSBMB. All rights reserved 2092-6413/13

=)

www.hature.com/emm

ORIGINAL ARTICLE

Constitutive stabilization of hypoxia-inducible factor
alpha selectively promotes the self-renewal of
mesenchymal progenitors and maintains mesenchymal
stromal cells in an undifferentiated state

In-Ho Park’*, Kwang-Ho Kim!*, Hyun-Kyung Choi!, Jae-Seung Shim!, Soo-Young Whang!, Sang June Hahn?,
Oh-Joo Kwon? and II-Hoan Oh!

With the increasing use of culture-expanded mesenchymal stromal cells (MSCs) for cell therapies, factors that regulate the
cellular characteristics of MSCs have been of major interest. Oxygen concentration has been shown to influence the functions of
MSCs, as well as other normal and malignant stem cells. However, the underlying mechanisms of hypoxic responses and the
precise role of hypoxia-inducible factor-1a (Hif-1a), the master regulatory protein of hypoxia, in MSCs remain unclear, due to
the limited span of Hif-1a stabilization and the complex network of hypoxic responses. In this study, to further define the
significance of Hif-1loa in MSC function during their self-renewal and terminal differentiation, we established adult bone marrow
(BM)-derived MSCs that are able to sustain high level expression of ubiquitin-resistant Hif-1a during such long-term biological
processes. Using this model, we show that the stabilization of Hif-1a proteins exerts a selective influence on colony-forming
mesenchymal progenitors promoting their self-renewal and proliferation, without affecting the proliferation of the MSC mass
population. Moreover, Hif-1a stabilization in MSCs led to the induction of pluripotent genes (oct-4 and klf-4) and the inhibition
of their terminal differentiation into osteogenic and adipogenic lineages. These results provide insights into the previously
unrecognized roles of Hif-1a proteins in maintaining the primitive state of primary MSCs and on the cellular heterogeneities in
hypoxic responses among MSC populations.
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INTRODUCTION adipose tissues or placenta, ex vivo culture-derived MSCs

Mesenchymal stromal cells (MSCs) are a non-hematopoietic
adherent cell population that exhibit multi-lineage differentia-
tion potential towards diverse types of tissues, including
bone, cartilage, vessels and neurons,' and secrete a wide
spectrum of bioactive substances to exert a paracrine function.*
Accordingly, ex vivo expanded MSCs are currently being
used in a variety of cell therapeutic trials for the regeneration
of damaged cardiovascular,” neural® and muscular-skeletal
tissues’ and for facilitating hematopoietic engraftment!%!!
or for suppressing grafts versus host diseases.!>!3 Although
MSCs can be produced from various tissues, including BM,

display several common surface phenotypes, including the
expression of CD90 (Thy-1), CD 166 (SB10/ALCAM), CD73
(SH3) and CD105 (SH2, endoglin), and the absence of the
hematopoietic marker (CD45), HLA-DR and co-stimulatory
molecules, such as B7. However, despite these common
features, significant heterogeneities have been reported for
cultured MSCs in terms of their morphology, proliferation
and differentiation potentials.l‘}‘16 Moreover, heterogeneities
were also observed in their gene expression and differentiation
potential with successive culture passages,'”!® raising the
possibility that such heterogeneities could also be generated
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during the process of ex vivo culture. Therefore, factors and
underlying mechanisms involved in the regulation of the
biological characteristics of ex vivo expanded MSCs have
been of major interest in the field.

Recently, studies have shown that oxygen concentration
can influence function in many types of stem cells.!® Such
hypoxia responses are primarily mediated by signaling path-
ways involving HIF-1(hypoxia-inducible factor-1),2%?! the
master regulatory protein of hypoxic responses, with the
participation of HIF-2 or unfolded protein responses.?? Of
these, Hif-1a has a major role as a master regulatory protein
for hypoxic responses. Hif-1o is made up of two subunits;
one variable (HIF-1o) and the other constant, HIF-1f, which
is also known as the aryl-hydrocarbon-receptor nuclear trans-
locator (ARNT). Under normoxic conditions, HIF-lol is
hydroxylated at specific proline residues (P402, P564) by
prolyl hydroxylases, which leads to the rapid degradation of
HIF-1o proteins through ubiquitinylation and proteosome-
mediated proteolysis.?>~2¢

For MSCs, cultures under hypoxic conditions have been
reported to alter the biological characteristics of MSCs.
Such alterations include a higher proliferation of cells and an
enhanced secretion of bioactive substances.2’ 32 However,
despite these studies related to hypoxic responses, the role of
Hif-1oo in the regulation of MSCs remains unclear, due
to the complexity of the hypoxic responses, which can
include multiple families of Hif-1-related genes®® as well as
Hif-1a-independent pathways, such as an unfolded protein
response.>? Moreover, the stability of Hif-1a itself is regulated
by multiple mechanisms that are dependent or independent of
the hydroxylation of proline residues or pVHL pathways,>*3°
making it complex to dissect the role of Hif-1la. Also,
discrepancies in the observations on the role of hypoxia or
Hif-1a was reported with respect to the cell types and study
models used,>**#0 awaiting further delineation of the
biological actions of Hif-1 for MSCs.

In this study, we found that the endogenous level of Hif-1a
or transgenic expression of wild-type (WT) Hif-1a is only
transiently maintained under hypoxic culture conditions, and
therefore such a limited stability of Hif-1a could obscure the
role of Hif-1ae in MSCs during their prolonged biological
process, such as colonization or terminal differentiation. To
overcome such limitations in Hif-1a stability, we established
primary MSCs that were transduced with a mutant form of
Hif-1oo that are resistant to ubiquitinylation and thereby
established MSCs that stably express sustained high levels of
Hif-1a. over prolonged culture periods. Using this model,
we show that the sustained stabilization of Hif-1a exerts a
selective influence on colony-forming unit-fibroblasts (CFU-
F), a subset of mesenchymal progenitors promoting their self-
renewal and proliferation without affecting the proliferation
of the MSC mass population. We also show that Hif-1a
stabilization drives the MSCs towards undifferentiated state
while inhibiting osteogenic and adipogenic differentiation.
Thus, our study reveals previously unrecognized selective role
of Hif-1 to regulate self-renewal and differentiation of MSCs.

Experimental & Molecular Medicine

MATERIALS AND METHODS
MSC culture and hypoxic conditions
MSCs from BM aspirates obtained from a healthy donor under
informed consent were prepared as previously described.! Briefly,
after Ficoll-Paque PLUS (GE Healthcare, Uppsala, Sweden) separation,
BM mononuclear cells were plated in the Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% FBS. Non-adherent cells
were discarded after 1 week, and adherent populations were
maintained in 10% fetal bovine serum (FBS) supplemented with
DMEM at 37 °C in a 5% CO, humidified incubator (Forma Scientific,
Marietta, OH, USA). Culture of MSCs under hypoxic conditions was
performed by placing cells in a CO, water-jacketed incubator
(Thermo Forma model 3110) or alternatively by using hypoxia
chamber (Galaxy 48R, Eppendorf, Hamburg, Germany) with oxygen
sensor attached for monitoring of O, concentration in the chamber.
The study was approved by the Institutional Review Board of The
Catholic University of Korea.

Vector construction, virus production and transduction to
MSCs

The parental plasmid encoding WT HIF-1a (Figure la) and
HIF-1o. double-mutant (Hif-1o0 Flag-P402A/P564A, abbreviated as
PA, Figure la) was provided by Professor KW Kim (Neurovascular
Coordination Research Center, College of Pharmacy, Seoul National
University, Seoul, Korea). For the preparation of engineered MSCs
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Figure 1 Kinetics of protein stabilization for various forms of
Hif-1o. (@) Schematic structure of wild-type (WT) and ubiquitin-
resistant form of Hif-1 o (PA). bHLH; basic helix-loop-helix
domain, PAS; Per/Arnt/Sim, ODD; oxygen-dependent degradation
domain, TAD; transactivation domain. The proline residues (P402,
p564) in ODD were substituted for Ala residues in the Hif-1a-PA
mutant. (b) Structures of retroviral vectors WT or PA mutant
form of Hif-lao along with green fluorescent protein (GFP).
(c) Comparisons for kinetics of Hif-1 o and Hif-1B (ARNT) protein
upon exposure to hypoxia (1% Op). Shown are representative
western blots for each indicated protein in MSCs during incubation
under hypoxic conditions.
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overexpressing HIF-1oo. WT or PA mutant, each HIF-1loo ¢cDNAs
were first cloned into the murine stem cell virus vector (MSCV)
expressing green fluorescent protein (GFP) under the phospho-
glycerate kinase (PGK) promoter (MSCV-PGK-GFP, abbreviated as
MPG, Figure 1b)*? and retroviral particles were produced by the
cotransfection of 293T cells with each retroviral vector (MPG,
MPG-WT or MPG-PA) plus plasmids containing gag-pol, vesicular
stomatitis virus-glycoprotein and gibbon ape leukemia virus envelope as
previously described.*® The supernatants were then collected,
concentrated by ultracentrifugation and used to infect MSCs. After
transduction, transduced MSCs were purified by sorting for GFP * cells.

Proliferation assay

To compare expansion under normoxic and hypoxic culture condi-
tions, MSCs that had been maintained under identical conditions
(DMEM with 10% FBS) were transferred and subcultured in
normoxic (21% O,) and hypoxic (1% O,) culture conditions for at
least two passages before analysis. Doubling times were calculated as
t/n, where t is the duration of the culture and n is the number of
population doublings calculated using the formula #n =log(NH —NI)/
log2 (where NI is the number of cells originally plated and NH the
number of cells harvested at the time of counting). Bromodeoxy
uridine (BrdU ) incorporation of MSCs were measured by incubating
the cells with 10 um BrdU for 2 h in the medium, followed by staining
with  allophycocyanin-conjugated ~ antibody  against ~ BrdU
(BD Bioscience, San Jose, CA, USA) along with propidium iodide
for flow cytometry.

Colony-formation assay

For colony formation (CFU-F) in in vitro cultured MSCs, MSCs were
pre-incubated under normoxic or hypoxic conditions for 7 days, then
plated at a density of 1000 cells per 100 mm dish, and after incubation
for 14 days under normoxic or hypoxic conditions, the number of
colonies containing > 50 cells was counted after staining with crystal
violet (Sigma, St Louis, MO, USA) in methanol.

Reverse transcriptase-PCR

Total RNA was isolated using the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and cDNAs were synthesized according to the
manufacturer’s instructions (SuperScript II, Invitrogen). GAPDH was
used for normalization. Primers used are listed in Supplementary
Table 1. PCR parameters were 95 °C for 5 min followed by 30 cycles of
95°C for 30s, 55-60 °C for 30s and 72 °C for 30s.

Flow cytometry analysis

Flow cytometry analysis of MSC surface markers was performed as
described in a previous study' Briefly, cells were stained
with monoclonal antibodies, anti-human CD34-PE, CD73-PE,
CD146-PE, CD271-PE and CD140b (PDGFR-B) (BD Pharmingen,
San Diego, CA, USA) and analyzed using FACSCalibur (Becton
Dickinson, San Jose, CA, USA) and CellQuest software (BD
Bioscience).

Osteogenic and adipogenic differentiation

Osteogenic differentiation was induced by DMEM supplemented with
10% FBS, 10nMm dexamethasone, 0.2 mMm ascorbic acid and 10 mm
B-glycerophosphate as described.** After 28 days, the mineralization
of the extracellular matrix was determined by Alizarin Red S staining,
which was quantified by dye elution using cetylpyridinium chloride
(Sigma) and measurement of the absorbance at 550 nm.
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For adipogenic differentiation, confluent cells were incubated in
DMEM containing 10% FBS, 1 uM dexamethasone, 0.5 mum isobutyl-
1-methylxanthine, 100 um indomethacin and 10 ugml ! insulin.*?
After 14 days, cells were fixed with 4% formaldehyde and stained with
Oil Red O to visualize lipid droplets. The number of differentiated
adipocytes was subsequently determined by dye extraction using 4%
Nonidet P40 in isopropyl alcohol followed by spectrophotometry at
520 nm.

Neural induction

Subconfluent cultures of MSCs were maintained under normoxic or
hypoxic conditions for 48h. To initiate neural differentiation, the
media was removed, and the cells were washed with phosphate-
buffered saline and transferred to neural induction media composed
of DMEM/2% dimethyl sulfoxide/25 mm KCI/100 mm BHA/100 mm
forskoin/2 mu valproic acid/10 ngml ~! basic fibroblast growth factor/
N2 supplement for 24 h.4

Electrophysiology

Whole-cell patch-clamp recordings were performed with an Axopatch
700B patch-clamp amplifier and pClamp 10.0 software (Molecular
Devices, Sunnyvale, CA, USA) at room temperature (22-24°C) as
described previously.*® The tip resistance of the patch pipettes was
between 2 and 4 MQ when filled with the internal solution. The
extracellular bath solution contained (in mwm) 140 NaCl, 3 KCI,
1 CaCly, 1 MgCl,, 20 HEPES and 10 glucose and was adjusted to pH
7.3 using NaOH. The intracellular pipette solution contained (in mwm)
140 CsCl, 10 NaCl 1 MgCl,, 10 HEPES and 1 EGTA and was adjusted
to pH 7.3 using CsOH. Linear leakage and capacitance currents were
corrected using P/4 subtraction method. Measured osmolarity of the
extracellular bath solution was 300-340 mOsm.

Immunoblot analysis

MSCs were washed with phosphate-buffered saline and lysed in 2X
Laemmli sample buffer (120mm Tris-HCl, pH 6.8, 20% glycerol,
4% sodium dodecyl sulfate, 28.8mm 2-mercaptoethanol, 0.01%
bromophenol blue). Cell lysates were boiled for 5min. and cleared
by centrifugation at 18000 g for 15 min. Forty micrograms of protein,
as determined using an RCDC protein assay kit (Bio-Rad, Hercules,
CA, USA), was electrophoresed in acrylamide-sodium dodecyl sulfate
denaturing gels. Gels were transferred to Immobilon (Millipore,
Bedford, MA, USA) and probed with antibodies as recommended
by the suppliers. Antibody against Hif-loo was purchased from
Cayman Chemical (Ann Arbor, MI, USA), antibody against NSE
from Abcam (Cambridge, UK), antibodies against TAZ from Santa
Cruz Biotech (Santa Cruz, CA, USA), antibodies against ARNT from
Upstate (Lake Placid, NY, USA), antibody against pan-neuronal
neurofilament from Covance (Emeryville, CA, USA), antibody against
tubulin b-III from Chemicon (Lake Placid), antibody against p21
(Cell Signaling, Danvers, MA, USA), antibody against p27 (Cell
Signaling) and antibody against actin (Millipore). Detection of
specific protein was performed using an enhanced chemiluminescence
system.

Statistical analysis

All experiments were performed a minimum of three times. Data are
expressed as the mean + s.e. and were analyzed by the Student’s ¢-test.
P-value <0.05 was considered to be statistically significant.
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RESULTS

Establishment of human MSCs expressing sustained high
levels of Hif-1a proteins

To explore the role of Hif-1a during the long-term period of
biological process of MSCs, we first compared the kinetics
of protein accumulation for various forms of Hif-1a proteins.
For this, retroviral vectors (MPG) expressing GFPs along with
WT Hif-1oe (MPG-Hif-1a-WT) or a mutant form of Hif-1a
(MPG-Hif-1a-PA) in which the proline residues (p402
and p564) in oxygen-dependent degradation domain were
mutated, to make the protein resistant to ubiquitin-mediated
proteolysis®® (Figures 1a and b). Primary human BM-derived
MSCs were then transduced with each of the retroviral vectors,
sorted for transduced (GFP + ) cells, and the protein levels of
Hif-1a in these MSCs were examined under normoxic and
hypoxic conditions. As shown in Figure 1c, the endogenous
levels of the Hif-1a protein in control MSCs (MSC/MPG)
rapidly increased within 12h after exposure to hypoxia but
were maintained only for a transient period reaching basal
levels after 3 days. Similarly, MSCs transduced with WT Hif-1o
(MSC/WT) exhibited a higher level of protein accumulation
under hypoxia but also exhibited a transient accumulation of
WT proteins. In contrast, MSCs that had been transduced with
the mutant form HIF-1o (MSC/PA) exhibited a sustained high
level accumulation of the protein under normoxia as well as
under hypoxic conditions throughout the period of observa-
tion (up to 14 days) (Figure 1c). Similar differences in protein
stability between the MSCs transduced with WT and Hif-1a
PA mutant were also observed under 5% hypoxic conditions
(Supplementary Figure 1A). However, no significant change in
ARNT, the B-subunit of Hif-1, was detected in any of the
conditions examined (Figure 1c). In addition, the MSCs that
had been transduced with Hif-10-PA exhibited induction of
their known target genes such as vascular endothelial growth
factor and Glut-1,>3 confirming their transactivation function
(Supplementary Figure 1B). These results indicate that MSCs
that were transduced with Hif-1a-PA, but not WT Hif-1a, can
serve as a model for a sustained high level accumulation of
Hif-1a proteins to dissect their role in MSCs during the long-
term biological process of MSCs.

Hif-1o selectively promotes self-renewal and the
proliferation of mesenchymal colony-forming cells but not
the mass population of MSCs

Using this study model, we first examined the effects of hypoxia
on the proliferative activity of the mass population of MSCs by
analyzing changes in their cell cycling activities. As shown,
human MSCs exhibited slightly higher progression into S-phase
as evidenced by higher incorporation of BrdU (Figure 2a),
which was associated with decreased protein levels of p21
or p27 (Figure 2b). In consistent with the findings, MSCs
transduced with the control vector (MSC/MPG) exhibited a
moderately higher proliferation and shorter doubling times
under hypoxic (1% O;) culture conditions compared with
cultures under normoxic conditions. (Figures 2¢c and d). Similar
increases of proliferative activity under hypoxic condition were
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also observed for MSCs transduced with Hif-1a-PA (MSC/
PA). However, MSCs transduced with Hif-1a-PA did not
exhibit any higher proliferative activity than control MSCs
under normoxic conditions as well as under hypoxic condi-
tions. Moreover, the extent of increment in growth rate in
response to hypoxia for MSC/PA was not higher than that for
MSC/MPG (Figures 2¢ and d). A similar increment in MSC
proliferation by hypoxia but a lack of difference in growth
between the MSC/MIG and MSC/Hif-10-PA was also observed
under 5% hypoxic culture conditions (Supplementary
Figure 2). These results show that, while hypoxia causes
moderate increase in the proliferation of MSCs, Hif-1a
stabilization neither have a role in promoting the proliferation
of MSC mass populations nor in the magnitude of their
response to hypoxia.

However, considering the notion that MSCs exhibit extensive
heterogeneities among their subpopulations,'*'® we hypo-
thesized that heterogeneities could conceivably exist in their
response to Hif-1a stabilization for each distinct subpopulation
of MSCs. To explore this possibility, we examined the effects
of Hif-1o stabilization on the self-renewal of mesenchymal
progenitors, a primitive population of MSCs characterized by
their ability to form CFU-E For this, MSCs were culture
expanded under hypoxic or normoxic conditions for 7 days
and examined for their frequency of CFU-F by plating equi-
valent numbers of expanded cells under identical normoxic
condition (illustrated in Figure 3a, upper panel). As shown in
Figure 3a, (middle and low panels), the numbers of CFU-F
produced from MSC/MGP were increased sharply under
hypoxic conditions compared with normoxic conditions,
indicating a higher self-renewal of mesenchymal colony-form-
ing progenitors under hypoxic culture conditions. Notably,
MSCs transduced with Hif-1o-PA exhibited a similar increase
in the frequency of CFU-E even under the normoxic condi-
tions, to the levels comparable to those achieved by hypoxic
culture of MSC/MPG. These findings suggest that stabilized
Hif-1oe has a direct role in promoting the self-renewal of
mesenchymal progenitors mediating the effects of hypoxia for
the subsets of MSCs.

Having observed the effects on self-renewal of progenitors
during expansion cultures, we next examined the effects of
Hif-1o: and hypoxia on colony formation from given numbers
of mesenchymal progenitors by plating equivalent numbers of
MSCs for colonization under normoxic or hypoxic conditions
(illustrated in Figure 3b, upper panel). As shown in the
Figures, the colonies produced from Hif-1a-PA-MSCs were
markedly larger than those from control MSCs both under
normoxic and hypoxic condition (Figure 4b, middle panel),
indicating that Hif-1a stabilization caused a higher prolifera-
tive activity of colony-forming cells during the colonization
process. Interestingly, the numbers of colonies from MSC/PA
were significantly higher than those from MSC/MPG under
normoxic conditions (Figure 3b, lower panel). However,
considering the fact that identical numbers of colony-forming
cells had been plated at the initiation of colonization, these
results suggest that an increase in the size of colonies can be
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Figure 2 Effects of hypoxia and Hif-1a stabilization on the growth of MSCs in mass population. (@) BrdU incorporation analysis of MSCs
under normoxic or hypoxic conditions. Cells were added with 10 um of BrdU in the culture medium for 2 h. MSCs were then stained with
antibody against BrdU and propidium iodide (PI) for flow cytometric analysis. Shown are the representative plots and percentage of cells
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2 days and analyzed for protein levels of each indicated gene by using antibody specific to p21 or p27. (c) MSCs were maintained under
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Eight days after plating, the cell numbers were counted. Shown are the mean £ s.e.m. values from three experiments. (d) Doubling times
were calculated as t/n, where t is the duration of culture and n is the number of population doublings calculated by using the formula
n=1log(NH —NI)/log2 (where NI is the number of cells originally plated and NH the number of cells harvested at the time of counting).
Shown are the mean +s.e.m. values from three experiments. APC, allophycocyanin.

attributed to the higher read-outs of colony number secondary
to the higher proliferation of progenitors during the coloniza-
tion process. Collectively, these results show that Hif-1a
stabilization could promote the proliferative activity of mesench-
ymal progenitors during the colonization process as well as the
self-renewal of the progenitors during expansion culture.

To determine whether this increase in colony numbers and
proliferative activity is associated with concomitant molecular
changes, we next examined the expression of oct-4, the
induction of which were previously shown to be correlated
with the primitive phenotype and higher proliferation.*”43
Consistent with the previous findings, the control MSCs
(MSC/MPG) cultured under hypoxic conditions exhibited
the induction of oct-4 after exposure to hypoxia for periods
lasting up to 7 days (Figure 4). Interestingly, MSCs that had
been transduced with Hif-1a-PA exhibited significantly higher
level expression of oct-4 and klf-4 than control MSCs even
during normoxic culture conditions, indicating that the

stabilization of Hif-1at can induce the expression of primitive
pluripotent genes in MSCs.

Together, these findings show that the stabilization of Hif-1a
exerts an influence on MSCs driving the cells towards a more
primitive molecular state and promotes the self-renewal and
proliferative potential of mesenchymal progenitor populations.

Stabilization of Hif-1a inhibits both adipogenic and
osteogenic differentiation but drives MSCs towards neuron-
like cells

Having observed the effects of Hif-1oo on self-renewal and
proliferation, we next examined the effects of Hif-loo on
the differentiation potential of MSCs towards osteogenic or
adipogenic differentiation. As shown in Figure 5a, osteogenic
differentiation of control MSCs (MSC/MPG) were markedly
decreased under hypoxic culture conditions, as evidenced by
their morphology and quantitative measurements of calcium
precipitation (Figures 5a and b). Similarly, the induction of
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been transduced with Hif-1o-PA (MSC/PA) exhibited a similar
inhibition in osteogenic differentiation and osteogenic gene
induction under normoxic conditions to comparable levels as

Octé m for MSC/MPG under hypoxic culture (Figures 5a—c).
Moreover, the transcriptional coactivator regulating osteo-
Kiis n genic differentiation of MSCs, TAZ,* was upregulated during
Nanog m differentiation under normoxia, but this stabilization of TAZ
was profoundly suppressed in the case of MSC/MPG under
GAPOH m hypoxic conditions as well as in the MSC/PA under normoxic

differentiation conditions (Figure 5d). These results show that

Figure 4 Effects of Hif-la stabilization on the expression of
pluripotent genes in MSC. Control (MSC/MPG) or Hif-1a-PA-trans-
duced MSCs (MSC/PA) were exposed to 1% hypoxia and expression
of each indicated gene was analyzed by reverse transcriptase-PCR.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

osteogenic genes such as osteocalcin and osteopontin during
differentiation, which was observed in MSC/MPG under
normoxic conditions, was not observed under conditions of
hypoxic differentiation (Figure 5c¢). Notably, MSCs that had

Experimental & Molecular Medicine

the stabilization of Hif-1o directly has multiple roles to inhibit
the osteogenic differentiation of MSCs.

We next examined the effects of Hif-1a stabilization on the
adipogenic differentiation of MSCs. As shown in Figure 6, the
adipogenic differentiation of MSC/MPG was also inhibited
under hypoxic conditions, albeit to a moderate extent, and the
expression of Hif-10-PA caused a similar degree of inhibition,
as evidenced by cell morphology and a quantitative decrease of
fat droplets (Figures 6a and b). The decrease in adipogenic
differentiation was also associated with lower expression levels
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transduced MSCs (MSC/PA) were subjected to osteogenic differentiation by chemically defined medium under normoxic or hypoxic (1%)
conditions. At 14 days after differentiation, the cells were examined by Alizarin Red S staining and quantification of mineralized nodules
as determined by absorbance at 550 nm after dye elution. Shown are representative morphology and meanz+s.e.m. values from four
independent experiments. *P<0.05. (c) Expression of osteogenic gene expression during differentiation was analyzed by reverse
transcriptase-PCR. (d) Stabilization of TAZ during osteogenic differentiation of each group of MSCs were compared with each group of
MSCs during normoxia and hypoxia (1% 0,). GAPDH, glyceraldehyde 3-phosphate dehydrogenase; OC, osteocalcin; OP, osteopontin.
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Figure 6 Effects of hypoxia and Hif-1o on the adipogenic differentiation of MSCs. Each group of MSCs were subjected to adipogenic
differentiation by chemically defined media under normoxic or hypoxic conditions. (a, b) After 7 days in their induction media,
MSCs were stained with Oil-Red O and lipid accumulation was quantified by dye extraction and spectrophotometry at 502 nm.
Shown are the mean *s.e.m. values from four independent experiments. *P<0.05. (c) Expression of peroxisome proliferator-activated
receptor-y (PPARy) during adipogenic differentiation was analyzed by reverse transcriptase-PCR. GAPDH, glyceraldehyde 3-phosphate
dehydrogenase.
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Figure 7 Effects of hypoxia and Hif-1ao on the neuronal differentiation of MSCs. Each indicated group of MSCs were subjected to
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determined by (b) western blot analysis. (c) Original current recordings in normoxic or hypoxic cells. Whole-cell current was elicited by a
50-ms depolarizing pulse to +40mV from a holding potential of —120mV at 10-s intervals.

of peroxisome proliferator-activated receptor-y during the
differentiation of MSC/MPG under hypoxic conditions and
of MSC/PA under normoxic conditions (Figure 6c). These
results show that, unlike a previous study suggesting Hif-1a-
independent inhibition of adipogenic differentiation under
hypoxia,®® constitutive stabilization of Hif-lo can also
negatively regulate the terminal differentiation of MSCs into
an adipogenic lineage.

On the contrary, when the MSCs were induced to differ-
entiate into neuronal lineages, the neuron-like morphology
was increased in MSC/MPG under hypoxic conditions,
and similar change was observed in Hif-10-PA-transduced
MSCs under normoxic conditions (Figure 7a). Moreover,
while neuron-specific genes such as NF-M (neurofilament-
medium), B-tubulin-1ll or NSE (neuron-specific enolase) were
induced during neuronal differentiation, the levels of these
genes were markedly upregulated in Hif-10-PA-transduced
MSCs, even before neuronal differentiation was induced
(Figure 7b). To examine the neuronal excitation function of
those cells exhibiting neuron-like morphology, we performed a
electrophysiological recording for inward sodium currents in
MSCs differentiated under normoxic or hypoxic cells. The cell
capacitances were 113.5%26.6pF (n=5) and 119.7 £ 34.6 pF
(n=>5) for cells differentiated under normoxic or hypoxic
conditions, respectively, indicating no significant difference
between the two. When whole-cell current was elicited by a
50-ms depolarizing pulse to +40mV, no appreciable endo-
genous inward currents were detected in these cells (1= 10;
Figure 7c), suggesting that constitutive stabilization of Hif-1o
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might prime the MSCs towards neuron-like cells but not to the
stage of functional neuron.

Collectively, these results show that Hif-1oo has a pleio-
trophic role in regulating the cell fate of MSCs, promoting an
undifferentiated state of MSCs and the self-renewal of pro-
genitors while driving the cells towards a neuron-like state.

DISCUSSION

The MSCs obtained by ex vivo expansion have been frequently
used in a wide diversity of cell therapeutic trials, but
they exhibit significant heterogeneities in their biological
characteristics, such as morphology, self-renewal, proliferation,
differentiation potentials and their own gene expression
patterns.'*1® Thus, culture conditions and cellular signals
that can influence the potential therapeutic outcomes of MSCs
have been of great interest.

The oxygen concentration in the culture is a crucial factor
that can significantly influence the proliferation and differentia-
tion potentials of MSCs.%%3940 Accordingly, the role of Hif-1a
as a key mediator of the hypoxic response has been extensively
studied with regard to the regulation and biochemical functions
in MSCs>»2! However, despite these interest, studies on the
precise role of Hif-1o during the hypoxic response of MSCs are
complicated by the fact that Hif-1a-independent pathways such
as unfolded protein response are involved in hypoxic
responses.”?> Moreover, prolyl hydroxylase, an enzyme that can
influence the stability of Hif-1ot proteins, was also shown to be
induced under hypoxic conditions,® leading to a limited
stability of Hif-1o during hypoxia.



In this study, using an ubiquitin-resistant form of Hif-1a
as a model, we analyzed the impact of sustained Hif-1a
stabilization on MSCs during colony formation or terminal
differentiation, in an attempt to precisely define the biological
impact of Hif-1a on various biological functions of MSCs.

We found that Hif-1a proteins significantly enhanced the
frequency and proliferative activity of colony-forming
mesenchymal progenitors as evidenced by the increased
numbers and sizes of colonies from the Hif-10-PA-transduced
MSCs. Consistent with this observation, it was shown
that mice lacking Hif-1oo demonstrated a markedly decreased
trabecular bone volume and overall reduced bone formation,’®
revealing the essential role of Hif-lao for self-renewing
expansion of mesenchymal progenitors during development.

In contrast, the mass populations of MSCs, while exhibiting
a moderate increase in proliferation in response to hypoxia,
did not respond to the stabilization of Hif-1a-PA, indicating
that such moderate changes in proliferation should reflect a
Hif-1a-independent hypoxic response of the mass population.
Thus, heterogeneity exists among MSCs in their response to
hypoxia, in such way that mesenchymal progenitors are
selective target cell subsets responding to Hif-1a stabilization.
The biological significance of such selective targeting of Hif-1o
on progenitor population remains to be clarified. However,
considering the notion that MSCs have a crucial role as a
microenvironment in response to tissue damage,* it is possible
that the selective proliferation of mesenchymal progenitors by
Hif-1a. could comprise a reactive proliferation of MSCs during
hypoxic injuries of tissues. Further studies on the physiological
significance of mesenchymal progenitors need to be pursued
for more comprehensive understanding.

Interestingly, stabilization of Hif-1loo induced pluripotent
genes for both MSCs expressing Hif-o-PA or MSCs exposed
to hypoxia, where the elevated levels of expression were
maintained over 7 days of hypoxic period. Taking that
the level of endogenously stabilized form of Hif-1a is
rapidly decreased by 3 days after hypoxic culture, it is possible
that additional epigenetic changes participate in the alteration
of gene expression in a manner that epigenetic changes
coax the gene expression changes even after Hif-lo is
destabilized in the cells. Consistent with the possibility, we
have observed changes in the CpG methylation in the Oct-4
promoters for MSCs exposed to hypoxia (data not shown).
Whether these induction of pluripotent genes are specific to
the mesenchymal progenitor cell populations as observed for
the self-renewal of colony-forming cells remains to be
determined.

Notably, while our studies, and studies of others, showed that
osteogenic differentiation is inhibited with Hif-1a stabilization
or under hypoxic conditions,?*3¢40 various observations were
reported on the role of Hif-1a on adipogenic differentiation.
For example, the stabilization of Hif-1o resulted in an increase
in adipogenic markers in a pre-osteoblast cell line,® whereas
our study of MSCs and other studies using preadipocytes
showed that adipogenic differentiation is inhibited under
hypoxic conditions.’”>*® Moreover, discrepancies were also
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observed for the role of Hif-1ao in MSCs, that is, while our
studies showed a direct contribution of Hif-1a for the self-
renewal of mesenchymal progenitors as well as for the
inhibition of adipogenic differentiation, a study using shRNA
against Hif-loo did not observe the inhibition of colony
formation or adipogenic differentiation.** The reasons for
these discrepancies related to the biological effects of Hif-1a
in MSCs with respect to the study models are currently unclear.
However, considering the fact that the transcriptional
milieu should be distinct with respect to cell type as well as
the stages of differentiation of MSCs, it is possible that
the biological targets of Hif-1 in each stage towards terminal
differentiation could become different between the transient
and sustained stabilization of Hif-1a. Likewise, as the study by
Tamama et al.*’ used TERT (telomerase reverse transcriptase)-
immortalized MSCs, where alteration in characteristics of MSCs
can occur,”"? difference in the cell type used in the study could
also have had a role. Moreover, Hif-1a is largely regulated at the
protein stability level with negative-feedback regulation of
prolyl hydroxylase (PHD2, PHD3) by Hif-1a protein itself.>
Thus it is possible that the protein stabilization of Hif-1ot could
be subject to variation during the culture period in the model
using knockdown of Hif-1oo at the mRNA level. Notably,
endogenous level of Hif-loo was relatively maintained
at high level during the 2 weeks of osteogenic differentiation.
Whether the protein stability of Hif-lao is differentially
regulated during proliferative or differentiation process
remains to be determined.

Interestingly, MSCs stabilized with Hif-1a expressed higher
levels of neuron-specific genes, even during expansion of
cultures in the absence of differentiation-inducing agents,
suggesting that the cells were, to a certain level, primed toward
neuron-like cells. In agreement with our observations, Pacary
et al>* showed that MSCs expressed neuronal markers and
responded to neuronal transmitters in a manner that was
dependent on Hif-1a stabilization. At present, the biological
significance of these findings remains to be elucidated.
However, it is noteworthy that recent developmental studies
have shown that neural crest-derived stem cells should be the
potential origin of MSCs and that significant populations of
MSCs share the characteristics of neural crest stem cells.>>=>’
Therefore, it should be an interesting possibility that observed
priming of MSCs towards neuron-like cells following Hif-1o
stabilization could reflect their shift towards a more primitive
stage of origin, that is, neural crest-like stage of the cells.
However, further studies will be needed in order to further
explore and confirm these possibilities.

Nevertheless, our study reveals a previously unrecognized
pivotal role of Hif-loo in primary BM-derived MSCs
in regulating their self-renewal and primitive state through
sustained stabilization model. Moreover, our study reveals a
functional heterogeneity among MSC subsets with respect to
their proliferative response to Hif-1a stabilization, identifying
the mesenchymal progenitors as a selective target population
of Hif-1a. Further studies on the physiological significance of
Hif-1a stabilization during the various regenerative processes
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of the damaged tissues under hypoxic conditions should shed
light on the functional impact of Hif-1o in MSCs.
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