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Background and Objectives: Hypoxia is frequently used to enhance stem cell function. However, the optimal level
of hypoxia for growth and function of human embryonic stem cell-derived mesenchymal stem cells (hES-MSCs) is
yet to be determined. The purpose of this study was to find the optimal level of hypoxia for hES-MSCs and character-
istics of hES-MSCs cultured under these optimal hypoxic conditions.

Methods and Results: Cell viability and changes in the morphology of hES-MSCs were determined through cell pro-
liferation and CCK-8 assay. The hES-MSCs were preconditioned under various hypoxic conditions (0.5~5% O, and
24~72 h). The expression of cytokines in each culture condition was compared using cytokine array analysis. The
morphology of hES-MSCs did not change under various hypoxic culture conditions. hES-MSCs viability after 48 h
incubation in 2% O, condition was higher than that in normoxic condition. HIF1 @ expression was increased up to
six folds after 48 h of hypoxic preconditioning. HIF1 @ expression in hES-MSCs peaked after 48 h of incubation in
1% O, condition. The expressions of PDGF-BB, IGFBP-6, VEGF-A, and angiogenin were increased after hES-MSCs
were incubated for 48 h in 2% O, condition.

Conclusions: The hES-MSCs viability and expressions of PDGF-BB, IGFBP-6, VEGF-A, and angiogenin increased after
48 h incubation in 2% O, condition.
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Introduction

Materials and Methods

Stem cells are known for their self-regeneration and dif-
ferentiation properties which are dependent on various
micro-environmental signals including growth factors and
mechanical forces. Given such characteristics, stem cell
treatment can be considered for use in treatment of dia-
betes, myocardial infarction, Parkinson’s and Alzheimer’s
diseases as well as other degenerative conditions (1, 2).

In recent studies, human embryonic stem cell-derived
mesenchymal stem cells (hES-MSCs) have been demon-
strated as unlimited sources of stem cells with consistent
differentiation capacity and treatment results reported to
be stronger than bone marrow mesenchymal stem cells (3,
4). In addition, hES-MSCs have several advantages that
make them better candidates for clinical applications in-
cluding the high rate of proliferation ¢z vitro and lower
maturity than that of adult MSCs (5-7).

Stem-cell therapy is expected to be highly efficacious in
various diseases; however, after stem cell therapy, only a
marginal improvement in damaged tissue is achieved and
the effect is not sustained. Among the various methods
used for differentiation and functional enhancement of
cells, the use of hypoxia has been suggested in numerous
studies due to its positive effect on survival, proliferation,
and differentiation potential of cells (8, 9). In order to ach-
ieve hypoxia, cells are exposed to low O; levels and as a
result, cells express different target genes that are regu-
lated by hypoxia-inducible factor 1 @ (HIF1 ). HIF1 a
-induced signal transduction is regulated by direct inter-
action between angiogenin and promoter regions. Additio-
nally, some reports have suggested that overexpression of
HIF1 ¢ induces angiogenesis (10).

Hypoxia plays a crucial role in stem cells functioning;
however, there is a lack of consensus regarding this point.
The effects of hypoxia differ based on cell type (11). Most
studies used single oxygen tension for a fixed duration.
Additionally, there are huge discrepancies regarding the
pre-culture conditions and duration of hypoxia in various
studies. The optimal time of hypoxia application for ob-
taining maximal paracrine effect is still not known. In a
study, hypoxic conditioning for 24 h showed more potent
angiogenic effect in MSCs (12). However, Wang et al. (13)
suggested that the viability and angiogenic properties of
stem cells are maximized after 10 min of hypoxic condi-
tioning.

The purpose of this study was to find the optimal level
of hypoxia in hES-MSCs and characteristics of hES-MSCs
cultured under the optimal level of hypoxia.

Acquisition and culture of hES-MSCs

hES-MSCs were procured from Daewoong Pharmaceuti-
cal (Seoul, Korea). After thawing, hES-MSCs were main-
tained in GIBCO®™ StemPro MSC SEM Xeno-free medium
(A1067501, Thermo Fisher Scientific, MA, USA) supple-
mented with 2 mM L-glutamine (25030081, Thermo Fisher
Scientific, MA, USA) and 1% penicillin (15140122, Thermo
Fisher Scientific, MA, USA) at 37°C under condition of
21% O,. The experiments were performed at passage 12.

Hypoxic culture conditions for hES-MSCs

After hES-MSCs reached 90% confluence at passage 11,
culture media was removed and cells were washed with
1X Dulbecco’s Phosphate-Buffered Saline (DPBS). The
cells were then seeded at a density of 1x10° cells/60 mm®
dish and incubated for 24 h under normal conditions
(21% 0O;). After incubation, culture media was removed
and cells were washed with 1X DPBS. Next, cells were
treated with normal O, condition (21% O,) and low O,
conditions (0.5%, 1%, 2%, or 5% O,) before culture. Low
O; conditions were maintained using low O tensions of
0.5%, 1%, 2%, and 5% O, for 24, 48, and 72 h. For creat-
ing a low O, environment, a hypoxic chamber (MIC-101,
Billups-Rothenberg Inc., San Diego, CA, USA) was used.
The final composition of gases in the hypoxic chamber
consisted of 5% CO,, Oz (0.5%, 1%, 2%, or 5% O,), and
the remaining volume was filled with N, gas.

Cell viability assessment

The hES-MSCs that were cultured for 24, 48, and 72 h
under normal and low O, conditions were incubated for
4 h using 1/10 dilution of CCK-8 solution (CK04-13, MD,
USA). The optical density was measured at 450 nm using
a microplate absorbance reader (BR168-1135, Bio-Rad
Laboratories, Inc., California, USA). Cells were cultured
for 24 hours and then induced to a hypoxic state with or
without 10 #M of HIFla inhibitor (CAY10585, abcam,
Cambridge, MA, USA).

Cytokine array

The conditioned media acquired from normal and low
O, conditions were stored at —80°C, and were thawed be-
fore use in accordance with manufacturer’s guidelines pro-
vided by RayBio C-Series Human Cytokine Antibody Array
(AAH-CYT-1000-2, Ray Biotech, Norcross, GA, USA).
ChemiDoc™ XRS (Bio-Rad, California, USA) was used
for detection and Image Lab software (Bio-Rad, California,
USA) was used for quantification. It should be considered
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that this product contains other protein expressions in ad-
dition to cytokines.

Western blot

Cells grown under normal and low O, conditions were
collected in a microtube, and 1X Cell Extraction Buffer
PTR (abl71577, Abcam, Cambridge, UK) was used for
protein extraction. The protein extracts were quantified,
and 20 ug proteins were transferred to sample buffer, sep-
arated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to PVDF membranes
(Immobilon-P; Millipore, Billerica, MA, USA). After
blocking with 5% BSA solution for 1 h, the membrane was
incubated with primary antibodies (1 : 500 dilution) for
12 h (overnight) at 4°C. Later, the membrane was in-
cubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (1 : 3,000 dilution) for 1 h at 37°C,
after which ChemiDoc™ XRS (Bio-Rad, California, USA)
was used for detection. The list of antibodies used is as
follows: anti-hypoxia inducible factor 1« antibody (MABS
382, Merck Millipore, Darmstadt, Germany), anti-GAPDH
antibody (14C10, Cell signaling, Cambridge, UK), goat an-
ti-mouse 1gG (H+L)-HRP (SA001, GenDEPOT, Katy, TX,
USA), and goat anti-rabbit 1gG (H-+L)-HRP (SA002,
GenDEPOT, Katy, TX, USA).

Statistical analysis

Data analysis was performed using the GraphPad Prism
statistics software package (GraphPad Software, CA, USA).
Cell viability data were presented as mean+SEM using
One-way ANOVA test with Dunnett’s multiple compar-
isons test, and HIF1 a protein data were presented as
mean=SD with One-way ANOVA test with Sidak’s multi-
ple comparisons test.

Correlation analyses were performed using Pearson cor-
relation coefficient. p<0.05 was considered to indicate a
statistically significant difference.

Results

Morphology and survival rate of hES-MSCs under
various hypoxic conditions

Changes in morphology and survival of hES-MSCs were
evaluated under various hypoxic conditions (0.5~5% oxy-
gen and 24~72 h incubation) (Fig. 1A). Cell morphology
did not change under various hypoxic conditions, but the
survival rate of cells exposed for 24, 48, and 72 hours un-
der hypoxic conditions increased significantly.

In addition, the survival rate of cells increased as the
oxygen partial pressure increased during 24 and 48 hours,
but at 72 hours, the survival rate decreased slightly at
0.5% and 1% O, compared to the 72 h normal condition,
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Fig. 1. Morphology and viability of
hES-MSCs under normal and hy-
poxic conditions. (A) Morphological
analysis of hES-MSCs cultured under
normal (21% O,) and various hy-
poxic incubation conditions (0.5%,
1%, 2%, and 5% O») for 24, 48 and
72 h. The morphology was observed
using an optical microscope; Magni-
fication: 400x. (B) Cell viability was
assessed using CCK-8 cell viability
assay; (n=6, mean+SEM; ns, *p<
0.05, **p<0.01, ***p<0.001 and
**%%H<0.0001 vs. normal con-
dition using One-way ANOVA-
Dunnett’s multiple comparison test).
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and then increased again at 2% and 5% O,. Most of the
72 h conditions show about 200% survival rate than 24 h
Normal (Fig. 1B).

HIF1 ¢ protein expression under various hypoxic
conditions

Although excessive hypoxia for prolonged duration re-
duced cell viability; however, HIF1 ¢ protein expression
increased in proportion to the degree of hypoxia. The in-
crease in HIF1 @ protein expression was greater in low O,
culture conditions than that in normoxic conditions.

However, the expression of HIF1 @ protein did not in-
crease in 5% O, condition (Fig. 2A and 2B). The ex-
pression of HIF1 @ protein increased by a maximum of
six folds in cells exposed to 0.5% O, for 72 h, while it
increased four-folds when cells were exposed to 0.5~1% O,
for 48 h (Fig. 2A and 2B). HIF1 @ protein expression
showed a positive correlation with cell survival (Fig. 2C).
In addition, the degree of hypoxia showed a positive corre-
lation with HIF1 @ protein expression, with maximum
HIF1 @ expression observed at 1% O, (Fig. 2D). We con-
firmed whether HIF1a plays a direct role in cell viability
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Fig. 2. Correlation between HIF1 a protein expression and cell viability of hES-MSCs under various hypoxic conditions. (A) HIF1 @ protein
expression under normal and hypoxic conditions. (B) HIF1 @ protein quantification using densitometry. (C) Correlation between cell viability
and HIF1 @ relative expression. (D) HIF1 @ protein expression at various low O, partial pressures. (E) Cell viability comparison with or
without HIF1 @ inhibitor in hypoxia; (=6, mean+SEM; ns, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 vs. normal condition

using One-way ANOVA-Dunnett’s multiple comparison test).
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Fig. 3. Comparison of hES-MSCs cytokines expressions under various hypoxic conditions. (A) Membrane after Ray Bio human cytokine
antibody array. (B) Heat map demonstrating relative expressions of biomarkers from screening cytokine antibody array in normal vs. various
hypoxic conditions. (C, D) Comparison of cytokines expressions in various hypoxic culture conditions.

according to this correlation. First, cell viability gradually
increased as time passed in normal condition, and in case
of hypoxia, it increased than normal condition. Here,
when treated with 10 M of HIF1 @ inhibitor CAY10585
and induced to hypoxia, it was confirmed that the survival
rate again decreased compared to the cell viability in the
hypoxia state (Fig. 2E).

Changes in cytokines expression in hES-MSCs under
various hypoxic conditions

In order to determine the hypoxic culture condition that
would enhance hES-MSCs functionality, cytokine array
analysis was performed using conditioned media (Fig.
3A). Changes in cytokine expression in cells cultured un-
der various hypoxic conditions for 48 to 72 h were ob-
served (Fig. 3B). M-CSF, which is involved in the pro-
liferation and differentiation of monocytes, macrophages
and bone marrow progenitor cells, shows approximately
1.8-fold the expression in cells exposed to 1%, 2%, and
5% O, compared to 72 h normal.

IL-6 was expressed 1.5-fold in 2% and 5% O, at 48 h
but decreased in hypoxia at 72 h. IL-8 (CXCLS) is ob-

served to increase depending on the 48 h O, partial
pressure. In addition, the expression of SCF (KITLG),
which is important for hematopoietic and melanogenesis,
and SDF-1a (CXCL12), which mediates the inhibitory
effect on osteoclast formation by chemotaxis on mesen-
chymal stem cells, compared to normal condition in-
creased about 1.3-fold at 48 h and 72 h. The expression
of BTC, which inhibits bone morphogenesis and requires
HIF1 @, increased its expression by at least 2- to 2.5-fold
at 0.5%, 2%, and 5% O, at 48 h (Fig. 3C).

The expression of PDGF-BB increased under all the hy-
poxic conditions. The expressions of IGFBP-3, IGFBP-6,
PDGF-BB, VEGF-A, and NT-3 were increased in cells ex-
posed to 0.5% O; for 48 h, and expressions of PDGF-BB,
IGFBP-6, VEGF-A, and angiogenin were increased in cells
exposed to 2% O, for 48 h (Fig. 3D).

Discussion

Our data showed that the survival rate of cells exposed
to 2% O, for 48 h was higher than that of cells grown
under normoxic conditions. The expression of HIF1 @
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protein showed a positive correlation with cell survival.
PDGF-BB, IGFBP-6, VEGF-A, and angiogenin ex-
pressions increased in cells exposed to 2% O, for 48 h.

In this study, the survival rate of MSCs did not decrease
when exposed to hypoxia compared to normoxia except
for above certain concentrations of HIF1 @. The cell sur-
vival rate increased in response to various hypoxic con-
ditions (1~5% for 24~48 h) compared to that in
normoxia. However, at 72 h 1% O, cell survival decreases,
suggesting that excessive HIF1 @ expression negatively af-
fects cell survival.

The cytokine array test was performed for each con-
dition to investigate changes in expressions of cytokines
under various hypoxic conditions. It was shown that ex-
pression of various growth factors such as angiogenin,
FGF, PDGF, and VEGF increased the most after 48 h of
incubation. In addition, expression of HIF1 ¢ protein in-
creased under most conditions, especially in cells exposed
to 0.5%, 1%, and 2% O, for 48 h.

The results of this study are in agreement with the re-
sults of an earlier study by Luo et al. (14) showed that
expression of HIF1 @ is related to the survival of bone
marrow-derived stem cells (BMSCs). When BMSCs were
treated with a HIF1 @ activator, the apoptosis of BMSCs
was reduced. Conversely, when BMSCs were treated with
a siRNA against HIF1 @, BMSCs underwent apoptosis
(14). Liu et al. (15) investigated the exposure of MSCs to
various hypoxic conditions (2%, 5%, or 7% O,) for various
durations (24, 48, and 72 h), similar to our study. The ex-
pression of VEGF-A, ANG, HIFl1a, and MMP-9 in-
creased in cells exposed to 5% O, for 48 h. In the results
of Liu et al. (15), BM-MSC observed that expression of
genes related to angiogenesis increased in cells cultured
for 5% O,, 48 h. This suggests that the optimal hypoxic
condition may differ based on the type of stem cell.

Although very few studies evaluated how HIF1 a regu-
lates expression of angiogenesis-related genes, Xiong et al.
(16) have demonstrated that under conditions of hypoxia,
expression of HIF1 @ is upregulated, but expression of
miR-20a is downregulated. They found that HIF1 @ sup-
presses the expression of miR-20a via binding to its
3 -untranslated region. Subsequently, HIF1 @ promoted
angiogenesis in adipose-derived stem cells by suppressing
miR-20a.

The expression of PDGF-BB, IGFBP-6, VEGF-A, NT-3,
and angiogenin was increased in cells exposed to different
hypoxic conditions (0.5% and 1% O,) 48 h. PDGF-BB,
VEGF-A, NT-3, and angiogenin are all widely known to
be important factors affecting survival and regeneration of
neuronal cells. Several studies have shown that PDGF-BB,

VEGF-A, NT-3, and angiogenin exhibit protective effects
on stroke and Lou Gehrig’s disease (ALS) (17). Reinforcing
stem cell function by hypoxic preconditioning might be
effective in neurodegenerative disease, but further studies
are needed to confirm the efficacy of preconditioning the
stem cells.

Stem-cell therapy has shown promising results in vari-
ous diseases; however, only a marginal improvement was
achieved in conditions of tissue damage and the effect was
not sustained. In order to address these problems, inves-
tigators have attempted to improve the efficacy of various
treatment methods. Methods of stem cells priming such
as inserting a specific gene into a cell, controlling the con-
centration of chemicals or small peptide, or changing cul-
ture environment of cells (O, level, temperature, light, and
transplantation) have been suggested to addresses these
problems.

However, priming methods have several limitations.
First, priming is cost-intensive and may increase immuno-
genicity. Second, the degree of stem-cell enhancement de-
pends on cell source and condition. Third, the long-term
tumorigenic potential of stem cells needs to be clarified.
Fourth, studies on increasing cell differentiation capacity
through hypoxia have been conducted mainly using model
systems such as laboratory animals, and therefore, ver-
ification and review are required for reproducibility when
employed in humans.

In addition, stem cell therapy with growth factors and
cytokines has a variety of functions including stimulating
multiple biological changes through cellular signal trans-
duction and binding specific receptors. It has the advant-
age of incorporating biodegradable scaffolds, hydrogels
and other biologically designed platforms to enhance their
function, but has the disadvantages of potential immune
response to treatment, limited clinical use, and high treat-
ment costs (18).

Hypoxic conditions showed promising results that help-
ed to differentiate stem cells into chondrocytes and car-
diomyocytes, and had a positive effect on bone formation.
However, the optimal oxygen concentration to stimulate
their differentiation is not known (19-22).

Abdollahi et al. (23), cited the difficulty of establishing
optimal conditions as the ultimate effect of hypoxia was
dependent on several factors, including stem cell line, oxy-
gen partial pressure, duration, and other culture conditions.

In conclusion, hES-MSCs were found to have an opti-
mal therapeutic effect when exposed to 2% O, for 48 h.
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