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Hypoxia enhances the induction of human amniotic mesenchymal
side population cells into vascular endothelial lineage
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Abstract. Human amniotic mesenchymal side population
(hAM-SP) cells have pluripotency and weak immunogenicity,
and have promising roles in the field GAPDH of regenerative
medicine. The aim of the present study was to determine whether
hypoxic conditions induce the differentiation of hAM-SP cells
into the vascular endothelial lineage. Mesenchymal cells were
isolated from enzyme-treated amniotic membranes and stained
with Hoechst 33342. The hAM-SP cells were negatively sorted
by FACS and cultured in induction medium containing vascular
endothelial growth factor (VEGF) under normoxic (20% O,) or
hypoxic (1% O,) conditions for 1 or 2 weeks. The expression
of endothelial markers such as kinase domain region (KDR),
fms-like tyrosine kinase (Flt)-1, von Willebrand factor (VWF),
vascular endothelial (VE)-cadherin and human vascular cell
adhesion molecule (VCAM) at the gene and protein level was
evaluated by real-time PCR and fluorescent immunostaining,
respectively. The gene expression of KDR, Flt-1, VE-cadherin
and VWF peaked after 2 weeks of culture. The protein expres-
sion of KDR and VE-cadherin was also enhanced after 2 weeks
of culture under hypoxic conditions. To confirm the involve-
ment of hypoxia-inducible factor (HIF) in the induction under
hypoxic conditions, the expression of genes which are known to
be upregulated by HIF was analyzed by DNA microarray. The
expression of these genes increased under hypoxic conditions.
hAM-SP cells cultured under hypoxic conditions differentiated
into the vascular endothelial lineage, probably due to upregu-
lation of the gene expression associated with angiogenesis
through activation of the HIF system.

Introduction

Human amniotic mesenchymal cells (hAMCs), which are
derived from amniotic membranes, are an attractive stem
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cell source in the field of regenerative medicine (1). hAMCs
have weak immunogenicity due to their negligible expres-
sion of human leukocyte antigen (HLA) class II molecules,
low expression levels of HLA class I molecules (2), and
high expression levels of immunosuppressive factors,
including interleukin-1 receptor antagonist (IL-1ra), IL-10
and collagen XVIII (3,4). There are relatively fewer ethical
constraints in using hAMCs, since hAMCs are obtained from
the amnion, which is discarded after childbirth. Since the
amniotic membrane is derived from the inner cell mass of the
blastocyst and is of fetal origin, it is expected that amniotic
cells contain pluripotent stem cells. Amniotic epithelial and
mesenchymal cells express POU domain class 5 transcription
factor 1 (Oct-3/4, ES cell makers), nestin and musashi (neural
stem cell markers) (5), suggesting that the cells derived from
the amniotic membranes indeed contain undifferentiated
cells.

Several methods have been used to induce the differ-
entiation of hAMCs into endothelial cells. When hAMCs
were cultured in a medium appropriate for endothelial cell
culture (EGM-2™ medium) containing hydrocortisone,
human epidermal growth factor (hEGF), fetal bovine serum
(FBS), vascular endothelial growth factor (VEGF), human
fibroblast growth factor-basic (hFGF-B), the cells changed
in morphology from fibroblast-like shape to endothelial
cell-like shape, and they also developed the ability to take
up acetylated low-density lipoprotein (LDL) and form
endothelial-like networks in the Matrigel™ assay (6). VEGF
has also been shown to induce hAMC:s to differentiate into
endothelial cells. When the cells were cultured on Matrigel™,
spontaneous differentiation of hAMCs into endothelial cells
was also detected. VEGF was shown to enhance the expres-
sion of fms-like tyrosine kinase (FIt)-1 and kinase domain
region (KDR) in hAMCs, and to also induce the expression
of endothelial cell-specific markers such as intercellular
adhesion molecule (ICAM)-1, CD34 and von Willebrand
factor (VWF) (7). Human amniotic fluid-derived cells have
also been used as a source of mesenchymal stem cells. The
cells acquired endothelial cell characteristics when cultured
in EGM-2 medium or under a shear force created by setting
the culture dish on an orbital shaker, and to produce angio-
genic factors such as VEGEF, placental growth factor (PGF)
and hepatocyte growth factor (HGF) when cultured under
hypoxic conditions (5% O,) (8).
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Angiogenesis is induced by hypoxia in several situa-
tions, such as in the development of the retinal circulation in
premature infants (9), wound repair (10,11), and tumor angio-
genesis (12,13). The hypoxia-inducible factor (HIF) system
plays an important role in the regulation of angiogenesis under
hypoxic conditions. In the presence of hypoxia, HIF upregu-
lates VEGEF transcription (14,15), as well as the expression of
two VEGF receptors, Flt-1 (16) and KDR (17), which increase
the biological activity of secreted VEGF.

Cells that are negatively stained by Hoechst 33342
(DNA-binding fluorescent dye), i.e., cells with the highest
efflux capacity for the dye, are known to be a very small and
homogeneous population of highly primitive cells, known as
side population (SP) cells (18-21). SP cells found in a number
of species, including mice, monkeys and humans, and isolated
from several organs, including the bone marrow, skeletal
muscle and liver (18-21), have demonstrated the potential for
differentiation into cell types beyond their organ of origin (22).
SP cells have also been isolated from hAMCs (23). hAM-SP
cells express Oct-3/4 and have the potential to differentiate
into multiple lineages, including several organ- or tissue-
specific cells including neurons, osteoblasts, chondrocytes,
and adipocytes, as found for the other type of mesenchymal
stem cells (23).

The aim of the present study was to clarify whether
hAM-SP cells, which can be regarded as an undifferentiated
stem cell fraction of AMCs, were effectively induced to differ-
entiate into cells of endothelial lineage by hypoxia. Therefore,
we cultured hAM-SP cells in an endothelial induction medium
containing VEGF in a hypoxic (1% O,) or a normoxic (20% O,)
environment.

Materials and methods

Preparation of human amniotic mesenchymal side popu-
lation cells. The Institutional Ethics Committee approved
all protocols (Kitasato University, School of Allied Health
Sciences, no. 2009-015). The protocol for the preparation
of amniotic mesenchymal SP cells has previously been
described (23). Briefly, after informed consent was obtained
from a pregnant woman scheduled for caesarean section, the
amniotic membrane was separated from the post-partum
placenta. The human amniotic membrane consists of two
cell layers, the epithelial layer and mesenchymal layer, with
the basement membrane between the two. To prepare AMCs,
the amniotic membrane was first treated with trypsin to
remove the amniotic epithelial cells, and then the remnant
layer was treated with an enzyme mixture (0.1% papain,
1 mg/ml collagenase, 0.01% DNase, and 0.1% dispase) to
dissolve the mesenchymal layer and disperse cells. The
AMCs were stained with Hoechst 33342 and the SP cells
were sorted using a cell sorter (EPICS Altra; Beckman
Coulter, Fullerton, CA, USA).

The sorted SP cells in the hAMCs (hAM-SP cells) were
cultured in Dulbecco's modified Eagle's medium nutrient
mixture F-12 Ham (DMEM/F12) containing 5% FBS (both
were from Sigma-Aldrich, St. Louis, MO, USA), 10 ng/ml
human leukemia inhibitory factor (hLIF; Chemicon-Merck
Millipore, Billerica, MA, USA), 10 ng/ml hFGF-B (PeproTech,
Inc., Rocky Hill, NJ, USA) and 10 ng/ml platelet-derived
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growth factor-BB (PDGF-BB; PeproTech, Inc.), on a type I
collagen-coated dish (Iwaki, Chiba, Japan) in a 5% CO, envi-
ronment at 37°C. The cells were cultured until they reached
90% confluence and were recovered with 0.1% trypsin (Sigma-
Aldrich)-ethylenediaminetetraacetic acid (EDTA; Gibco-Life
Technologies, Carlsbad, CA, USA), and sub-cultured at a
density of 10* cells/cm?.

Endothelial differentiation culture. The hAM-SP cells at the
fourth or fifth passages cultured in cell growth medium were
rinsed with phosphate-buffered saline (PBS) without Ca?*
and Mg** and then cultured in endothelial induction medium
consisting of DMEM/F12 supplemented with 2% FBS and
50 ng/ml VEGF (PeproTech, Inc.) for 1 or 2 weeks in a
hypoxic (1% O,) or normoxic (20% O,) environment, on a
type I collagen-coated dish. As control, the hAM-SP cells
were cultured in normal medium consisting of DMEM/F12
supplemented with 2% FBS in the absence of VEGF for 1
or 2 weeks. The endothelial induction medium and normal
medium were replenished every two days. The endothelial
markers after differentiation of the hAM-SP cells were evalu-
ated by real-time PCR and fluorescence immunostaining.

Real-time PCR. To examine the expression of endothelial
cell-specific mRNA, we performed a quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) assay.
RNAprotect® Cell Reagent (Qiagen, Hilden, Germany) was
used to stabilize the RNA of the cultivated cells and total RNA
was extracted from the cells using RNeasy Plus Mini kit
(Qiagen). The mRNA was transcribed into cDNA using the
iScript™ cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA).
PCR was carried out by mixing 1 ul of cDNA template, each
primer (Table I) and SYBR-Green (Bio-Rad) in a volume of
20 ul. The samples were amplified in a thermocycler. Each
sample was analyzed in triplicate by the Chromo4 system
(Bio-Rad). Amplification data were obtained using the soft-
ware of Opticon Monitor (Bio-Rad). The expression levels
were quantified relative to the expression level of GAPDH.

Immunochemistry. hAM-SP cells subjected to induction
were fixed and incubated for 1 h with diluted primary
antibodies specific for the endothelial cells. The primary
antibodies used as endothelial markers were: anti-human
vascular cell adhesion molecule (VCAM)-1 mouse IgG
(1:100; Immunotech, Beckman Coulter, Inc.), anti-human
KDR mouse IgG (1:100; Sigma-Aldrich), anti-human vascular
endothelial (VE)-cadherin mouse IgG (1:100; R&D Systems,
Inc., Minneapolis, MN, USA), and anti-human vWF mouse
IgG (1:50; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA). The secondary antibodies were Alexa Fluor 488-conju-
gated anti-mouse goat IgG (1:500; Molecular Probes-Life
Technologies). The immunostained cells were analyzed by
confocal laser scanning microscopy (CLSM) (IX70; Olympus
Corporation, Tokyo, Japan).

Expression of the Oct-3/4 protein was evaluated by fluores-
cent immunostaining following induction with VEGF under
hypoxic conditions for 1 or 2 weeks. The primary antibody
used was anti-human Oct-3/4 rabbit IgG (1:200; Santa Cruz
Biotechnology, Inc.), and the secondary antibody was
Alexa 488-conjugated anti-rabbit goat IgG (1:500; Molecular
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Table I. Primer sets used for RT-PCR analysis of the endothelial differentiation.

Forward primers

Reverse primers

GAPDH 5'-GGCC TCCA AGGA GTAA GACC-3'
KDR 5'-AGCC AGCT CTGG ATTT GTGG A-3'
Flt-1 5'-GCGC TTCA CCTG GACT GACA-3'
VCAM-1 5'-ATTG ACTT GCAG CACC ACAG-3'
vWF 5'-AGAT GTTT GCCT ACGG CTTG-3'

5'-AGGG GTCT ACAT GGCA ACTG-3'
5'-CATG CCCT TAGC CACT TGGA A-3'
5'-GAAA CTGG GCCT GCTG ACAT C-3'
5'-ATCT CCAG CCTG TCAA ATGG-3'
5'-CAGC CTGT GACC CTCT TCTC-3'

RT-PCR, reverse transcription-polymerase chain reaction; KDR, kinase domain region; Flt-1, fms-like tyrosine kinase-1; VCAM-1, vascular

cell adhesion molecule-1; vVWF, von Willebrand factor.

Probes). Immunostained cells were analyzed by confocal laser
microscopy using a CLSM. Each RGB image was separated
into red, green and blue by color deconvolution with the
ImagelJ 1.40 software (National Institutes of Health, Bethesda,
MD, USA), and the numbers of pixels in green color (endothe-
lial markers) and red color (Oct-3/4) were calculated.

Microarray processing. All experiments were performed
using commercially available microarrays for humans (Human
Genome U133 Plus 2.0 Array, Affymetrix, Santa Clara,
CA, USA). The hAM-SP cells cultivated with VEGF under
hypoxic (1% O,) conditions for 2 or 0 weeks were removed
from the culture dishes using trypsin and washed with PBS.
Total RNA was isolated from the cells using an RNeasy Mini
kit® (Qiagen). The isolation and purification of the total RNA
were carried out according to the manufacturer's protocol
(Qiagen). The quality and amount of starting RNA were
confirmed by agarose gel electrophoresis in addition to the
ratio of absorbance (1.9< A, um/Aaso nm <2.0). Total RNA was
used to prepare a biotinylated target cRNA according to the
manufacturer's recommendation (Affymetrix). Briefly, 1 ug
of mRNA was used to generate the first-strand cDNA using
a T7-linked oligo(dT) primer. After second-strand synthesis,
in vitro transcription was performed using a synthetic bioti-
nylated nucleotide analog (biotinylated uridine-triphosphate),
which yielded an ~50-100-fold amplification of RNA. The
cRNA was fragmented prior to overnight hybridization. The
arrays were then washed, stained with streptavidin-phycoer-
ythrin, and scanned (GeneChip Scanner 3000®; Affymetrix).

After scanning, the array images were visually inspected to
confirm the scanner alignment and the absence of significant
bubbles or scratches on the chip surface. The 3'/5' ratios for
GAPDH were 1.34 and 1.63, which were within the acceptable
limits; BioB spike controls were also present on all the chips,
with BioC, BioD and Cre being present in increasing intensi-
ties. BioB, BioC, BioD and Cre are genes from Escherichia coli
or bacteriophage P1 and were added before hybridization to
check the hybridization quality. Background intensities were
93.8 and 102.6 and noise factors were 5.08 and 5.12, which
were sufficiently low.

Statistical analysis. All data are presented as the means + SD.
Bonferroni's post hoc test was used for multiple-group compar-
isons. P-values <0.05 were considered to indicate statistically
significant differences.

Results

For evaluation of the endothelial differentiation potency, the
gene expression of endothelial markers such as KDR (24),
Flt-1 (25), VCAM (26) and vWF (27) was evaluated by real-
time PCR. While the expression of KDR, VCAM and vWF did
not change after 1 week of culture with VEGF under hypoxic
conditions, the expression of Flt-1 increased (Fig. 1).

After 2 weeks of induction with VEGF under hypoxic
conditions (Fig. 2), the hAM-SP cells showed enhanced expres-
sion of KDR, Flt-1, VCAM and vWF. The cells cultivated only
under hypoxic conditions in the absence of VEGF or the cells
induced with VEGF under normoxic conditions showed no
significant changes in the expression of genes as compared to
those in the control (cultivated without VEGF under normoxic
conditions). On the other hand, the cells induced with VEGF
under hypoxic conditions showed significantly increased
expression levels of KDR, VCAM, Flt-1 and vWF as compared
to the cells induced with VEGF under normoxic conditions as
well as to the cells cultured only under hypoxic conditions in
the absence of VEGF or the cells induced with VEGF under
normoxic conditions (Fig. 2). Thus, culture under hypoxic
conditions enhanced the cellular differentiation by VEGF into
the endothelial lineage.

Immunocytochemical assay for endothelial markers such
as VCAM, KDR, vWF and VE-cadherin (28) was performed
following induction of hAM-SP cells with VEGF under
normoxic/hypoxic conditions for 2 weeks. Positive staining
for KDR and VE-cadherin proteins was observed following
induction with VEGF under both normoxic and hypoxic
conditions, while staining for the VCAM and vWF proteins
was negative (Fig. 3A). Human pulmonary artery endothelial
cells (HPAECs) were used as positive control, and showed
positive staining for all markers (data not shown). The number
of pixels in green color was calculated with the ImagelJ soft-
ware (Fig. 3B). KDR was significantly induced by VEGF
under both normoxic and hypoxic conditions as compared
with that in the control conditions (P<0.01). VE-cadherin
expression was increased by VEGF under normoxic condi-
tions as compared with that in the control conditions (P<0.05),
and was induced even more significantly under hypoxic condi-
tion as compared with that in normoxic conditions (P<0.01).
To evaluate if any undifferentiated cells remained after the
induction, immunocytochemical staining for Oct-3/4 was
carried out after induction with VEGF under hypoxic condi-
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Figure 1. Gene expression of endothelial cell markers evaluated by real-time PCR after 1 week of induction with VEGF. (A) KDR, (B) Flt-1, (C) VCAM,
(D) vWF. Cells were induced by VEGF under normoxic or hypoxic conditions. The expression levels relative to the GAPDH expression level were compared.
While no changes in the expression of KDR, VCAM or VWF were observed after induction with VEGF under hypoxic conditions, the expression of Flt-1
increased. Data shown are the means + SD (n=5); ("'P<0.01). VEGF, vascular endothelial growth factor; KDR, kinase domain region; Flt-1, fms-like tyrosine
kinase-1; VCAM, vascular cell adhesion molecule; vVWF, von Willebrand factor.
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Figure 2. Gene expression of endothelial cell markers evaluated by real-time PCR after 2 weeks of induction with VEGF. (A) KDR, (B) Flt-1, (C) VCAM,
(D) vWF. Cells were induced by VEGF under normoxic or hypoxic conditions. The expression levels relative to the GAPDH expression level were compared.
Following cultivation under hypoxic conditions in the presence of VEGEF, significant increase in the expression levels of KDR, Flt-1, VCAM and vWF was
observed. Data shown are the means + SD (n=5); ("P<0.05 and “"P<0.01). VEGF, vascular endothelial growth factor; KDR, kinase domain region; Flt-1, fms-like
tyrosine kinase-1; VCAM, vascular cell adhesion molecule; vVWF, von Willebrand factor.

tions for 1 or 2 weeks (Fig. 4). Strong expression of Oct-3/4, 1 week of induction with VEGF under hypoxic conditions,
which is a marker gene of undifferentiated cells (29,30), was  the red staining for this protein disappeared almost entirely
observed in the hAM-SP cells prior to the induction. While  after 2 weeks of induction. The expression of Oct-3/4 protein
some expression of Oct-3/4 protein was still observed after  decreased significantly with the induction time.
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Figure 3. (A) Fluorescent immunostaining for endothelial cell markers following induction with VEGF for 2 weeks under hypoxic or normoxic conditions. The
primary antibodies used were: anti-human VCAM mouse IgG, anti-human Flk-1 mouse IgG and anti-human VE-cadherin mouse IgG, and the secondary antibodies
were Alexa Fluor 488-conjugated anti-mouse goat IgG. (B) The number of pixels in green color extracted by color deconvolution was calculated with the ImageJ
software. Data shown are the means + SD (n=4); ('P<0.05 and “P<0.01). KDR expression was significantly increased by cultivation with VEGF under both normoxic
as well as hypoxic conditions. Staining for VE-cadherin was stronger following cultivation under hypoxic than normoxic conditions. Negative staining was found
for VCAM and vWF. VEGF, vascular endothelial growth factor; VCAM, vascular cell adhesion molecule; KDR, kinase domain region; vVWF, von Willebrand factor.
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Figure 4. (A) Fluorescent immunostaining for Oct-3/4 following induction with VEGF for 1 or 2 weeks under hypoxic conditions. The primary antibody used
was anti-human Oct-3/4 rabbit IgG, and the secondary antibody was Alexa 488-conjugated anti-rabbit goat IgG. The immunostained cells were analyzed by
confocal laser scanning microscopy. The control group showed positive staining for Oct-3/4; Oct-3/4 expression was still observed after 1 week of induction
under hypoxic conditions, while it was no longer detected after 2 weeks of induction. (B) The number of pixels in red color was calculated with the ImageJ

software. Data shown are the means + SD (n=4); (“P<0.01). VEGF, vascular endothelial growth factor.

We also analyzed gene expression by microarray analysis
and focused on the gene expression of stem cell markers (31)
and neural stem cell markers. The gene expression of stem
cell markers, such as Nanog homeobox (NANOG) (32,33),
Oct-3/4 (29,30) and growth differentiation factor 3 (GDF3) (34),
was decreased by less than half in the cells cultivated with
VEGF under hypoxic conditions for 2 weeks as compared
to those cultivated for 0 weeks (prior to induction). The
gene expression of Kruppel-like factor 4 (KLF4) (35), v-myc
myelocytomatosis viral oncogene homolog (MYC) (36),
sex determining region Y (SRY)-box 2 (SOX2) (37), RNA

exonuclease 1 homolog (REX1) (38), fibroblast growth factor 4
(FGF4) (39), telomerase reverse transcriptase (TERT) (40)
slightly decreased (or remained the same) following induction
with VEGF under hypoxic conditions for 2 weeks. The neural
stem cell markers such as nestin (41) and musashi (42) were
decreased after induction with VEGF under hypoxic condi-
tions for 2 weeks (Table II).

To confirm the involvement of HIF in the induction
under hypoxic conditions, we selected downstream genes
of HIF-1. The results revealed that the gene expression of
VEGF-A (15), Flt-1 (16), erythropoietin (EPO) (43), enolase
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Table II. Gene expression of stem cell markers and neural stem cell markers by microarray analysis.

Hypoxia VEGF(+)
Gene Detection 2/0 week Author/(ref.)
Stem cell markers
Kruppel-like factor 4 (gut) (KLF4) P/P 0.98 Li et al (35)
v-myc myelocytomatosis viral oncogene homolog (MYC) P/P 0.88 Cartwright et al (36)
Nanog homeobox (NANOG) A/A 0.08 Chambers et al (32)
Mitsui et al (33)
POU domain class 5 transcription factor 1 (Oct-3/4) A/A 047 Nichols et al (29)
Niwa et al (30)
Sex determining region Y (SRY)-box 2 (SOX2) A/A 1.00 Avilion et al (37)
RNA exonuclease 1 homolog (REX1) A/A 0.83 Ben-Shushan et al (38)
Growth differentiation factor 3 (GDF3) A/A 0.24 Levine and Brivanlou (34)
Fibroblast growth factor 4 (FGF4) A/A 0.81 Yuan et al (39)
Telomerase reverse transcriptase (TERT) P/P 0.67 Yang et al (40)
Neural stem cell markers
Nestin (NES) P/A 0.09 Park et al (41)
Musashi homolog 1 (MSI1) A/A 0.71 Kaneko et al (42)

Detection indicates whether the transcript was present (P) or absent (A) calls. Present and absent calls mean that the expression levels are above

or below the threshold of detection.

Table III. Hypoxia-inducible factor-1 target genes upregulated by hypoxic culture.

Hypoxia VEGF(+)
Gene Detection 2/0 week Author/(ref.)
Vascular endothelial growth factor A (VEGF-A) P/P 2.0 Forsythe et al (15)
Fms-like tyrosine kinase-1 (flt-1) P/P 2.7 Gerber et al (16)
Erythropoietin (EPO) A/A 6.6 Wang and Semenza (43)
Enolase 1 (ENO-1) pP/P 2.0 Semenza et al (44)
Adrenomedullin (ADM) P/P 6.3 Nguyen and Claycomb (45)
EGL nine homolog 3 (EGLN-3) P/P 17.9 Pescador et al (46)

Detection indicates whether the transcript was present (P) or absent (A) calls. Present and absent calls mean that the expression levels are above

or below the threshold of detection.

(ENO)-1 (44), adrenomedullin (ADM) (45) and Egl nine
homolog (EGLN)-3 (46), which are known to be upregulated
by HIF-1, were increased by more than 2-fold in the cells
cultivated with VEGF under hypoxic conditions for 2 weeks
as compared to those cultivated with VEGF under normoxic
conditions (Table III).

Discussion

To clarify whether hAM-SP cells can be effectively induced
to differentiate into endothelial lineage cells by hypoxia,
hAM-SP cells were cultured in endothelial cell induc-
tion medium containing VEGF under hypoxic (1% O,)
or normoxic (20% O,) conditions. Our data revealed that
under hypoxic conditions: i) the gene expression of endo-
thelial lineage markers such as KDR, Flt-1, VCAM and
VvWF was induced; ii) the expression of endothelial marker

proteins including KDR and VE-cadherin was induced; and
iii) expression of the HIF target genes was upregulated in the
hAMS-SP cells. Cultivation in the presence of VEGF under
hypoxic conditions for 2 weeks enhanced the expression of
endothelial lineage markers. While the expression of Oct-3/4
was still observed after 1 week of induction with VEGF under
hypoxic conditions, it disappeared almost completely after
2 weeks. These results suggest that induction of hAM-SP
cells for 1 week was inadequate to induce differentiation of
the cells into endothelial cells, while induction for 2 weeks
led to pronounced differentiation of the cells into the endo-
thelial lineage. However, protein expression of VCAM and
vWF could not be detected under these conditions. Therefore,
the characteristics of hAM-SP cells following induction by
VEGEF under hypoxic condition for 2 weeks were not entirely
identical to those of endothelial cells, and it is suggested that
extended culture time would have created more mature endo-
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thelial cells, since enhanced mRNA expression of vVWF and
VCAM was observed.

hAMCs have been reported to be induced by EGM-2, which
contain several growth factors, including VEGF; however, the
differentiated cells did not express mature endothelial cell
markers, such as VWF and VE-cadherin (6). Also, VEGF recep-
tors 1 (Flt-1) and 2 (KDR) were basally expressed in hAMCs,
and enhanced expression of endothelial-specific markers such
as Flt-1 KDR and ICAM-1 was observed following exposure
to VEGF (7). These results indicate that while hAMCs may
have the potential to differentiate into endothelial cells, they
are a heterogeneous population of cells. hAM-SP cells have a
larger population of undifferentiated cells, while the hAMCs
contain these cells only at the rate of 0.1-0.2%. In the present
study conducted using hAM-SP cells, low expression levels
of KDR and Flt-1 in the hAM-SP cells and a high expression
level of Oct-3/4 were observed prior to induction. The gene
expression of KDR, Flt-1 and vWF, as well as the protein
expressions of VE-cadherin increased following induction
with VEGF under hypoxic conditions. hAM-SP cells include
several stem cells in a more pluripotent state than non-SP cells,
and are, therefore, preferable as the source of cells for use in
the field of regenerative medicine.

Bone marrow-derived mesenchymal stem cells
(BM-MSCs) have also been used as candidate cells in the
field of regenerative medicine. Reduced oxygen tension in the
physiological range (4-7%) (47) has been shown to enhance
the proliferation of these cells. Attention has been focused
on the effects of hypoxia on the differentiation of pluripotent
cells into various mesenchymal lineages. Although the exact
outcome depended on the oxygen tension, time in culture,
and use/non-use of hypoxic preculture, the beneficial effects
appeared more often on osteogenic, chondrogenic and adipo-
genic differentiation (48). Although the target cells of these
studies were not endothelial cells, they did show that hypoxia
clearly plays an important role in the differentiation of mesen-
chymal stem cells. Hypoxia was also found to be an important
factor inducing the differentiation of hAM-SP cells into the
endothelial lineage.

It is well-known that VEGF transcription is upregulated
under hypoxic conditions by the effects of HIF-1. HIF-1 also
upregulates two VEGF receptors, Flt-1 (16) and KDR (17),
which increase the biological activities of secreted VEGF (49).
To confirm the involvement of HIF in the effective induction
of hAM-SP cells under hypoxic conditions, we analyzed the
changes in the expression of downstream genes of HIF-1.
Our results revealed that the gene expression of VEGF-A,
Flt-1, EPO, ENO-1, ADM and EGLN-3, which are known
to be upregulated by HIF, (15,16,43-46) increased following
induction with VEGF under hypoxic conditions for 2 weeks.
These results indicate that under hypoxic conditions, the HIF
system is activated, which enhances the expressions of VEGF
and VEGEF receptors leading to the differentiation into the
endothelial lineage.

The hypoxic environment (3-5% of oxygen) is physiologi-
cally normal for embryonic stem cells and its pluripotency is
regulated by the family of HIFs (50). From the microarray
data and Oct-3/4 staining, stem cell markers are gradually
decreased by induction of VEGF under hypoxic conditions.
These results indicate that hypoxic conditions would also
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contribute to maintaining an undifferentiated state of hAM-SP
cells and maximizing the differentiation into vascular endo-
thelial cells by VGEF by suppressing the differentiation into
the other types of cells.

In conclusion, the hAM-SP cells cultivated in the pres-
ence of VEGF under hypoxic conditions differentiated into
the vascular endothelial lineage, possibly due to upregulation
of the gene expression associated with angiogenesis through
activation of the HIF system.
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