Mol. Cells 31, 123-132, February 28, 2011
DOI/10.1007/s10059-011-0016-8

Molecules
and
Cells

©2011 KSMCB

Biochemical and Morphological Effects of Hypoxic
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Long-Term Culture and Differentiating Embryoid

Bodies
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The mammalian reproductive tract is known to contain 1.5-
5.3% oxygen (O.), but human embryonic stem cells (hESCs)
derived from preimplantation embryos are typically cul-
tured under 21% O, tension. The aim of this study was to
investigate the effects of O, tension on the long-term cul-
ture of hESCs and on cell-fate determination during early
differentiation. hESCs and embryoid bodies (EBs) were
grown under different O, tensions (3, 12, and 21% O,). The
expression of markers associated with pluripotency, em-
bryonic germ layers, and hypoxia was analyzed using RT-
PCR, immunostaining, and Western blotting. Proliferation,
apoptosis, and chromosomal aberrations were examined
using BrdU incorporation, caspase-3 immunostaining, and
karyotype analysis, respectively. Structural and morpho-
logical changes of EBs under different O, tensions were
comparatively examined using azan- and hematoxylin-
eosin staining, and scanning and transmission electron
microscopy. Mild hypoxia (12% O,) increased the number
of cells expressing Oct4/Nanog and reduced BrdU incor-
poration and aneuploidy. The percentage of cells positive
for active caspase-3, which was high during normoxia
(21% 0O), gradually decreased when hESCs were continu-
ously cultured under mild hypoxia. EBs subjected to hy-
poxia (3% O,) exhibited well-differentiated microvilli on
their surface, secreted high levels of collagen, and showed
enhanced differentiation into primitive endoderm. These
changes were associated with increased expression of
Foxa2, Sox17, AFP, and GATA4 on the EB periphery. Our
data suggest that mild hypoxia facilitates the slow mitotic
division of hESCs in long-term culture and reduces the
frequency of chromosomal abnormalities and apoptosis.
In addition, hypoxia promotes the differentiation of EBs
into extraembryonic endoderm.

INTRODUCTION

Human embryonic stem cells (hESCs) are pluripotent cells
capable of both indefinite proliferation and differentiation into a
wide spectrum of cell types (Reubinoff et al., 2000; Thomson et
al., 1998). The unlimited self-renewal capacity and pluripotency
of hESCs suggests that they could be used as a potential
source for cell-replacement therapies. Thus, ongoing efforts
have focused on establishing defined culture conditions that do
not require serum or feeder cells for future clinical applications
(Amit et al., 2003; Pick et al., 2007; Richards et al., 2008). How-
ever, few studies have evaluated the physicochemical factors
that could affect the growth and differentiation of the early em-
bryo.

Oxygen (O,) is essential for the survival of all aerobic organ-
isms and its concentration regulates virtually all cellular proc-
esses. Nonetheless, O, tension is rarely considered when per-
forming in vitro culture protocols, including those used to grow
and induce the differentiation of stem cells. Most traditional cell
culture incubators utilize room air containing atmospheric levels
(21%) of O,, termed “normoxia”. However, studies report that
tissues are exposed to significantly lower O, concentrations in
vivo depending on their location (Csete, 2005; Gassmann et al.,
1996). For example, arterial blood contains approximately 12%
O,, whereas the mean level of O, in other tissues is approxi-
mately 3% and varies both regionally and locally (Csete, 2005).

Under normal physiological conditions, the mammalian re-
productive tract is exposed to relatively low O, tension (1.5-
5.8%) (Aplin, 2000; Fischer and Bavister, 1993). Therefore, it
has been speculated that naturally conceived embryos at an
undifferentiated stage or during the three-germ-layer stage are
exposed to low O, tension. Based on this observation, the rela-
tively high O, tension used in traditional cell culture may not
recapitulate the physiological environment of the reproductive
tract where early-stage embryos develop. A previous study
assessing the proliferation of hESCs under hypoxia (3% and
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5%) determined that there was no difference in the growth rates
between these cells and those grown under normoxia (Ezashi
et al., 2005). Furthermore, hypoxia is better for maintaining the
undifferentiated state and increasing embryoid body (EB) for-
mation (Ezashi et al., 2005). However, few studies have ad-
dressed the effects of hypoxia on the biochemical and morpho-
logical alterations that occur during hESC growth and germ-
layer development in differentiating EBs.

To further our understanding of how hypoxic culture condi-
tions affect EB ultrastructure and germ-layer development, this
study sought to: 1) investigate the effects of different O, ten-
sions on the differentiation of hESCs in long-term culture, in-
cluding assessment of glycogen and collagen accumulation;
and 2) evaluate the early differentiation of the three embryonic
germ layers (endoderm, mesoderm and ectoderm) and ex-
traembryonic tissue (primitive endoderm) under different O,
tensions.

MATERIALS AND METHODS

hESC culture and EB formation
The hESC lines HSF6 (NIH code: UC06) and H9 (NIH code:
WAO09) were provided by the Wisconsin International Stem Cell
Bank (http://www.wicell.org). The Miz-hES4 line (Korean Stem
Cell Band code: Kor-hES12, http://koreastemcellbank.org) was
obtained from the Miz medi Hospital (Korea). HSF6 was used
for all experiments, and Miz4 and H9 were used as compari-
sons. The cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM)/F12 (Gibco-BRL, USA) supplemented with
20% KnockOut serum replacement (Gibco-BRL), 1 mM nones-
sential amino acids (Invitrogen, USA), 0.1 mM B-mercaptoetha-
nol (Sigma, USA), 100 U/ml penicillin G (Gibco-BRL), 100 ng/
ml streptomycin (Gibco-BRL) and 4 ng/ml human fibroblast
growth factor 2 (FGF2; R&D Systems, USA), as previously
described (Abeyta et al., 2004; Son et al., 2005). For passaging,
hESC colonies were treated with 1 mg/ml collagenase type IV
(Invitrogen) and gently triturated. The clumps were transferred
onto mitomycin C (Roche, Germany)-treated mouse embryonic
fibroblasts (MEFs) and cultured 5-7 days. Prior to maintaining
hESCs under different O, tensions, cells were incubated in a
standard gas atmosphere containing humidified 5% CO, and
air (21% O,) at 37°C. To examine the effects of hypoxia on
long-term culture, hESC colonies were dissociated into small
clumps and seeded onto six-well plates at a low density (10-20
cells/well). The cultures were grown up to 21 days. The six-well
plates were placed in chambers (MiniGalaxy 4, RS Biotech
Laboratory Equipment Ltd., Scotland, UK and a Sanyo MCO-
175M O./CO; incubator, Sanyo Scientific, USA) containing
different oxygen tensions with the appropriate humidified gas
mixture (8% O, 5% Oy, or 12% O,/5% CO./balance Ny) at 37°C.
The O. content of each gas mixture in the chamber was con-
firmed using a Fyrite gas analyzer (Bacharach, USA). The cul-
ture medium was de-gassed by pre-incubation overnight with a
standard gas mixture. The medium was changed every day.
For feeder-free cultures, plates were coated with 20 pg/ml
laminin (Roche, Switzerland) (Draper et al., 2004), and culture
medium was changed daily. For EB formation, hESC colonies
cultured under 21% O, tension were harvested, gently triturated,
and transferred into a suspension culture dish (Corning Life
Sciences, USA) containing EB medium (DMEM/F12 without
FGF2) (Kim et al., 2003). Culture dishes containing hESC clumps
were cultured under different O, tensions for an additional 8
days for EB formation.

Immunostaining

hESCs or EBs were fixed in cold 4% paraformaldehyde in
phosphate-buffered saline (PBS) and equilibrated in 20% su-
crose ovemnight at 4°C. The equilibrated cells and EBs were
embedded in paraffin or frozen in Optimal Cutting Temperature
(O.C.T.) compound (Tissue-Tek, Japan). The specimens were
sectioned into 10-um sections. After blocking and permeabiliz-
ing the specimens in 0.3% Triton X-100/PBS and 10% serum in
0.1% BSA/PBS, the sections were incubated at 4°C overnight
with the following antibodies used at their optimal concentra-
tions (Table 1): mouse anti-Oct4 (Santa Cruz Biotechnology,
USA), goat anti-Nanog (R&D Systems), mouse anti-Foxa2
(DSHB, USA), goat anti-Sox77 (R&D Systems), rabbit anti-
GATA4 (Santa Cruz Biotechnology), and mouse anti-AFP
(Sigma), mouse anti-HIF1-« (Santa Cruz Biotechnology), rabbit
anti-HIF2-. (Novus Biologicals, USA), mouse anti-« tubulin
(Santa Cruz Biotechnology). Sections were then washed and
incubated with the appropriate fluorescence-tagged secondary
antibody (Jackson Immunoresearch Laboratories, USA) in 0.1%
BSA/PBS at room temperature for 1.5 h. Slide-mounted sections
were imaged with an Apotome-Axiovert 200 M fluorescence
microscope (Carl Zeiss, Germany) after counterstaining with
DAPI (4,6-diamidino-2-phenylindole dihydrochloride) to stain
nuclei. Expression of germ-layer markers was quantitatively
evaluated using Axiovision software (version 2.4, Carl Zeiss).
Randomly selected fields (n = 5) from a minimum of three inde-
pendent experiments were analyzed using the 10 x objective of
the Zeiss Apotome optical-sectioning microscope. Results for
each O, condition are expressed as a percentage of cells ex-
pressing markers in hESC colonies or EBs containing 1,000-
2,000 DAPI-positive cells.

5-Bromo-2-deoxy-uridine (BrdU) incorporation by phase-
contrast microscopy

To examine the effects of different O, tensions on cell prolifera-
tion, we incubated 5-day-cultured hESCs grown under 21% or
12% O, tension with 10 ug/ml BrdU (Roche) for 2 h at 37°C.
After incubation with BrdU, cells were washed three times with
washing buffer (Roche) and fixed with ethanol for 20 min at
-21°C. Fixed cells were subsequently incubated with 10 pl mouse
anti-BrdU antibody (1:100; Roche) for 30 min at room tempera-
ture and washed three times with PBS. The cells were then
incubated with an anti-mouse-Ig-akaline phosphatase solution
for 30 min at 37°C. Cells were covered with freshly prepared
color-substrate solution (Roche) and incubated for 30 min at
20°C. Methylene green was used as a nuclear counterstain.
The growth rate of colonies cultured under different O, tensions
was quantified by measuring the number of colonies with di-
ameters of approximately 2,000-6,000 um on days 7, 14, and
21 of culture using ProgRess Capture Pro 2.7 (Jenoptik, Ger-
many). Cell proliferation was quantified by measuring the den-
sity of BrdU staining in randomly selected fields (n = 5) with the
aid of Scion Image software (version 2.4, Scion, USA).

Evaluation of apoptosis by caspase-3 immunostaining

hESCs grown for 6 days at an O, tension of 12% or 21% were
assessed for apoptosis. The cells were fixed with 4% parafor-
maldehyde, incubated with mouse anti-Caspase-3 (Santa Cruz
Biotechnology) and labeled with the appropriate fluorescence-
tagged secondary antibody (Jackson Immuno Research Labo-
ratories). After staining, the cells were observed under an Apo-
tome-Axiovert 200 M Fluorescence/Live-Cell Imaging micro-
scope (Carl Zeiss). Axiovision software (version 2.4, Carl Zeiss)
was used to quantitatively evaluate apoptosis in randomly se-
lected fields (n = 5) from a minimum of three independent ex-
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Table 1. Antibodies used for immunostaining

Table 2. RT-PCR primers for differentiation markers

Marker Company Dilution factor
Oct4 Santa Cruz Biotechnology 1:500
Nanog R&D Systems 1:100
Sox17 R&D Systems 1:100
Foxa2 DSHB 1:1000
Brachyury R&D Systems 1:200
Nestin R&D Systems 1:200
Pax6 Chemicon 1:2000
AFP Sigma 1:500
GATA4 Santa Cruz Biotechnology 1:200
BrdU Accurate 1:200
PECAM BD Biosciences 1:500
Tuj1 R&D Systems 1:200
MAP2 Sigma 1:200
HIF1a Santa Cruz Biotechnology 1:100
HIF2a Novus Biology 1:100
a-tubulin Santa Cruz Biotechnology 1:1000

periments. A total of 500-800 colonies were counted for each
O, condition. Results are expressed as the percentage of DAPI-
positive cells that were Caspase 3-positive.

Periodic acid-Schiff (PAS) staining

hESCs cultured for 6 days under 12% or 21% O, tension were
fixed with a solution of 10% formalin in 95% cold ethanol. Fixed
cells were incubated with periodic acid solution (Sigma) for 5
min at room temperature. After rinsing several times with dis-
tilled water, cells were treated with Schiff’s reagent (Sigma) for
15 min, washed with tap water for 5 min, and stained with he-
matoxylin (Sigma) for 90 s at room temperature. Glycogen gra-
nules (purple) were detected by light microscopy (Carl Zeiss).

Karyotyping

hESCs were incubated with 20 pg/ml colcemid (Gibco-BRL) for
30 min under 12% or 21% O, tension. hESCs were then incu-
bated with 0.7% sodium citrate for 40 min at 37°C and fixed
with a freshly prepared methanol:acetic acid (3:1) solution.
GTG banding was performed by incubating the glass slides in a
0.05% trypsin solution (Gibco-BRL), followed by rinsing in PBS
and staining with a 5% Giemsa stain solution (Sigma) for 5 min.
The slides were rinsed with water and air-dried to detect chro-
mosomal abnormalities. The presence of a normal karyotype
was confirmed by GTG band staining (CHIPs analysis, Korea).

Effect of O, tension on EB morphology

The effect of O, tension on the early-stage differentiation of
hESCs was tested by culturing colonies under normoxia, and
then the hESC clumps were transferred into different O tensions
(3%, 5%, 12%, or 21%). hESC clumps were then cultured for
an additional 8 days to allow them to form EBs, which were
used to study whether there were morphological and ultrastruc-
tural changes. The 8-day differentiated EBs cultured under 3%
or 21% O, tension were analyzed by light microscopy (phase
contrast), scanning electron microscopy (S4700, Hitachi, Ja-
pan), and transmission electron microscopy (TEM; H7600, Hitachi).

Azan staining

EBs cultured under 3% or 21% O tension for 8 days were em-
bedded in paraffin or O.C.T. compound. The specimens were
sectioned into 10-um sections and fixed by incubating them
with 4% paraformaldehyde for 1 h. They were washed twice
with 1X PBS. Randomly selected slides were stained with 0.2%

Target o Product  Annealing
mRNA Sequence (5-3) size (bp) temp (°C)

OCT4 cgtgaagctggagaaggagaagctg 250 60
aagggccgcagcttacacatgttc

Nanog ccaaaggcaaacaacccact 398 60
tgaattgttccaggtctggttg

Tuj1 catggacagtgtccgetcag 175 60
caggcagtcgcagtttccac

Nestin cagctggcgcacctcaagatg 208 55
agggaagttgggctcaggactgg

AFP tgaaaaccctcttgaatgcc 492 55
tettgettcategtttgcag

GATA4  ctccectggcaaaacaagag 422 60
tgcegtgtettagcagtegt

Sox1 acgccgagctcagcaagat 73 53
tccacgtacggcctctictg

Foxa2 atgaacggcatgaacacgta 482 63
cggtagaaggggaagaggtc

Sox17 agcgcccticacgtgtacta 246 60
cttgcacacgaagtgcagat

HIF1a ctccatctcctacccacata 240 50
gagcattctgcaaagctagt

HIF2a tcatcatgtgtgaaccaatc 256 50
cggtactggccacttactac

EPO tcccagacaccaaagttaat 294 45
ggaaagtgtcagcagtagtt

VEGF gtggacatcticcaggagta 219 50
tetgcattcacatttgttgt

Glut1 taccctggatgtcctatctg 174 50
ccacaatgaaatttgaggtc

GAPDH  agccacatcgctcagacacc 302 60
gtactcagcggccagcatcg

azocamine G solution (Sigma) for 1 h at 50°C. After staining,
the slides were rinsed with distilled water for 5 min, followed by
0.1% aniline in ethanol (Fluka, Switzerland). The specimens
were then dipped a few times in acid alcohol. The slides were
treated with phosphomolybdic acid (Sigma) for 2 h and rinsed
again in distilled water for 5 min prior to staining with an aniline
blue-orange G solution (Sigma) for 10-15 min at 60°C. The
slides were rinsed in distilled water for 5 min, dipped a few
times in 95% ethanol, coverslipped, and mounted.

RNA extraction and reverse transcriptase-polymerase
chain reaction (RT-PCR)

Total RNA was isolated from hESCs using Stat 60 (Tel-Test,
Inc, USA), and cDNA was synthesized from 2 pg of total RNA
using the Revert Aid H Minus First Strand cDNA Synthesis Kit
(Fermentas, Canada), following the manufacturer’s instructions.
PCR was carried out using AccuPower® PCR-Premix (Bioneer,
Korea) with primers designed to amplify the following human
genes: HNF3-B (Foxa2), Sox1, Sox17, Nestin, o-fetoprotein
(AFP), Tuj1, hypoxia inducible factor-1a. (HIF1¢a), hypoxia in-
ducible factor-2a (HIF2c), erythropoietin (EPO), glucose trans-
porter-1 (Glut1), vascular endothelial growth factor (VEGF), and
glyceraldehyde phosphate dehydrogenase (GAPDH). Primer
sequences and reaction conditions are provided in Table 2.
PCR products were confirmed by ethidium-bromide staining
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Western blot analysis

Expression of marker proteins at different developmental stages
was examined in EBs cultured under 3% or 21% O, tension for
8 days. Protein lysates were made using RIPA lysis buffer con-
taining protease inhibitors (Upstate, USA). Equal amounts of
protein (50 ng/lane) were separated by SDS-PAGE and trans-
ferred to nitrocellulose membranes (Schleicher & Schull, Ger-
many). Membranes were incubated with mouse anti-HIF1¢,
anti-HIF2¢: and mouse anti-a-tubulin (Santa Cruz Biotechnol-
ogy) antibodies overnight at 4°C. The membranes were rinsed
with Tris-Buffered Saline Tween-20 (TBS-T) and incubated with
the appropriate horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology) for 1.5 h at room tem-
perature. Immunoreactive proteins were detected using en-
hanced chemiluminesence reagents (Santa Cruz Biotechnol-
ogy), following the manufacturer’s instructions.

Statistical analysis

Numerical values were expressed as the mean + standard error
of the mean (SEM) of three independent experiments perfor-
med in triplicate. Statistical significance was determined using a
one-way analysis of variance (ANOVA). Paired Student’s t-tests
were performed to compare the means when ANOVAs indi-
cated a significant difference. P-values less than 0.05 were
determined to be significant.

RESULTS
Effect of O, tension on the maintenance of the

undifferentiated state of hESCs in long-term culture
To examine the effect of O, tension on the maintenance of
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Fig. 1. Effect of O, tension on main-
tenance of the undifferentiated state
of hESCs. hESCs (passage 44) were
I cultured on MEF feeder cells under
different O, tensions. (A-F) Phase
contrast images of hESC colonies
cultured under different O, tensions.
(G-L) Immunostaining to detect ex-
pression of the undifferentiated mar-
kers Oct4 (red) and Nanog (green).
DAPI (blue) was used as a nuclear
counterstain. (M) Quantitative analy-
sis of Oct4 and Nanog expression in
colonies. Randomly selected fields (n
= 5) from a minimum of three inde-
pendent experiments were analyzed.
*P < 0.05. Results for each O, condi-
tion were present as a percentage of
the expression of undifferentiated-cell
markers in colonies containing 1,000-
2,000 DAPI-positive cells. (N) Ex-
pression of HIF2« in undifferentiated
hESCs was analyzed by Western
blotting. (O) Immunostaining to detect
the expression of HIF2« (green) and
DAPI (blue) in hESC colonies. Mag-
nification, 100x.
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pluripotency in hESCs, cells were grown under 3%, 12%, or
21% O, tension. These values were selected to reflect the O,
levels encountered in the reproductive tract, arterial blood and
atmosphere, respectively. They are referred to as hypoxia (3%),
mild hypoxia (12%), and normoxia (21%) for the remainder of
this study. Previous studies report that O, tensions of 4-5%
effectively reduce the spontaneous differentiation of hESCs when
they are cultured for 12 days (Ezashi et al., 2005; Westfall et al.,
2008). Based on these findings, we examined the effects of 3%
and 5% O, tensions on the undifferentiated state of hESCs over
a prolonged culture period (up to 21 days). A similar level of
apoptosis was observed under both hypoxic conditions (3%
and 5% O,). Cell death began approximately 14 days after
subculture, and there was a substantial level of apoptosis after
21 days in both 3 and 5% O, tensions (Figs. 1A and 1D, 5%
data not shown). hESCs cultured under mild hypoxic (12%) or
normoxic (21%) conditions up to 7 days formed relatively flat,
compact colonies with well-defined edges, which is typical of
hESC colony morphology (Figs. 1B and 1C). These hESCs
grown under mild hypoxia (12%) maintained their undifferenti-
ated state up to 21 days (Fig. 1E), while the colonies from
hESCs cultured under normoxic conditions began to show
signs of overt differentiation in their central region or around
their margins by day 21 (Fig. 1F). In comparison to colonies
grown under an O, tension of 21%, in which only a few cells
expressed Oct4 and Nanog, most cells cultured under 12% O,
tension retained a normal pattern of expression for both of
these markers after 21 days (Figs. 1G-1L). Quantitative analy-
sis clearly showed that the number of cells expressing Oct4 and
Nanog was significantly higher under mild hypoxia vs. normoxia
(Fig. 1M).

Hypoxia inducible factors (HIFs) are transcription factors
known to regulate the cellular response to hypoxia (Loboda et
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al., 2010; Semenza et al., 2000) Among the oxygen-dependent
o subunits of HIFs, HIF2« has been reported to affect Oct4
expression by directly binding to the Oct4 promoter region un-
der hypoxic conditions (Covello et al., 2006), suggesting a po-
tential role for HIF2« in maintaining the pluripotency of hESCs.
Based on these data, we examined the protein expression of
HIF2¢ under two different hypoxic conditions (3% and 12%).
Western blot and immunocytochemistry analyses showed that
the expression of HIF2a was much higher in hESCs cultured
under mild hypoxia (12%) than in cells cultured under the
stronger hypoxic condition (3%) for both short-term (7 days)
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Fig. 2. Effects of O, tension on the
proliferation and apoptosis of hESCs.
hESCs from passages 44 (P1) to 48
(P5) were cultured on MEF feeder
cells for 21 days. (A, D) Phase con-
trast images of hESC colonies grown
under two different O, tensions. (B,
E) BrdU (black) incorporation assays
showing reduced proliferation of hRESCs
under mild hypoxia, as compared to
normoxia. Methylene green was used
as a nuclear counterstain. (C, F) PAS
staining (purple) of hESC colonies.
Note a higher glycogen accumulation
in cells under normoxia, as compared
to mild hypoxia. (G) Size of hESC
colonies under two different O, ten-
sions on days 7, 14, and 21 of culture.
Diameters of colonies (approximately
2,000-6,000 um) were presented as
mean + SEM. *P < 0.05. (H) The per-
centages of BrdU-positive pixels/total
area in five randomly selected fields
analyzed using Scion software. *P <
0.05. (I-L) Detection of apoptotic cells
under indicated O, tensions at P1, P3
and P5 using an antibody against
active Caspase-3. The boxed area of
the left panel in | is shown in the right
panel as a black-and-white image at
high magnification. Red arrows indi-
cate nuclear fragmentation. (M) The
apoptotic rates under different O, ten-
sions are shown as the average per-
centage of active Caspase-3-positive
cells £ SEM over DAPI-positive cells
in randomly selected fields (n = 5)
from a minimum of three independent
experiments. *P < 0.05; **P < 0.01.
Magnification: 100x in A, B, C, E, F,
G, | (left panel), J, K and L; 200x in |
(right panel).
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and long-term (21 days) culture (Figs. 1N and 10). Results
obtained from hESCs cultured in the absence of feeder cells
were similar to those obtained for hESCs cultured on feeder
cells (data not shown). Taken together, our data suggest that
mild hypoxia (12% O.) may be optimal for preventing the spon-
taneous differentiation of hESCs when they must be cultured
long-term.

Effect of O, tension on the growth and apoptosis of hESCs
The size of colonies and BrdU-incorporation indices were com-
pared in hESC cultures maintained under different O, tensions
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Table 3. Chromosomal abnormalities in HSF6 cells. A comparison
of chromosome abnormalities in hESCs at passages 49, 54, 59,
and 64 (presented in the text as P5, P10, P15, and P20)

Number of
studied meta-
phase plates
NO MH
P5 50 38

P10 38 32

Passage Chromosome abnormality

No.

Structure Aneuploidy

NO (%) MH (%) NO (%) MH (%)
2(4.00 1(26) 5(10.0) 1(2.0)
3(78) 1(26) 6(158) 1(2.6)
P15 30 18 3(100) 2(6.7) 5(16.7) 2(6.7)
P20 24 20 5(20.8) 2(8.3)* 6(25.0) 2(8.9)"
NO, normoxia (21%); MH, mild hypoxia (12% O,). *P < 0.001.

for up to 21 days. After 14 days of culture, the average diame-
ters of hESC colonies (n = 50) under normoxia were signifi-
cantly higher than those for colonies maintained under mild
hypoxia (Figs. 2A, 2D, and 2G). Consistent with this finding,
BrdU-incorporation assays demonstrated that hESCs were
more proliferative under normoxia than those cultured under
mild hypoxia in colonies of similar size (Figs. 2B and 2E). Quan-
tification of BrdU staining showed that the number of prolifera-
tive cells was significantly higher under normoxia than under
mild hypoxia (P < 0.05; Fig. 2H). It was previously reported that
glycogen accumulation in the cytoplasm might be an indicator
of the growth stage of hESC colonies (Johkura et al., 2004).
Our PAS staining data showed that hESCs cultured under
normoxia exhibited very strong PAS staining, suggesting that
these cells have active energy metabolism, which is consistent
with their higher proliferative index. In contrast, hESCs grown
under mild hypoxia showed weak and very limited PAS staining
(Figs. 2C and 2F).

We next examined the effect of O, tension on the apoptosis
of undifferentiated hESCs. hESCs grown under normoxia were
transferred into mild hypoxic conditions (P1) and cultured for
five passages (~P5). Apoptotic cells were identified by staining
for activated Caspase-3, a major apoptotic signaling effector.
Transferring undifferentiated hESCs from normoxia to mild
hypoxia increased the rate of apoptosis at P1 (Fig. 2I). Apop-
tosis was further confirmed in black-and-white images showing
that the immunoreactive signals for active Caspase-3 colocal-
ized with cells exhibiting nuclear fragmentation (Fig. 2I, red
arrows). However, interestingly, the rate of apoptosis was sig-
nificantly decreased in cells continuously grown under mild
hypoxia at P3 and P5 (Figs. 2K and 2M), whereas those cells
continuously grown under normoxia showed a trend towards
increased apoptosis (Figs. 2J, 2L, and 2M). Thus, our data
suggest that although hESCs are highly proliferative under
normoxia, mild hypoxic conditions may be more effective at
preventing apoptosis of hESCs in long-term cultures.

Effect of O, tension on genetic stability during the mainte-
nance of hESCs

A previous study showed that the frequency of chromosomal
aberrations detected under normoxia (21% O.) could be re-
duced when hESC lines were cultured under 2% hypoxia
(Forsyth et al., 2006). To investigate whether our 12% mild
hypoxic conditions can reduce the extent of chromosomal aber-
rations, we performed cytogenetic analyses at every fifth sub-
culture using conventional karyotyping. We observed an in-
creased trend towards aneuploidy of chromosomes 5 and 11 in
hESCs cultured under normoxia, as compared to cells exposed
to mild hypoxia (Figs. 3A and 3B). The overall rate of ane-
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Fig. 3. Effect of O, tension on genetic stability during hESC prolif-
eration. (A, B) Representative karyotypes of hESCs grown under
normoxia at passage 63 (A) and hESCs grown under hypoxia (B) A
total of 20 consecutive metaphase spreads (passages 44 to 64)
were analyzed to identify chromosomal abnormalities (both numeri-
cal and structural). Arrows denote chromosome 5 and 11 abnor-
malities.

uploidy was higher in cells grown under normoxia than in cells
cultured under mild O, conditions (25% vs. 8.3%, P < 0.001;
Table 3). These data for hESCs cultured under mild hypoxia
(12%) are comparable to those reported by Forsyth et al., who
reported that 2% hypoxia significantly reduces the extent of
chromosomal aberrations (chromosomal gaps, breaks, and
exchanges) in hESCs (H1 and H9 cell lines), as compared to
normoxia (38% vs. 15%, respectively). Our data suggest that
culturing hESCs under mild hypoxia reduces the incidence of
chromosomal abnormalities.

Effect of O, tension on EB morphology and histology

Although previous studies have focused on the effect of hy-
poxia on the self-renewal capacity of hESCs, only a few studies
have examined the morphological and histological changes in
EBs grown under hypoxia (Ezashi et al., 2005; Ramirez-Ber-
geron and Simon, 2001). Therefore, we examined the effects of
O, tension on EB formation, as well as EB morphology and
histology. hESC clumps grown under normoxia were trans-
ferred and maintained under low O, tensions (3%, 5%, or 12%)
or 21% O, for an additional 8 days to allow the hESCs to form
EBs. The significant cell death, which was observed in undiffer-
entiated hESCs transferred to 3 or 5% O, tensions, was not
found in EBs grown under 3% O, tension during the 8 days.
EBs of similar size grown under 3% or 21% O. conditions were
comparatively analyzed using phase-contrast and scanning
electron microscopy to determine whether there were any mor-
phological and ultrastructural differences (Figs. 4A-4F). In gen-
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Hypoxia (3"{9) 'Normoxia (21%)

Hypoxia (3%) Normoxia (21%)

eral, EBs formed under hypoxia were smaller and less variable
in size than those formed under normoxia (300 £ 50 pm vs. 500
+ 100 pm, respectively). Morphological study using scanning
electron microscopy showed that the peripheral cells exposed
to hypoxia retained a large number of well-differentiated micro-
villi (Figs. 4E and 4F), which were not observed in those grown
under normoxia (Figs. 4B and 4C).

Consistent with our Caspase-3 data for undifferentiated hESCs,
apoptotic bodies (Fig. 4G, white arrows) were frequently ob-
served in differentiating EBs exposed to normoxia, as com-
pared to EBs grown under hypoxia (Figs. 4G and 4J). Hema-
toxylin and eosin staining also showed that EBs exposed to
normoxia contained a higher number of pyknotic cells display-
ing condensed and fragmented nuclei than EB cells maintained
under hypoxia (Figs. 4H and 4K). Previous studies have dem-
onstrated that hypoxia increases collagen synthesis and facili-
tates the proliferation of adipose-derived stem cells (Lee et al.,
2009; Wang et al., 2005). Consistent with these previous stud-
ies, we found that the collagen content was higher in the ex-
tracellular matrix (ECM) of EBs exposed to hypoxia than in the
ECM of those maintained under normoxia, as determined by
Azan and Masson’s trichrome staining (Figs. 41 and 4L, blue).

Effect of O tension on the formation of the three-
germ-layer during early differentiation
We next investigated the effect of O, tension on the develop-

Fig. 4. Effects of O, tension on the morphol-
ogy and histology of differentiating EBs. (A,
D) Phase contrast images of the EB surface
under two different O, tensions. (B, C, E, and F)
Ultrastructural images of EB surfaces obtained
by scanning electron microscopy (L, low
magnification; H, high magnification). Note a
large number of well-developed microvilli on
the surface of EBs grown under hypoxia (E,
F). (G, J) Representative TEM images of a
EB showing apoptotic bodies containing
condensed nuclear material under normoxia
(white arrows in G), and normal nuclei with
prominent nucleoli and no condensed chro-
matin under hypoxia. (H, K) Hematoxylin and
eosin staining of EB sections (black: nuclei,
red: cytoplasm). (I, L) Azan and Masson’s
trichrome staining of EB sections for detec-
tion of collagen accumulation (blue) in EBs
grown under normoxia or hypoxia. Magnifica-
tion: 100x in (A), (D), (H), (1), (K) and (L);
700x in (B) and (E); 2,000x in (C) and (F);
10,000x in (G) and (J).

mental competence of EBs. Western blot analysis of 8-day-old
EBs showed that HIF 1« protein expression gradually increased
as the O tension decreased (Fig. 5A). In addition, the expres-
sion of hypoxia-related genes, including EPO, VEGF, and Glut-
1, all increased in EBs cultured under hypoxia (Fig. 5B). These
results suggest that differentiating EBs recognize the hypoxic
O, tension. We next analyzed the expression of genes specific
for the three embryonic germ layers (ectoderm, endoderm and
mesoderm) and extraembryonic tissue. Since we had previ-
ously observed different developmental competencies depend-
ing on the hESC line (Kim et al., 2007), we compared the dif-
ferentiation potential of three different hESC lines under hy-
poxia. There was a trend towards an increase in the expression
of the endodermal markers Foxa2 and Sox17 under hypoxia,
while the expression of neuroectodermal markers Sox7 and
TuJ1 decreased for all hESC lines (Fig. 5C). Expression of AFP
was not considerably changed under different O, tensions and
Nestin expression decreased in two of three cell lines under
hypoxia.

Immunostaining analysis showed that cells expressing Foxa2,
Sox17, AFP, and GATA4 were preferentially localized to the
periphery of EBs, although a few cells expressing Sox17 and
GATA4 were detected inside the EBs (Figs. 5D-5G). Among
the EBs containing 1,000-2,000 cells, the percentage of EBs
displaying the complete outer layer of primitive endoderm (Fig.
5@G), which is characterized by AFP and GATA4 expression,
was 10% for EBs cultured under normoxia vs. 56% for hypoxia.
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Thus, our gene expression and immunostaining data suggest
that hypoxia may facilitate the differentiation of hESCs into
primitive endoderm rather than definitive endoderm.

DISCUSSION

Previous studies report that 4-5% O, tensions reduce the spon-
taneous differentiation of hESCs, resulting in the maintenance
of the pluripotent stem cell population (Ezashi et al., 2005;
Westfall et al., 2008; Yoshida et al., 2009). However, a recent
study reported no difference between hypoxia (5% O.) and
normoxia (21% O,) with respect to the maintenance of the un-
differentiated state of hESCs subcultured at 7-day splitting in-
tervals (Chen et al., 2009). In the present study, we determined
that mild hypoxia (12% O,) improves the pluripotency of long-
term hESC cultures. These conflicting results could reflect dif-
ferences in the selected cell lines and cell culture protocols (e.g.,
intervals between splitting). These results suggest that the O.-
tension required for maintaining optimal hESC pluripotency
should be considered when planning experiments. We also
found that HIF2« protein levels increase under mild hypoxia.
Previously, HIF1a and HIF2c were reported to regulate the
pluripotency of hESCs (Covello et al., 2006; Hu et al., 2006),
and HIF2« protein can directly bind to the Oct4 promoter
(Covello et al., 2006; Loboda et al., 2010). In addition, a recent
study provided evidence that HIF2« protein expression is con-
fined to undifferentiated cells, while HIF 1« protein is expressed
in both the undifferentiated and differentiated cells within hESC
colonies (Westfall et al., 2008). Thus, our study supports the
idea that HIF2« plays an important role in the maintenance of
hESC pluripotency, although the mechanism of action for
HIF2a needs to be further examined at the molecular level.
The dynamic balance between cell death and proliferation is
important and extensively regulated during early embryonic
development. We showed that proliferation rate of hESCs was
decreased under hypoxia, as compared to normoxia. This find-
ing is consistent with a previous study (Ezashi et al., 2005),
although another study performed under 2% O,hypoxia showed

Normoxia (21%

images of frozen EB sections stained
for endoderm markers. Note the promi-
nent localization of immunoreactive cells
at the periphery of EBs grown under
hypoxia, as compared to those grown
under normoxia. Magnification, 100x.

an increased proliferation under hypoxia (Forsyth et al., 2006).
In addition, the Caspase-3 assay indicates that although the
rate of apoptosis for hESCs initially increases after their transfer
from normoxic to hypoxic conditions, hESCs gradually adapted
to the cellular stress imposed by the changing O, concentra-
tions. After serial passages in mild hypoxia, the number of
apoptotic hESCs significantly decreased as compared to that
for cells continuously grown under normoxia (P < 0.05). Thus,
culturing hESCs under low O, conditions for an extended pe-
riod of time may significantly reduce apoptosis as compared to
that for hESCs cultured under normoxia. Therefore, our study
suggests that mild hypoxia reduces the proliferation and apop-
tosis of hESCs, although the exact mechanisms of hypoxia
remain to be elucidated. We also found that hESCs grown un-
der mild hypoxia exhibited less chromosomal abnormalities
than those grown under normoxia. Previous studies have re-
ported frequent chromosomal abnormalities in ESCs grown
under normoxia (Catalina et al., 2009; Forsyth et al., 2006;
Peura et al., 2008). These results, together with our findings,
imply that the rapid proliferation of hESCs under normoxia
could be responsible for the increased incidence of genetic
abnormalities. It is also speculated that the slow mitotic division
that occurs under mild hypoxia may allow hESCs to accurately
segregate chromosomes, thereby decreasing the number of
abnormal cells that need to be eliminated by apoptosis; this
was observed in our study. Therefore, our study supports the
idea that growing hESCs under normoxia might be detrimental
to their function, as it increases the potential risk of genetic
instability and argues that the genetic stability of hESC lines
used for stem cell research should be systematically investi-
gated.

Establishment of embryonic germ layers is one of the earliest
events that control cell fates during embryonic development
and occurs in vitro when ESCs differentiate into EBs. We
showed that HIF1«a, HIF2a, EPO, Glut1 and VEGF expression
are all upregulated during hypoxia under 3% O, tension. These
results are consistent with previous reports that the latter three
genes are regulated by the activation of HIFs as part of the



Hee-Joung Lim et al. 131

cellular response to hypoxia (Gassmann et al., 1996). However,
in that study, the EBs were exposed to relatively extreme hy-
poxia (1% O.), and the number of viable EBs decreased after 5
days of differentiation, suggesting that the low O, tension was
toxic. Therefore, further investigation is needed to elucidate the
molecular mechanisms responsible for the effects of hypoxia on
EB formation and determining the optimal oxygen concentration
to generate EBs. We also found that hypoxia stimulated the
development of microvilli on the cellular surface of differentiat-
ing EBs. This phenomenon has been reported for other cell
types, including endothelial cells in the rat, human yolk sac and
human uterus (Barberini et al., 2007; Beckman et al., 1991;
Pereda and Motta, 1999). In general, the presence of a large
number of microvilli is indicative of healthy intracellular metabo-
lism (Oh et al., 2005), suggesting that hypoxia increases the
metabolic rate in EBs and might be non-toxic to differentiating
EBs. In addition, we observed increased collagen production in
the ECM of EBs grown under hypoxia. Thus, these results sug-
gest that hypoxia may provide a more in vivo-like environment
for EBs rather than normoxia.

O, tension is known to have an important effect on specific
germ layer determination during normal embryonic develop-
ment of the mouse and rabbit, suggesting a potential effect for
O, tension on the determination of cell fates in vitro (Li and
Foote, 1993; Umaoka et al., 1992). Although there is increasing
evidence that the differentiation of mesenchymal and tissue-
specific stem cells could be affected by low oxygen tension
(Bassett and Herrmann, 1961; Csete et al., 2001; Lennon et al.,
2001; Robins et al., 2005), much less attention has been given
to the possible influence of O, tension on the in vitro formation
of the embryonic germ layers during EB formation. Moreover,
different results have been reported on the effect of hypoxia on
germ layer formation in EBs (Bianco et al., 2009; Chen et al.,
2010). Nevertheless, it was previously shown that hypoxia
stimulates the proliferation of trophoblast giant cells, which form
the outer layer of the placenta (Jaffe et al., 1997; Patel et al.,
2010; Pringle et al., 2010). During embryogenesis, it is known
that many markers, including Foxa2, Sox17, AFP and GATA4,
are shared between primitive endoderm, which contributes to
placenta, and definitive endoderm, which gives rise to intestinal
organs. However, primitive endodermal cells can apparently be
distinguished in EBs by immunostaining because of their local-
ization to the outer cell layer (Kim et al., 2007; Ungrin et al.,
2008). In the present study, we show that hypoxia may promote
the in vitro differentiation of primitive endoderm from hESCs
since the number of endodermal marker-positive cells at the
periphery of EBs increased. Furthermore, the number of EBs
displaying a complete surface layer of primitive endoderm in-
creased under hypoxia. Primitive or extraembyonic endoderm,
also known as the hypoblast, is derived from the inner cell
mass of blastocysts and contributes to the formation of the
primary yolk sac. Hypoblast plays an important role in the for-
mation of the body plan during early embryonic patterning
(Beddington and Robertson, 1999). However, relatively little is
known about the molecular pathways that control the differen-
tiation of primitive endoderm. Therefore, EB formation under
low O, tension may provide a useful in vitro model to study the
differentiation of extraembryonic endoderm.
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