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Abstract

Objectives: Maintaining undifferentiated stem cells
in defined conditions is of critical importance to
improve their in vitro culture. We have evaluated the
effects of culturing mouse stem (mES) cells under
physiological oxygen concentration as well as by
replacing fibroblast feeder layer (mEF) with gelatin
or glycosaminoglycan hyaluronan (HA), on cell
proliferation and differentiation.

Materials and methods: After 3 days culture or after
long-term cell culture under different conditions, lev-
els of apoptotic cell death were determined by cell
cycle and TUNEL (TdT-mediated dUTP nick end
labelling) assays and levels of cell proliferation
by CFSE (5-(and-6)-carboxyfluorescein diacetate
succinimidyl ester) labelling. We assessed spon-
taneous differentiation into cardiomyocytes and
mRNA expression of pluripotency and differentia-
tion biomarkers.

Results: After 3 days culture under hypoxic condi-
tions, levels of proliferation and apoptosis of mES
cells were higher, in correlation with increase in intra-
cellular reactive oxygen species. However, when cells
were continuously grown for 1 month under those
conditions, the level of apoptosis was, in all cases,
under 4%. Hypoxia reduced spontaneous differentia-
tion of mES into cardiomyocytes. Long-term culture
on HA was more effective in maintaining the pluripo-
tent state of the mES cells when compared to that on
gelatin. Level of terminal differentiation was highest
on mEF, intermediate on HA and lowest on gelatin.
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Conclusions: Our data suggest that hypoxia is not
necessary for maintaining pluripotency of mES cells
and appeared to be detrimental during ES differentia-
tion. Moreover, HA may offer a valuable alternative
for long-term culture of mES cells in vitro.

Introduction

Potential use of stem cells in regenerative medicine relies
on their removal from their natural habitat, their propaga-
tion in culture and their re-introduction into a foreign tis-
sue environment. To be able to do this, it is essential to
understand how stem cells interact with different compo-
nents of their culture environment in order to establish
and maintain their properties [1]. Two major areas of
study in current ES cell research include analyses of con-
ditions to maintain their pluripotency and undifferentiated
state, under continued in vitro culture, as well as develop-
ment of in vitro culture conditions to create differentiation
strategies for production of different cell types of interest
[2]. Two essential factors of in vitro culture environments
are oxygen concentration and use of defined substrata.
Oxygen tension in the mammalian reproductive tract
has been reported to be much less than half of that of
atmospheric oxygen, ranging from high values of around
60 mmHg (8.7% atmospheric O;) in the oviduct and
uterus of hamsters and rabbits, to as low as 11 mmHg
(1.5% 0O,) in the uterus of rhesus monkeys [3]. In ham-
sters and rabbits, intrauterine oxygen concentrations
further decrease during blastulation and implantation, to
37 mmHg (5.3% O,) and 24 mmHg (3.5% O,) respec-
tively [4]. Low oxygen environment found in the uterus is
mandatory for early embryos to express oxygen-regulated
genes in correct temporal order, thereby ultimately driving
their development [5]. Mouse embryonic stem (mES) cells
are generally derived from the inner cell mass of blast-
ocysts that grow in a low oxygen environment in vivo;

75



76 M. A. Ramirez et al.

however, in vitro mES cells are generally cultured in an
atmosphere containing 20% O, (normoxia). For human
embryonic stem (hES) cells, it has been reported that hyp-
oxic culture does not affect their growth but reduces their
level of spontaneous cell differentiation [6]. These authors
suggested that hypoxic culture would be necessary to
maintain their full pluripotency. However, controversy
remains as a recent report has suggested that there are
no significant advantages in culturing hES cells under
reduced oxygen tension [7].

In addition, generation of fresh supplies of murine
embryonic stem cells without the need to grow on poten-
tially contaminated and undefined mouse feeder layers is
of high priority for stem cell research [8]. Several attempts
have been made to develop feeder-free systems and condi-
tioned medium-free culture [9—11] for mES cells [12].
Unconditioned medium supplemented with stem cell
factor, foetal liver tyrosine kinase-3 ligand, thrombopoie-
tin and leukaemia inhibitory factor, but without basic
fibroblast growth factor, was shown to be insufficient to
maintain population expansion of undifferentiated hES
cells [11,13], emphasizing that autocrine and paracrine
factors produced by h- and mES cells are not sufficient to
maintain proliferation of undifferentiated stem cells in the
long term. However, bioactive components present in the
extracellular matrix may play a key role in mediating
signals that recapitulate developmental processes in
tissue-specific differentiation and morphogenesis of both
h- and mES cells [14,15].

The extracellular matrix (ECM) is a uniquely assem-
bled three-dimensional molecular complex with diversity
of composition. It is composed, with among others,
of fibronectin, collagens, elastins and hyaluronan
(HA) glycoprotein [16,17]. Hyaluronan is a large glycosa-
minoglycan (average molecular mass of 10%) composed of
a repeating unit of [p-glucuronic-acid (1-B-3) N-acetyl-p-
glucosamine (1-B-4)]. HA is capable of binding huge
amounts of water as well as receptor proteins (hyaladhe-
rins), resulting in stable pericellular matrices [18]. Hyal-
uronan also harbours many hormones and growth factors
such as transforming growth factor B1, leukaemia inhibi-
tory factor, basic fibroblast growth factor, stem cell factor,
foetal liver tyrosine kinase-3 ligand, thrombopoietin, cili-
ary neurotrophic factor, oncostatin M interleukin-6 [IL-6]
family members, and more [19]. In particular, some of
these factors (for example, IL-6 and ciliary neurotrophic
factor) have demonstrated effects in maintaining pluripo-
tency of mES cells [20,21].

Hyaluronan is detectable in the early vertebrate embryo
as soon as formation of the blastocoelic cavity begins
[22,23]. It is a physiological component of mammalian fol-
licular, oviductal and uterine fluids, and ECM. It has been
previously reported that HA improves developmental

potential of bovine oocytes and embryos [24-26]. Later,
during foetal development, extensive synthesis of this
polysaccharide occurs in the ECM of many tissues.

Recently, Gerecht et al. reported that murine embry-
onic fibroblasts (mEF) produce 8-fold higher levels of HA
(840 ng/ml) compared to initial levels in the media
(105 ng/ml) and that abundant HA-binding sites are
located intracellularly on undifferentiated hES cells [10].
Success of mEF feeder layers for culture of hES cells is
related to their ability to secrete HA [10]. HA hydrogels
can support long-term self-renewal of hES cells, maintain-
ing their undifferentiated state, and preserving their normal
karyotype and their full differentiation capacity, as indi-
cated by embryoid body formation [10]. However, little
remains known about HA substrates for mES cell culture.

Currently, pluripotent mES cells are maintained on
plastic or gelatin-coated surfaces for cytotoxicity studies,
while pluripotent mES cells for terminal differentiation
studies are grown on mouse fibroblast feeder layers [12].
The present study was undertaken to test whether mouse
stem cells, cultured in oxygen tensions similar to those
found in the uterine environment, would prove advanta-
geous over conventional culture conditions, in terms of
population growth and differentiation. In addition, we
have tested the potential of HA in maintaining a homoge-
neous population of undifferentiated mES cells eliminat-
ing the need to use fibroblast feeder layers.

Materials and methods

Reagents and media

All chemicals and culture media were purchased from
Sigma Chemical Co. (Madrid, Spain) unless otherwise
stated.

Cell cultures

Two mES cell lines (R1 129/Sv from the laboratory of Dr
A. Nagy and MAR B6D2 F1 generated in our laboratory)
were cultured at 37 °C under two different oxygen ten-
sions (5% and 20%) or on three different substrates, mito-
mycin-C treated mouse embryonic fibroblast (mEF): 0.1%
gelatin and HA (0.12 mg/ml). Incubators were gassed
with 5% CO,/95% air (containing therefore approxi-
mately 20% oxygen) or with a gas mixture containing 5%
0,/5% C0O,/90% N,. Ten to 20 early cell passages were
used in all experiments.

Culture media

In all experiments, both cell lines were grown in Dul-
becco’s modified Eagle’s medium (DMEM; Invitrogen,
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Carlsbad, CA, USA) supplemented with 20% FBS (PAA
Laboratories, Colbe, Germany), 2 mM glutamine, 1 mm
MEM non-essential amino acids, 1 mm B-mercaptoetha-
nol, 1000 U/ml recombinant mouse leukaemia inhibitory
factor (LIF) (Chemicon International, Billerica, MA,
USA) and an antibiotic mixture containing 100 U/ml pen-
icillin and 100 pg/ml streptomycin. Culture medium were
replaced at atmospheric conditions every day. Cells were
detached with trypsin every other day.

Preparation of hyaluronan and gelatin

Gelatin- and hyaluronan-(HA) [high molecular weight
HA (600 = 100 kDa) (MAP-5; Bioniche Inc., Belleville,
Ontario, Canada] coated wells were prepared by adding
2.0 ml aliquots of either 0.12 mg/ml HA in H,O or 0.1%
gelatin to Corning 35 mm tissue culture wells. Hyaluro-
nan and gelatin were aspirated after 30 min. Culture med-
ium was immediately added to prevent desiccation and
plates were used the same day.

Cell cycle and apoptosis analysis

For cell cycle analysis, DNA content was labelled with
propidium iodide. Cells were detached with trypsin and
washed with phosphate-buffered saline (PBS). After
fixing in 70% ethanol for 2 h and washing twice in
PBS, samples were stained with propidium iodide
(20 pg/ml)/Triton ~ X-100  (0.1%)/ribonuclease A
(0.2 mg/ml) for flow cytometric analysis (Current Proto-
cols in Cytometry, Cap. 7, 2001). Samples were analysed
using a FACSCalibur® cytometer (Becton, Franklin
Lakes, NJ, USA) and CELLQUEST software. Numbers of
apoptotic cells form a peak below that of G1 (often called
sub-G1 peak).

Measurement of apoptosis by TUNEL labelling

For detection of DNA strand breaks in apoptotic cells by
fluorescence microscopy, cells were fixed in 70% ethanol
and incubated in TUNEL (TdT-mediated dUTP nick end
labelling) reaction mixture (/n Situ Cell Death Detection
Kit, Fluorescein; Roche, Madrid, Spain), containing TdT
and fluorescein dUTP, according to the manufacturer’s
instructions. Incorporated fluorescein was visualized using
a fluorescence microscope.

Cell proliferation measurement by CFSE labelling

To analyse proliferative activity of the cells (R1 and MAR
ES cells) under different culture conditions, we have used
CFSE labelling. CFSE (5-(and-6)-carboxyfluorescein
diacetate succinimidyl ester) is a fluorescent intracellular
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probe that subdivides equally into daughter cells at each
mitosis. Thus, fluorescence intensity of cells decreases
2-fold at each cell division.

R1 and MAR ES cells were centrifuged at 200 g for
5 min, and cell pellets were re-suspended in pre-warmed
PBS/0.1% BSA at final concentration of 5 x 10°
cells/ml. CFSE (Cell TraceTM CFSE Cell Proliferation
Kit; Molecular Probes, Carlsbad, CA, USA) was then
added at final concentration of 15 um and incubated for
10 min at 37 °C. Staining was quenched by addition of
five volumes of ice-cold culture medium. After 5 min on
ice, cells were washed three times in fresh media and cul-
tured for up to three more days. Cells were then harvested
for flow cytometric analysis every 24 h; this was per-
formed using FACSCalibur® cytometer and CELLQUEST
software.

Intracellular ROS detection

For measurement of intracellular reactive oxygen species
(ROS) levels, cells were detached with trypsin, resus-
pended in PBS, loaded with 5-(and-6)-chloromethyl-2",7’-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H2DCFDA) 20 um; (Molecular Probes) and incubated for
30 min at 37 °C. As positive control, oxidative activity
was stimulated with H,O, to final concentration of
100 pm. Samples were analysed using FACSCalibur®
cytometer and CELLQUEST software.

Differentiation into cardiomyocytes

Differentiation into cardiomyocytes was performed as
described by Ramirez et al. [27]. Briefly, ES cells were
trypsinized and back-plated for 15 min to deplete fibro-
blasts and then plated in non-adherent 10 cm bacterial-
grade Petri dishes (5 x 10° cells per dish) in ES medium
without LIF. Embryoid bodies (EBs) were collected after
4 days using a yellow pipette tip and individually trans-
ferred to 96-well tissue plates coated with the different
substrata without LIF to allow differentiation of EBs.
Cultures were maintained under 20% or 5% oxygen and
presence of beating cardiomyocytes in each well was
monitored for another 28 days.

Analysis of marker gene expression by RT-PCR

Total RNA was extracted from ES cell pellets using
UltraspectTM RNA Isolation System (Biotecx Lab. Inc.,
Houston, TX, USA) according to the manufacturer’s
instructions. Precipitated RNA was dissolved in DEPC-
treated water and digested with 1 U of RQ DNase I
(Promega, Madison, WI) at 37 °C for 20 min. RNA was
extracted by phenol purification and ethanol precipitation,
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reconstituted in 50 pl of DEPC-treated water, and stored
at =70 °C until RT-PCR. RT reaction was performed
according to the manufacturer’s instructions (Gibco-BRL,
Grand Island, NY, USA). Five micrograms of RNA was
dissolved in water, heat-denatured (65 °C, 2 min) and
reverse-transcribed at 37 °C for 60 min in final volume of
20 pl containing 0.5 mm of each dNTP, 0.2 um oligo
(dT), 0.5 um of random primers, MMLV-RT (0.5 pl),
RNasin (0.2 pl) and Ix MMLV-RT buffer with 8§ mm
DTT. After reverse transcription, different genes were
PCR amplified by adding a 1.5 pl aliquot of each sample
to the PCR mix containing the specific primers. PCR
products were subjected to electrophoresis on 2% agarose
gel. Primers used for RT-PCR are listed in [27]. GAPDH
was used as positive control and experiments were run in
the absence of template RNA as negative control. Genera-
tion of anticipated fragments was strictly dependent on
presence of RNA in the RT reaction.

Results

Culture of mES cells under physiological oxygen tension
increased apoptosis and proliferation levels over short
time points

Analysis of whether conditions that mimic oxygen ten-
sions found in vivo in mouse reproductive tracts are
advantageous for in vitro culture of mES cells, we plated
two different mES cell lines (R1 129/Sv from the labora-
tory of Dr A. Nagy and MAR B6D2 F1 generated in our
laboratory) on mEF feeder layers. After 3 days culture
under two different oxygen concentrations (20% and 5%),
we analysed cell cycle progression. Day 3 was chosen for
analysis as it corresponds to time when ES colonies would
be fully developed, and changes in proliferation/apoptosis
or differentiation occurring in early phases would be
revealed at that time. By propidium iodide staining, fluo-
rescence intensity in each tested cell varies linearly with
DNA content, ranged from 2n (Go-G1) to 4n (G2) with
an intermediate plateau that corresponds to S phase. The
sub-G1 peak in DNA histograms corresponds to the apop-
totic population. DNA histograms from R1 and MAR ES
cells showed higher numbers of apoptotic cells for both
R1 and MAR ES cells under hypoxic conditions (Fig. 1a).

These data were corroborated by TUNEL labelling.
After 3 days culture, the level of apoptotic cells for R1
and MAR was slightly but significantly higher (P < 0.05)
under hypoxic conditions than under normoxic conditions
(Fig. 1b).

Next we analysed kinetics of expansion of these cul-
tures by CFSE labelling. Fluorescence profiles of CFSE-
labelled mouse R1 and MAR ES cells on labelling day
(day 0) are shown in Fig. 2a, left panel. The right panel
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Figure 1. Apoptosis measurements from R1 and MAR ES cells
grown on feeder layers. (a) Apoptosis measurements from R1 and
MAR ES cells on feeder layer by cell cycle analysis. The sub-G1 peak in
DNA histograms was higher under hypoxic conditions, indicating higher
numbers of apoptotic cells. Mean + SE of two independent experiments
is shown. *P < 0.05, Student’s #-test. (b) Apoptosis measurements from
R1 and MAR ES cells by TUNEL labelling. Mean values of two experi-
ments are shown. After 3 days culture in different conditions, level of
apoptotic cells for Rl and MAR was significantly higher under hypoxic
conditions than under normoxic conditions (P < 0.05).

shows fluorescence profiles of cells recovered 3 days later.
Under hypoxic conditions (5% O,), proliferation of both
types of mES cells was greater than under normoxic
conditions (20% O,).

As we were subjecting mES cell cultures to different
oxygen tensions, we needed to determine whether intra-
cellular redox states of cells was affected. The redox state
of the cell is a consequence of precise balance between
levels of oxidizing and reducing equivalents, such as ROS

© 2010 Blackwell Publishing Ltd, Cell Proliferation, 44, 75-85.
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Figure 2. Proliferation and ROS measurements in mES cell cultures
at different oxygen tensions. (a) Mouse R1 and MAR ES cells were
labelled with CFSE. Profiles shown in the left panels correspond to
labelled populations at day 0 (day of labelling). Right panel shows fluo-
rescence profile of cells recovered 3 days later. Fluorescence intensity of
cells decreased 2-fold at each cell division. Under hypoxic conditions,
proliferation of both types of mES cell was greater than under normoxic
conditions. Culture of R1 and MAR ES cells on feeder layers and at 5%
oxygen stimulated cells in this experiment to complete an extra cell
cycle. (b) Mouse R1 and MAR ES cells were labelled with intracellular
ROS probe CM-H2DCFDA after 3 days culture under different oxygen
tensions. Chart depicts the mean fluorescence intensity in two indepen-
dent experiments. *P < 0.05 in Student’s #-test.

and endogenous antioxidants. Metabolically active cells
can oxidize or reduce a variety of probes, providing a
measure of cell viability and overall cell health. Therefore,
cells were labelled with a ROS-sensitive fluorescent probe
and were cultured in 5% or 20% O, atmosphere for
3 days. As shown in Fig. 2b, R1 cells exhibited signifi-
cantly higher ROS production under hypoxic conditions,
while there was no significant difference in MAR cell
cultures.

However, if the cells were continuously grown for
1 month under the two different oxygen tensions, level of
apoptosis, measured by TUNEL labelling, was undetect-
able at 20% oxygen and below 4% when cells were grown
in 5% oxygen atmospheres (Fig. 3).

© 2010 Blackwell Publishing Ltd, Cell Proliferation, 44, 75-85.
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Figure 3. Apoptosis measurement from R1 and MAR ES cells after
1 month of culture under different oxygen tensions, by TUNEL
labelling. Mean values of two experiments are shown. Level of apoptosis
was under 4% in all conditions.

Low oxygen tension culture reduced terminal
differentiation capacity of mES cell cultures

Next, we analysed cell pluripotency as well as capacity to
differentiate, in the different cultures. By PCR, we analy-
sed a series of genes previously reported as markers of
early cell differentiation into cells of the three germ layers
or into tissue-specific precursors, as sensitive indicators of
differentiation. We selected genes previously reported to
be associated with the pluripotent state, and genes charac-
teristic of blastocysts or other stem cell populations, as
sensitive indicators of pluripotency. As shown in Tables 1
and 2 and Fig. 4, R1 cells demonstrated similar pluripo-
tent and differentiation states at 5% or 20% O,. Similar
results were found for MAR ES cells (data not shown). In
contrast, when embryoid bodies were cultured under hyp-
oxic conditions, levels of differentiation into beating
cardiomyocytes were significantly lower than under norm-
oxic conditions (11.9% versus 28.1% at 28 days,
P =0.014) (see also Fig. 8).

Table 1. Expression of markers associated with pluripotent phenotypes
in R1 ES cells

5% O, 20% O,
Genes/cells R1 Day 0 R1 Day 10 R1 Day 10
Nanog + + +
Oct3/4 + + +
Rexl + + +
FoxD3 + + +
Fgfrd + + +
Terfl + + +
Cx43 + + +
Glutl + + +
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Table 2. Expression of markers associated with differentiation

phenotypes in R1 ES cells

5% O, 20% O,
Genes/cells R1 Day 0 R1 Day 10 R1 Day 10
Gata-4 - - -
Gata-2 + + +
Afp - - -
Foxa2 + + +
Msx1 - - -
T — — _
Myf5 - - -
Krt15 + + +
Nes +/—- + +
Vim + + +
Tubb3 +/— + +
o\°
(a) ‘§\o o® (b) \Qq? Q(,3\0
MR NI
& & & PR P
FoxD3
Fgfra
I

Figure 4. Expression of markers associated with pluripotent or dif-
ferentiation phenotypes under different oxygen tensions. PCR detec-
tion of expression of markers associated with pluripotent (a) or
differentiation phenotypes (b) in R1 ES cells cultured under different
oxygen tensions.

Therefore, culture under low oxygen tension, although
increasing proliferation level of the mEF cultures, caused
an increment in oxidative stress and apoptosis and reduced
their terminal differentiation capacity.

Comparison of cell cultures on different substrata

We needed to analyse use of different adhesive substrata
for mES cells, to avoid use of feeder layers. We thus com-
pared cultures on mEF with plates coated either with gela-
tin or hyaluronan. To determine optimal concentration of
hyaluronan for culture, R1 ES cells were cultured for
10 days on Corning 35 mm tissue culture wells coated
with different concentrations of hyaluronan (2, 1, 0.5,
0.25 and 0.12 mg/ml). Morphology of ES cell colonies
and expression of biomarkers associated with pluripotent
or differentiated phenotypes were evaluated (not shown).
Thereafter, all experiments were performed at
0.12 mg/ml. Under such conditions, mES cells attached
to HA-coated plates and presented non-differentiated mor-
phology in compact colonies, similar to those grown on
feeder layers (Fig. 5).

First apoptotic level was analysed after 1 month cul-
ture on three different substrates in both R1 and MAR
cells, by TUNEL labelling. As shown in Fig. 6, numbers
of apoptotic cells were much reduced for both R1 and
MAR ES cells under all conditions.

However, when grown for 1 month on 0.1% gelatine,
they lost expression of some pluripotency markers (Nanog
and FoxD3 for R1 and Oct3/4, Rex1 and Nanog for MAR
ES cells: Table 3 and Fig. 7a). On the other hand, mES
cells grown on HA showed similar pluripotent states as
mES cells cultured on mEF. Table 3 and Fig. 7a.

When differentiation markers were analysed by RT-
PCR in different cultures, cells on HA showed a similar
pattern to those grown on mEF, with the exception of
Gata-2 expression in endoderm layer genes (Table 4 and
Fig. 7b). In contrast, when mES cells were grown on gela-
tin, both Gata-2 and Foxa2 were detected, suggesting a
more differentiated phenotype. When mesoderm and ecto-
derm genes were assessed, no significant differences were
observed between the different substrata (Table 4 and
Fig. 7b).

When differentiation into cardiomiocytes was
assessed, levels of differentiation of cells grown on HA
were comparable to those observed on feeder layers at
hypoxic conditions, and lower than those grown under
normoxic conditions on feeder layers, but significantly
higher than levels observed on gelatin (Fig. 8).

Thus, all our data support that HA might be a valuable
alternative to the use of feeder layers for expansion of
mES cells.

Discussion

Stem cells can be defined as cells having high proliferative
potential and the ability to self-renew. They are undiffer-
entiated, but can generate daughter cells of more than one

© 2010 Blackwell Publishing Ltd, Cell Proliferation, 44, 75-85.
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mEF Hyaluronan Gelatin

Figure 5. Morphology of ES cell colonies on different substrates after 2 days culture. Micrographs show mES cell colonies on the different

substrata. Magnification: 200x.
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Data shown are mean values of two independent experiments. Level of
apoptotic cells for R1 and MAR ES cells was not significantly different.

Table 3. Expression of markers associated with pluripotent phenotypes
in R1 and MAR ES cells continuously grown for I month

Genes/cells R1 MEF R1 G R1 HA MARMEF MARG MAR HA

Nanog + - + + - +
Oct3/4 + + + + + +
Rex1 + + + + + +
FoxD3 + - + + + +
Fgfr4 + + + + + +
Terfl + + + + + +
Cx43 + + + + + +

distinct phenotype [28], and they can also migrate to areas
of injury [29]. All such features are fundamental to stem
cell function and can be dramatically altered by oxygen
concentration during culture. However, beneficial effects
of physiological oxygen environment of ES cells or
culture on different substrata have not been previously
reported. We hypothesized that low oxygen concentration,
which is physiological for the early embryo, would reduce
cell oxidant status, compared to culture of ES cells in

© 2010 Blackwell Publishing Ltd, Cell Proliferation, 44, 75-85.

Figure 7. Expression of markers associated with pluripotent or
differentiation phenotypes after one month on different substrates.
PCR detection of expression of markers associated with pluripotent (a) or
differentiation phenotypes (b) in R1 and MAR ES cells cultured for
1 month on different substrata.

supraphysiological oxygen. There have been several
reports that show that cell proliferation and viability in
culture, by many adult stem cells, is improved by culture
in physiological oxygen [28]. Consistent with our data,
virtually all stem cells cultured under lower physiological
oxygen levels proliferate more than in traditional 20% O,
environments. Former studies on enhanced proliferation
in lower oxygen levels have been reported for rat CNS-
derived multipotent stem cells [30], and foetus-derived
neural crest stem cells [31], adult murine skeletal muscle
satellite cells [32,33], and rat bone marrow-derived mes-
enchymal stem cells and CD34" bone marrow progenitor
populations [34]. The practical benefit of low oxygen cul-
ture is that relatively rare cell populations are more easily
expanded in vitro. Proliferation of first-trimester tropho-
blast cells is also higher in 2% oxygen (versus 20%) in a
bioreactor system [35]. Our results demonstrate that level
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Table 4. Expression of markers associated with differentiation
phenotypes in R1 and MAR ES cells continuously grown for 1 month

Genes/ R1 MAR MAR
cells MEF R1G R1HA MEF MAR G HA
Gata-4 - - — - _ _
Gata-2 + + + +
Afp - - - - - -
Foxa2 - + - - + -
Msx1 - - - - - -

T - - +/— +/— - -
Myf5 - - - - - -
Krt15 +/— + + + + +
Nes + + + + + +
Vim + + +/— + + +
Tubb3 + + + + + +

—&— Hyaluronan 20%
—@- Gelatin 20%

-l Feeder layer 20%
—— Hyaluronan 5%
—©— Gelatin 5%

201 -5 Feeder layer 5%

30

25 1

15 4

10 4

% EBs to cardiomyocytes

Days in culture

Figure 8. Beating cardiomyocyte formation over 30 days. EBs from
mES cells were cultured under different conditions of oxygen concentra-
tions (20%, filled symbols, or 5%, open symbols) and substrata —
120 pg/ul hyaluronan (triangles), 0.1% gelatin (circles) and mEF
(squares) — and rates of beating cardiomyocytes counted at indicated
times. Under hypoxic conditions, levels of differentiation into beating
cardiomyocytes were significantly lower than under normoxic conditions
on feeder layer (P = 0.014) and on HA (P = 0.035). Under normoxic
conditions, feeder layers supported significantly higher cardiomyocyte
formation when compared to 0.1% gelatin (P < 0.001) or to HA
(P =0.05).

of proliferation of mES cells on mEF is higher under
hypoxic conditions.

However, our data also indicate that low oxygen ten-
sion induced oxidative stress at early time points that
increased apoptosis. Stem cells have the potential to be
used in cell therapy; however, tissue regeneration is
limited by death of transplanted cells. One of the main
mechanisms of stem cell death in transplanted organs is

through ischaemia [36]. Hypoxic/ischaemic conditions
have been long recognized as important mediators or
modulators of apoptosis as these conditions bring about
excessive production of ROS [37-39]. ROS directly dam-
age cell membranes, DNA and protein, leading to alter-
ation or loss of cell functions causing induction of
apoptosis [40]. Our results demonstrate that mES cells
after only 3 days of culture under hypoxic conditions
showed higher numbers of apoptotic cells. Koyanagi-
Katsuta ef al. found that apoptosis of mES cells was
induced when they were dispersed as single cells, whereas
this process was suppressed when they proliferated in
aggregates, suggesting that direct interaction between ES
cells and EF was required for suppression of apoptosis
[41]. Those authors suggested that some protein factor(s)
on cytoplasmic membranes of fibroblasts might have been
responsible for blocking ES cell apoptosis. However, in
our study, after 1 month of culture on the three different
substrates, only occasional apoptotic events could be
observed. Many ROS-mediated responses protect cells
against oxidative stress and re-establish ‘redox homeosta-
sis’ [40]. In mouse ES cells, both hypoxia/inducible factor
1 (HIF-1) and HIF-2a are expressed but HIF-1a appears
to be central to regulating hypoxic responses, as it targets
many oxygen-dependent genes that are not regulated by
HIF-2a [42]. However, HIF-2a has been found to be a
direct upstream regulator of Oct4 in mouse ES cells, sug-
gesting that HIF-2a is involved in regulation of stem cell
maintenance [43]. In hES cells, HIF-1o protein is only
transiently expressed for approximately 48 h after expo-
sure to low oxygen tension [44]. A direct role of HIF-1 in
regulating sensitivity to oxygen deprivation-induced
apoptosis has been explained in genetic studies using ES
cells knocked out for HIF-1a. HIF-1a null cells showed
lower apoptosis compared to wild-type cells, during oxy-
gen deprivation [45]. However, HIF-1a can also trigger
autophagy via BNIP3 and BNIP3L as a survival mecha-
nism in cancer and stem cells [46,47].

In vitro culture of ES cells must maintain not only pro-
liferative capacity of the cells but also their pluripotential
capacity. We explored expression of a set of markers char-
acteristic of pluripotent cells, previously reported to be
associated with the pluripotent state: Nanog [48,49],
Oct3/4 [50] and Rex1 [51]. We also determined markers
expressed in undifferentiated cells controlled by Oct3/4
and SOX-2 genes: FoxD3 [52], FGFR-4 [53] and telomer-
ase-associated factor TERF1 [54]. In addition, expression
of other markers present on blastocysts or other stem cell
populations such as gap junction proteins, connexins-43
(Cx43) [55] and glucose transporter GLUT1, was also
examined [56]. Thus, to analyse expression of markers
characteristic of differentiated phenotypes, we used pub-
lished RT-PCR primers that amplify genes characteristic
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of endoderm (Gata-4, Gata-2, Afp, Foxa2), mesoderm
(Msx-1, T, Myf5, Krtl5) and ectoderm (Nes, Vim, Tubb3)
lineages. Bands of appropriate size were observed for all
these genes, using species-specific primers.

Roberts et al. demonstrated that appearance of differ-
entiated regions in human ES cell cultures, as assessed by
morphology and loss of stem cell markers such us Oct4,
was substantially reduced under hypoxic conditions.
These authors concluded that hypoxic conditions would
be required to maintain full pluripotency of mammalian
ES cells [6]. However, for mouse ES cells, our data
showed similar pluripotent and differentiation states in R1
and MAR mES cells at 5% or 20% O.

Regarding differentiation, our data are in agreement
with those reported for spontaneous differentiation of
established hES cells, that is, suppressed by culture in
hypoxia conditions [6]. Under hypoxia, level of differenti-
ation into beating cardiomyocytes was significantly lower
than under normoxic conditions. Thus, stem cell-mediated
events analogous to those in embryonic development may
be masked or underestimated in vitro when non-physio-
logically high oxygen tension is used for stem cell culture.

In summary of this part of our experiments, our data
seemed to support the notion that low O, tension was not
necessary to prevent differentiation of mES cell colonies
or to maintain them in a fully pluripotent state.

In addition, our findings have strongly suggested that
use of hyaluronan, without feeder cells, may offer a valu-
able alternative for unifying and standardizing conditions
for long-term defined culture conditions of undifferenti-
ated mES cells. The role of feeders is to facilitate cell pro-
liferation and to inhibit their differentiation [57]. In our
study, based on marker gene expression of pluripotency,
mES cells on hyaluronan showed similar pluripotent states
to those of mES cells cultured on mEF.

Concerning expression of differentiation markers, all
cultures on mEF expressed Gata-2, as it is expressed in
fibroblasts [58]. Cultures on both gelatin and HA were
also positive for expression of this gene. However, long-
term culture on gelatin also induced expression of Foxa2,
which was neither observed on mEF nor on HA. Regard-
ing mesoderm or ectoderm markers, there were no signifi-
cant differences between the three culture conditions, all
being positive for Krt15 as well as for all ectoderm layer
markers. These data support the idea that mES cells cul-
tured on HA for 1 month show similar pluripotency and
differentiation states to cells cultured on mEF.

Therefore, all our data suggest that culture of mES
cells at physiological oxygen tension might not be
necessary for maintaining their pluripotential capacity,
and that HA might offer a valuable alternative to feeder
layers in long-term culture of undifferentiated mES cell
populations.

© 2010 Blackwell Publishing Ltd, Cell Proliferation, 44, 75-85.
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