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Abstract

 

Objective

 

: The maintenance of pluripotency of
human embryonic stem cells (hESCs) requires a
high efficiency of self-renewal. During

 

 in vitro

 

propagation, however, hESCs have a propensity to
differentiate spontaneously. In this study, we assessed
the nature of hESC responses to hypoxic conditions.

 

Materials and methods

 

: Human embryonic stem
cells were grown in normoxic and hypoxic conditions,
and the cells expressing Oct4 and stage-specific
embryonic antigen-1 were identified by indirect
immunofluorescence. The transcriptional expression
of Nanog, Notch1, and Oct4 was determined by a
real-time reverse transcription–polymerase chain
reaction, and the inhibition of Notch-mediated
signalling was achieved with a 

 

γ

 

-secretase inhibitor.

 

Results

 

: In contrast to culture at 21% oxygen,
where the colonies displayed a marked degree of
differentiation, we found that during exposure to
5% oxygen, the hESC colonies displayed a homo-
genous and flat morphology that was consistent with
the presence of Oct4-positive phenotype, indicating
no spontaneous differentiation. When cultured at 5%
oxygen for either 4 weeks or up to 18 months, high
levels of Nanog and Notch1 transcriptional expression
were detected, albeit the expression was signifi-
cantly lower during longer exposure. The suppression
of differentiation was rapidly reversed on transfer
of the hypoxic cultures to normoxic conditions.
Looking into the molecular mechanisms of the
maintenance of self-renewal at low oxygen tensions,

we found that inhibition of Notch signalling fully
abrogated the hypoxic induction of undifferentiated
phenotype.

 

Conclusion

 

: Our data, thus, indicate that hypoxic
exposure has the capacity to sustain long-term self-
renewal of hESCs and that this effect is mediated
through activation of Notch.

 

Introduction

 

In order to harness the potential of human stem cells
for clinical applications, a thorough understanding of
the processes governing their differentiation is essential.
Regarding the use of somatic stem cells, haematopoietic
stem cells have been used clinically for decades, and sev-
eral clinical trials using mesenchymal stem cells (MSCs)
for a variety of applications are ongoing (1). However,
the scarcity of stem cells of endodermal and ectodermal
origin makes regeneration of, that is, neural, hepatic, or
endocrine tissues with somatic stem cells almost impossi-
ble. From this standpoint, human embryonic stem cells
(hESCs) appear especially appealing. They possess a uni-
versal differentiation capacity, pluripotency, that makes
them a unique source for all cells in the adult organism (2).

To grow hESCs 

 

in vitro

 

 for basic studies, clinical
trials, and also industrial applications, it is desirable that
a homogenous population is available. hESCs have
basically indefinite proliferative capacity; however, this
significant feature cannot be fully exploited since during

 

in vitro

 

 passaging the cells often will spontaneously
segregate into a differentiated phenotype, at least when
growing the cells in conditions completely without animal-
derived products (3). A great effort has been invested into
optimizing and standardizing the growth conditions so
that spontaneous differentiation of hESC is prevented.
At present, the growth conditions may, nevertheless, differ
grossly regarding the use of support media and feeder
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cells (4,5), growth media and growth factors (6,7), and
a passaging procedure that may reside on manual micro-
dissection or trypsinization (8). It is also important to keep
in mind that individual lines of hESCs differ to a certain
degree and they may respond differently to specific growth
environments (9).

The mechanisms specifically involved in the control
of spontaneous hESC differentiation have not been iden-
tified as of yet, although a great deal of information is
available regarding the associated differentiation events.
Several principal signalling cascades have been described
that lead to endodermal, mesodermal, and ectodermal dif-
ferentiation of ESCs. Most notably, activation of bone
morphogenetic, Wnt, Hedgehog, and Notch superfamilies
has been shown to be central to these processes (10–15).
Currently, there are numerous experimental protocols that
attempt to guide differentiation along specific pathways
towards highly specialized, mature phenotypes by using a
wide variety of inducing substances. In addition to
biochemical mediators, oxygen has recently been demon-
strated to be a factor that can modulate the progression of
differentiation in murine ESCs (16), hESCs (17), as well
as MSCs (18). In our own laboratory, we have previously
studied the effect of hypoxia on adipogenic, chondro-
genic, and osteogenic differentiation of MSCs, and found
that several processes were promoted by varying levels of
oxygen (19–21).

Recently, it was reported that exposure to low oxygen
partial tension can support the maintenance of the undif-
ferentiated hESC phenotype for up to 2 weeks (22).
However, it still remains to be explained, how long-term
culturing in hypoxia affects hESCs. In this context, it
appears relevant that in a model system based on myo-
blastic precursor cells and neuronal stem cells, a mechanis-
tic basis for the prevention of terminal differentiation by
hypoxia has been proposed (23).

In the current study, we report for the first time, a
comparative analysis of short- and long-term adaptation
of hESCs to continuous hypoxia, and provide evidence
that for maintenance of self-renewal in these conditions,
the Notch signalling is necessary.

 

Materials and methods

 

Cell cultures

 

The human embryonic stem cell lines CLS1 and CLS2
were propagated by microdissection on a monolayer of

 

γ

 

-irradiated human foreskin fibroblasts (HFF-1; American
Type Culture Collection no. SCRC-1041; http://www.
lgcpromochem-atcc.com/) in Knockout Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA, USA;
http://www.invitrogen.com), supplemented with 20% Knockout

Serum Replacement (Invitrogen), 2 m

 

m

 

 

 

l

 

-glutamine, 0.1 m

 

m

 

β

 

-mercaptoethanol, 1% non-essential amino acids, 4 ng/mL
recombinant human basic fibroblast growth factor (Bio-
source Europe, Nivelles, Belgium; http://www.biosource-
diagnostics.com), and antibiotics, as described previously
(24). The colonies were sub-cultured in 4-week intervals,
and the medium was changed every other day. The stand-
ard conditions that were also referred to as normoxic
corresponded to 20% oxygen in the culture atmosphere
supplemented with 5% carbon dioxide. For hypoxic cul-
tures, the air was balanced with nitrogen to achieve 1%,
5%, 10%, and 15% oxygen concentrations. The incuba-
tions were done simultaneously in individually controlled
chambers of the hypoxic cell culture facility (Xvivo
System; BioSpherix, Redfield, NY, USA; http://www.
biospherix.com). Using this facility, it was possible to
monitor the cells as well as perform all handling steps at
a constant level of hypoxia without sudden episodes of
re-oxygenation. Two additional cell lines, CSL1-LT and
CLS2-LT, that have previously been maintained in such
an uninterrupted manner at 5% oxygen for more than
18 months were also included. In experiments where
inhibition of Notch activation was assayed, 

 

γ

 

-secretase
inhibitor (L-685 458; Sigma-Aldrich, Brøndby, Denmark;
http://www.sigmaaldrich.com) was used in 1 

 

μ

 

m

 

 concen-
tration throughout the whole duration of the experiment.
The dark-field recordings were done with a SteREO
Lumar.V12 stereo microscope (Carl Zeiss, Göttingen,
Germany; http://www.zeiss.de) featuring a wide-range
zoom capability (magnification 

 

×

 

6.4 to 

 

×

 

150) that was
fitted with an AxioCam MRm camera (Zeiss). The cells were
prior to experiments confirmed devoid of chromosomal
aberrations by karyotype analysis and free of mycoplasma
contamination.

 

Indirect immunofluorescence

 

The expression of Oct4 and stage-specific embryonic
antigen-1 (SSEA1) was analysed by a two-colour indirect
immunofluorescence assay (IFA). Before fixation with
4% buffered formaldehyde, the nuclei were stained with
Hoechst 33342 (Molecular Probes, Carlsbad, CA, USA;
http://www.invitrogen.com) at a concentration of 10 

 

μ

 

g/mL
for 30 min. For staining with SSEA1, the Hoechst 33342
staining was followed by an incubation with a blocking
solution of 2% bovine serum albumin (BSA) for 10 min,
and SSEA1-specific mouse monoclonal IgM (sc-21702,
Santa Cruz Biotechnology, Santa Cruz, CA, USA; http://
www.scbt.com) in 200-fold dilution for 1 h coupled with
a Cy-5-labelled secondary antibody (AP130S Millipore,
Copenhagen, Denmark; http://www.millipore.com) in
200-fold dilution for 30 min. To detect Oct4, the cells
were first permeabilized by incubating with 0.2% Triton
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X-100 diluted in 4% BSA, for 1 h at 37 

 

°

 

C, and then
sequentially incubated with Oct4-specific antibody
(ab19857; Abcam, Cambridge, UK; http://www.abcam.com)
in 200-fold dilution and FITC-labelled secondary anti-
body (ab6717, Abcam) diluted 1 : 300. The incubation times
followed those already optimized for SSEA1. Finally, the
cells were washed and stored in phosphate-buffered saline
(PBS) at 4 

 

°

 

C until the time of analysis.
Three-channel full resolution tiled images, based on

2.5- or 10-fold magnification with a variable number of
frames, were taken by Axio Observer.Z1 epi-fluorescence
system (Zeiss) with an AxioCam MRm camera. The
quantitative image analysis to determine areas associated
with specific markers was done using the AxioVision
software (Zeiss). For presentation, the images were digit-
ally processed in Photoshop (Adobe Systems, San Jose,
CA, USA; http://www.adobe.com), and also AxioVision
software packages.

 

[

 

3

 

H]-Thymidine incorporation

 

Thymidine [methyl-

 

3

 

H] triphosphate ammonium (TRK 242;
Amersham Biosciences, Piscataway, NJ, USA; http://
www.amersham.com) was added to the hESC cultures to
achieve final activity 825 

 

μ

 

Ci/mL and further incubated
for 4 h. After a thorough washing, the colonies of hESCs
were dissected free from the feeder layer and incubated
with 0.5% sodium dodecyl sulfate for 30 min at 37 

 

°

 

C.
Following this incubation, the genomic DNA was precip-
itated with an equal volume of 10% w/v trichloroacetic
acid during 10 min at room temperature. The precipitates
were further washed with trichloroacetic acid, and finally
the DNA samples were denatured with 100 

 

μ

 

L of 0.1 N
sodium hydroxide. The samples were directly mixed with
4 mL of scintillation cocktail (Ultima Gold; PerkinElmer,
Waltham, MA, USA; http://www.perkinelmer.com) and
measured in a scintillation counter (RackBeta; PerkinElmer).

 

Bromodeoxyuridine incorporation

 

The cultures of hESCs were incubated with 10 

 

μ

 

m

 

 bromo-
deoxyuridine (BrdU; Sigma-Aldrich) for 1 h at 37 

 

°

 

C,
after which they were fixed with 4% buffered formal-
dehyde for 20 min at room temperature. The cells were then
washed with PBS and the proteins were denatured with
2 N hydrochloric acid for 30 min. Before immunostaining,
a blocking with 2% BSA was carried out for 30 min to
minimize unspecific antibody binding, and the cell mem-
branes were permeabilized with 0.2% Triton X-100 in
4% BSA for 20 min. The anti-BrdU mouse monoclonal
antibody (A-21300, Invitrogen) in 20-fold dilution was
incubated with the cells for 1 h at room temperature. This
step was followed by a 35-min incubation with Alexa

488-conjugated secondary antibody (A-11001, Invitro-
gen) diluted 1 : 200. The nuclei were counterstained with
Hoechst 33342, as described above, and after the final
wash, the dishes were stored in PBS at 4 

 

°

 

C.
Two-channel full resolution tiled images based on

10-fold magnification, with variable number of frames
were taken by Axio Observer.Z1 wide-field fluorescence
system equipped with AxioCam MRm camera. The Axio-
Vision software was used to manually determine colony
total area, and the segmentation algorithm was used to
determine the size of proliferating areas. For presentation,
the images were digitally processed in AxioVision and
Photoshop software packages.

 

Real-time RT-PCR

 

Total RNA was isolated from hESCs with the aid of the
Aurum Total RNA Mini Kit (Bio-Rad Laboratories,
Hercules, CA, USA; http://www.bio-rad.com) according
to manufacturers’ recommendations and the yield was
assessed spectrophotometrically (ND-1000; NanoDrop
Technologies, Wilmington, DE, USA; http://www.nano-
drop.com). The synthesis of first-strand cDNA was initiated
on equalized RNA input using an iScript cDNA synthesis
kit (Bio-Rad Laboratories). For amplification reaction, an
8-

 

μ

 

L cDNA aliquot was applied together with 13 

 

μ

 

L of
iQ SYBR Green Supermix (Bio-Rad Laboratories) reac-
tion components, and 0.03 pmol of 18S primers or 0.192 pmol
of gene-specific primers in a total volume of 25 

 

μ

 

L in
translucent microtitre plates (iCycler iQ PCR plates,
Bio-Rad Laboratories). The samples were run on MyIQ
single-colour real-time PCR detection system (Bio-Rad
Laboratories) using a two-step amplification cycle. The
profile consisted of a single annealing/extension step of
30 s at 60 

 

°

 

C and a denaturation step of 15 s at 95 

 

°

 

C, for
a total number of 40 cycles. Prior to the gene-specific
analysis, the samples were evaluated for the contents of
18S rRNA that served as an internal endogenous standard.
After normalization with respect to the 18S rRNA,
the relative transcriptional levels were determined for
each sample and gene in a semiquantitative fashion by
referring to a standard dilution series prepared from a
pooled sample using MyIQ software (Bio-Rad Laborato-
ries). To confirm the quality of each run, the occurrence
of primer dimers was monitored by invoking a melting
curve function of the programme. All samples were
analysed in duplicates, with individual replicates being
placed remotely from each other.

The following primer pairs were used (official gene
symbol is given in square brackets): Oct4 [POU5F1]:
upstream 5

 

′

 

-CTGGTTCGCTTTCTCTTTCG-3

 

′

 

 and down-
stream 5

 

′

 

-GGGGGTTCTATTTGGCAAGG-3

 

′

 

; Nanog
[NANOG]: upstream 5

 

′

 

-AGGAAGAGTAGAGGCTGGG-
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GTAGGTAGGTG-3

 

′

 

 and downstream 5

 

′

 

-CAACTGGCC-
GAAGAATAGCAATGGTGT-3

 

′

 

; Notch1 [NOTCH1]:
upstream 5

 

′

 

-TGGAGACGGGCAACAGCGAGGAA-3

 

′

 

 and
downstream 5

 

′

 

-GCCCGTGCGGTCTGTCTGCTTGTG-3

 

′

 

;
and 18S ribosomal RNA: upstream 5

 

′

 

-AGGACCGCG-
GTTCTATTTTGTTGG-3

 

′

 

 and downstream 5

 

′

 

-CCCCCG-
GCCGTCCCTCTTA-3

 

′

 

. The primers were designed using
Lasergene (DNASTAR, Madison, WI, USA; http://www.
dnastar.com) software package and were custom synthe-
sized by DNA Technology A/S (Aarhus, Denmark; http://
www.dna-technology.dk).

 

Statistics

 

The data are presented as a mean and standard error of
mean. Pairwise testing for the difference between sample
means was done with two-tailed 

 

t

 

-test. The general linear
model univariate procedure was used to analyse more
than two independent samples that were further sub-
grouped by an additional variable factor. To obtain infor-
mation regarding the differences among specific group
means, a battery of 

 

post hoc

 

 tests was employed to
perform multiple pairwise comparisons. The statistical
significance was assigned to the 0.05 level. All routines

were part of SPSS 14.0 software package (SPSS Inc.,
Chicago, IL, USA; http://www.spss.com).

 

Results

 

Short- and long-term hypoxic treatment promotes an 
undifferentiated morphology of hESC colonies that is 
reversible on re-oxygenation

 

In order to assess the effect of different levels of hypoxia
on the morphology of hESCs, the cells were subjected to
various levels of oxygen. During the short-term hypoxic
exposure that lasted for a period of 4 weeks, the growth
progression in each of the five gaseous conditions, includ-
ing 20%, 15%, 10%, 5%, and 1% oxygen, was determined
by following the development of colonies over the whole
period (Fig. 1a, left panel). Representative data using the
CLS1 line are presented. In order to provide detailed
morphology, a variable zoom was used. The magnification
spanned a range from 

 

×

 

142 at the first week to 

 

×

 

22 at the
last week of the culture. In atmospheres containing 10%,
15%, or 20% oxygen, pericentral thick zones, which appear
in the dark field as light-breaking white areas, are present.
They indicate spontaneous differentiation, and are obvious

(a)

(b)

Figure 1. The effect of short- and long-term hypoxic exposure and re-oxygenation on the morphology of hESC colonies. (a) The CLS1 line
was sub-cultured by mechanical dissection and grown for a period of 4 weeks in five different concentrations of atmospheric oxygen, covering the
range from 1% to 20%. After the initial treatment, colonies from all conditions were grown at oxygen concentration of ambient air for additional 4
weeks. (b) The CLS1-LT line has been continuously maintained in hypoxic conditions corresponding to 5% oxygen for over 18 months. The devel-
opment of colony morphology between regular passaging intervals is shown over the course of 4 weeks. The response to re-oxygenation corresponding
to the oxygen concentration of ambient air was followed during the course of additional 4 weeks. For each gaseous condition, the development of a
representative colony is shown. The images were taken with a maximum zoom, given the size of a particular colony, and stereo microscope illumi-
nation settings were adjusted to a dark field observation. Image scalings at the bottom line images apply to all images within the specific week. hESC,
human embryonic stem cell.
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already during the second week of culturing. In 5%
oxygen, the colonies are homogenous and thinner, and
without a pericentral thickening. A thin monolayer of
feeders is visible too in the background. In 1% oxygen
concentration, the initial colony seeds in most cases did
not survive beyond 2 weeks. However, when they sur-
vived the full culture period, they appeared homogenous
as well. The size of the colonies at the end of culture
interval decreased significantly at and below 5% oxygen
concentration. The colonies at 1% oxygen remained strik-
ingly small.

The reversibility of the hypoxic effect was tested on
transferring the cultures back to the normoxic conditions
after an initial 4-week culture in hypoxia. Similarly as
above, the response to re-oxygenation was captured under
a variable zoom encompassing magnification from 

 

×

 

10
to 

 

×

 

36 (Fig. 1a, right panel). The undifferentiated colony
seeds originating from all hypoxic conditions started to
attain the differentiated zones already after the first week.
At the end of the 4-week re-oxygenation interval, the
colonies reached a size comparable with cultures from
control ambient air conditions. Similar results, both
during hypoxia and re-oxygenation, were obtained with
CLS2 cell line (data not shown).

Regarding the long-term hypoxic exposure, colonies
that have previously been maintained at 5% over a period
of 18 months (CLS1-LT), displayed structural develop-
ment over the period of 4 weeks that was similar to that
of colonies exposed to 5% oxygen for the first time
(Fig. 1b, left panel).

During re-oxygenation (Fig. 1b, right panel), the
colonies accelerated their growth and began to assume a
mixed differentiated and undifferentiated phenotype
already from the second week, in a fashion typical for
standard passaging at ambient air oxygen concentration.
At the end of the culture interval, the colonies attained a
size comparable with the cells recuperating from short-
term hypoxic culture. CLS2-LT cell line displayed the
same pattern of hypoxic and re-oxygenation responses
(data not shown).

 

Hypoxic exposure restricts the spontaneous 
differentiation and size of human embryonic stem 
colonies in a manner dependent on the severity of the 
oxygen limitation

 

The rate of spontaneous differentiation was inferred from
the extent of undifferentiated, Oct4-positive areas (25),
which were revealed by IFA and quantitatively assessed
using image analysis. The differentiated, SSEA1-1 (26),
colony areas were also visualized and presented simulta-
neously as a complement to the undifferentiated zones.
Representative images obtained from the CLS1 cell line

during short-term hypoxic exposure are shown in Fig. 2a.
The analysis demonstrated that during the 4-week culture
period the proportion of undifferentiated area relative to
the total colony dropped progressively from around 100%
to approximately 60% when cells were cultured at 10%
and 15% oxygen concentration. This decline was compa-
rable to that of the control cultures at ambient oxygen
concentration. At lower oxygen concentrations, represented
by 5% and 1%, the spontaneous differentiation was
inhibited at a statistically significant level. It is interesting
to note that at 5% oxygen, some level of differentiation
persisted until the third week, but nearly completely sub-
sided 1 week later. In the highest level of hypoxia (1%
oxygen), although the colonies displayed an entirely
undifferentiated phenotype, the lack of oxygen appeared
to be a serious impediment to the proliferation.

Re-oxygenation of the hypoxic cultures (Fig. 2b)
resulted in the transition of the original uniformly undif-
ferentiated phenotype into a mixed one. This occurred
rather rapidly after the first week, with only the colonies that
were transferred from the lowest hypoxia (1% oxygen)
showing a slight delay. Nevertheless, at the end of the
culture interval, a reversal to approximately 60% pro-
portion for the undifferentiated zone occurred at all re-
oxygenation scenarios. CLS2 line underwent the same pattern
of hypoxic and re-oxygenation responses (data not shown).

The CLS1-LT line had been maintained at 5% oxygen
continuously for over 18 months. The representative col-
ony development during the culture interval is presented
in Fig. 3a. Intriguingly, the micrographs show minute cen-
tral areas of differentiation that appear to be, at least in
part, associated with transformed residues from the orig-
inal seed. The small central differentiated area persisted
throughout the culture period; however, towards the end it
became so small relatively to the size of the colony that
in numerical expression it equalled less that 0.5% of the
total surface area. For the colonies that were exposed to
re-oxygenation, the differentiation was elicited as promptly
as in the cells recovering from short-term hypoxia of 5%
oxygen.

Quantitative analysis in Fig. 3b further confirmed that
the patterns of responses during long-term hypoxic
culturing and re-oxygenation were practically identical to
those observed in short-term hypoxic experiments.
Furthermore, these results were also confirmed using
CLS2-LT cell line (data not shown).

 

Short- and long-term incubation at 5% oxygen 
concentration influences the transcription and translation 
of differentiation markers

 

Immunodetection of the pluripotency-associated tran-
scription factor Oct4 and the differentiation-specific
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marker SSEA1 revealed intriguing information about the
effect of hypoxia on the structure of hESC colonies (Fig. 4).
From representative images obtained with the CLS1 line,
it appears that in standard oxygen concentration (20%)
only the circumferential zone remains undifferentiated,
whereas the pericentral area harbours SSEA1-positive
cells. In the intermediate zone between these two areas,
the undifferentiated cells penetrate into the central
differentiated zone in the form of discrete foci. Interest-
ingly, accumulations of cells negative for either marker are
apparent in this zone as well (indicated by arrowheads).

In contrast to normoxic conditions, in an atmosphere
of 5% oxygen, the colonies assume a thin and homo-

genous appearance, consisting nearly exclusively of
undifferentiated phenotype. Sparse cells negative for both
Oct4 and SSEA1 can also be found scattered throughout
the colony. Comparison of short- and long-term hypoxic
exposures indicates that the hypoxic adaptation is accom-
plished during the course of the first 4 weeks, after which
time, the morphological features of the colonies become
perpetuated during sub-culturing cycles.

To establish the expression of selected differentiation-
related genes at the transcriptional level in the differentiated
and undifferentiated zones of colonies, a semiquantitative
real-time RT-PCR analysis was performed (Fig. 5). The
samples from discrete areas of the hESC colonies were

Figure 2. The effect of short-term hypoxic treatment and re-oxygenation on the frequency of spontaneous differentiation of hESCs. (a) The
CLS1 line was sub-cultured by microdissection and grown for a period of 4 weeks at four different levels of hypoxia, covering the range from 1% to
15% of oxygen in the atmosphere. The undifferentiated zones were revealed through the expression of Oct4 (green), the areas of differentiation by
detection of SSEA1 (red), and nuclei were counterstained with Hoechst 33342 (blue). The progress of spontaneous differentiation was determined by
comparing the extent of Oct4-positive areas to the total surface of respective colonies. (b) After having been grown for a period of 4 weeks in hypoxic
conditions, the CLS1 line was passaged and transferred to oxygen concentration of ambient air. The analysis of spontaneous differentiation was done
as with hypoxic cultures (a). The images are mosaics of 20 single fields at 2.5-fold magnification, and the scale bars correspond to 4 mm. Each point
on the graphs represents an average of two independent experiments, where error bars denote standard error of mean. Asterisk indicates a significant
difference (P < 0.05) between hypoxic culture at 5% and control normoxic culture 20% oxygen. SSEA, stage-specific embryonic antigen; hESC,
human embryonic stem cell.
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dissected from the feeder layer under visual control using
a stereo microscope and pooled. The same source cDNA
was used to detect Oct4-, Nanog-, and Notch1-specific
messages. The profile of Oct4 mRNA kinetics indicates
only minor difference between undifferentiated areas from
normoxic and short-term hypoxic conditions; however,
the differentiated zones of normoxic cultures contained
a 4-fold lower level of Oct4 message. This pattern is well
in concordance with the 

 

in situ

 

 distribution of Oct4
transcription factor, as was shown previously by IFA in
Figs 2 and 4. The expression of Nanog followed a similar

pattern; however, Nanog appeared to be present in a
higher amount in the colonies grown at 5%.

Similar analysis done on the lines propagated in
hypoxic conditions in the long term (CLS1-LT and
CLS2-LT) revealed that the undifferentiated areas were
distinguished from differentiated ones by high levels
of Oct4- and Nanog- but not Notch1-specific mRNAs.
Interestingly, the cell lines adapted to long-term hypoxic
culture at 5% oxygen were consistently expressing lower levels
of Nanog and Notch1 messages than their counterparts
exposed to a short-term hypoxia.

 

Short- and long-term incubation at 5% oxygen 
concentration restricts growth rate and promotes 
homogeneity of cell proliferation across whole 
colonies of hESCs

 

The proliferative capacity of the CLS1 and 2 cells, as
determined by incorporation of [

 

3

 

H]-thymidine, showed
that in normoxic conditions the cells proliferated in a
linear fashion over the 4-week sub-culture period at a rate
that was significantly higher than that of the lines main-
tained in hypoxic conditions (Fig. 6a, left panel). At 5%
oxygen, the cells reached a plateau at the third week, and
the rate of proliferation in both the short- and long-term
experiments was at the same level.

The incorporation of BrdU was conveniently used to
identify the regions in the colonies, where cell division
took place. The plots in the right panel of Fig. 6a were
constructed by normalizing the proliferating areas to the
total colony surface. This presentation of data underscores
the fact that both in the normoxic and hypoxic conditions
the specific mitotic rate is declining with culture time at the
same rate.

Imaging studies, coupling capturing of whole colonies
with more detailed microscopic visualization, revealed
that at 20% oxygen concentration, the colonies were
essentially expanding through proliferation in a fringe
zone (Fig. 6b). In hypoxia, on the other hand, it was
apparent from the representative images of CLS1 cells,
which the growth was supported through mitotic activity
taking place over the major part of the colonies, except
for a small pericentral area.

 

The hypoxia-induced undifferentiated phenotype is 
reversed after inhibition of Notch activation

 

In order to examine the involvement of the Notch pathway
in the suppression of spontaneous differentiation by
hypoxia, the cultures of hESCs were incubated with

 

γ

 

-secretase inhibitor. The 

 

γ

 

-secretase inhibitor exerts its
effect on Notch-mediated signalling through preventing
the cleavage of Notch intracellular domain (NICD), which is

Figure 3. The effect of long-term hypoxic treatment and re-oxygenation
on the frequency of spontaneous differentiation within the colonies
of hESCs. Prior to this experiment, the CLS1-LT line was maintained
in hypoxia of 5% oxygen for over 18 months. (a) After sub-culturing by
mechanical microdissection, and further growth in identical hypoxic
conditions or replacing into normoxic conditions corresponding to ambient
air, the undifferentiated zones were revealed through the expression of
Oct4 (green), the areas of differentiation by detection of SSEA1 (red),
and nuclei were counterstained with Hoechst 33342 (blue). The images
are mosaics of 144 single fields at 10-fold magnification, and the scale
bars correspond to 1 mm. (b) The progress of spontaneous differentia-
tion was determined from the ratio of Oct4-positive areas to the total
surface of respective colonies. The plots are based on averages from two
independent experiments and error bars denote standard error of mean.
Asterisk indicates a significant difference (P < 0.05). SSEA, stage-specific
embryonic antigen; hESC, human embryonic stem cell.
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released and transported to nucleus where it participates
in active transcriptional complex, as a result of Notch
binding with its specific ligand. The representative images
from experiment with CLS1 cells clearly demonstrate that
the inhibition of Notch cleavage results in a dramatic
reversal of undifferentiated phenotype into mixed type
colonies (Fig. 7a).

Quantitative image analysis further confirmed that
the inhibition resulted in an average proportion of un-
differentiated colony areas even smaller than that
previously found in normoxic growth conditions (Fig. 7b).
Surprisingly, blocking of Notch activation in the control
conditions at 20% oxygen also resulted in highly significant
suppression of undifferentiated phenotype, in concordance
with hypoxic experiments.

 

Discussion

 

Until very recently, the importance of oxygen when
carrying out 

 

in vitro

 

 cell culturing has generally been
underestimated. However, the last few years have seen a
dramatic rise in the number of studies exploring the
regulatory role of oxygen both from basic biological as
well as applied aspects. With such progress in the under-
standing of cell regulations, a realization has come about
that oxygen is as much an intrinsic bioactive molecule as

other control factors of non-gaseous nature. Our results
are the first to demonstrate the responses of hESCs that
have been exposed to uninterrupted hypoxia ranging from
only a short duration of one 4-week passage to an extended
period for over 18 months. Most of the previous studies
did not account for the effect of re-oxygenation, and
furthermore, the long-term hypoxic adaptation beyond
2–4 weeks has, to the best of our knowledge, not
been explored. Providing a stable culture atmosphere that
would eliminate deleterious effects of re-oxygenation during
passaging was an essential feature of our experimental
setup. Re-oxygenation has previously been shown to
trigger generation of reactive oxygen species and precip-
itously up-regulates a number of genes (27), what eventu-
ally has an undesirable impact on the hypoxic adaptation.

In the current study, the investigation of multiple oxygen
tensions was also carried out for the first time in a system-
atic fashion. Based on our previous experience with vari-
ous MSCs (data not published), we opted to use 1%
oxygen as the lowest level that can still sustain the cells.
Although this level of hypoxia was only marginally toler-
able and in some instances it resulted in demise of the
culture, it reproducibly produced the most robust responses.
Oxygen concentration of 5% provided a useful level at
which the best balance between cell survivability and the
range of biological responses was observed. The last two

Figure 4. Structure of hESC colonies maintained at ambient air oxygen concentration or exposed to moderate hypoxia during short-
or long-term culture. CLS1 line was routinely grown in the presence of 20% oxygen, and for short-term hypoxic exposure it was cultured in 5% of
oxygen atmosphere for 3 weeks. CLS1-LT cell line, that has previously been maintained in long-term (>18 months) hypoxic conditions corresponding
to 5% oxygen, has also been sub-cultured in 5% oxygen for 3 weeks. The nuclei are rendered in blue (Hoechst 33342), undifferentiated areas in green
(Oct4+), and differentiated areas in red (SSEA1+). Arrowheads indicate accumulations of cells negative for both Oct4 and SSEA1. The overview
images are mosaics, entailing from 30 to up to 120 single fields, at 10-fold magnification. SSEA, stage-specific embryonic antigen; hESC, human
embryonic stem cell.
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oxygen concentrations, 10% and 15% were included to
detect any responses to moderate hypoxia. The present
report demonstrates that hypoxia, below a threshold of
approximately 5% oxygen, renders the cells with a more
uniform phenotypic profile. It is important to note that
this phenomenon is paralleled with a decrease in cell pro-
liferative rate. In the face of these observations, it seems
possible that a fine tuning between growth and differenti-
ation can be achieved. It is conceivable that by lowering
oxygen concentration below 5%, the inhibition of differ-
entiation can be improved until the point where the trade-
off with decreased growth rate will become unacceptable.

The inhibition of hESC growth by hypoxia is an intriguing
observation since in our previous studies on fat tissue-
derived MSCs; we have, in contrast, observed a stimula-
tory effect of low oxygen concentration (Pia Lund,
personal communication). When interpreting the hESC
behaviour, one has to keep in mind that MSCs represent
quite a disparate cell system. However, when considering
a rather homogenous group of ESCs, it seems conceivable
that hypoxic exposure may elicit a broad spectrum of
responses. Previously, for example, oxygen concentration
as low as 1% has not been found to interfere with hESC
survival (22), and in studies on murine ESCs various

Figure 5. Kinetics of expression of Oct4-, Nanog-, and Notch1-specific messages in hESCs during short- and long-term hypoxic exposure by
real-time RT-PCR. The CLS1 and CLS2 hESCs lines were grown in the normoxic conditions of ambient air or in short-term hypoxia of 5% oxygen
concentration. CLS1-LT and CLS2-LT cell lines, that have previously been maintained in long-term (>18 months) hypoxic conditions corresponding
to 5% oxygen, have also been sub-cultured in 5% oxygen for 4 weeks. For the analysis in normoxic conditions, the differentiated and undifferentiated
parts of the colonies were separated from feeder layer. In hypoxic conditions, whole, feeder-free, colonies were analysed. The expression levels were
normalized to the undifferentiated cells from control cultures at the first week. The error bars denote standard error of mean and they are shown only
in positive direction. Asterisks indicate a significant difference (P < 0.05). undif, undifferentiated; dif, differentiated; hESC, human embryonic stem
cell.
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degrees of hypoxia have been shown to both promote
proliferation (28) as well as inhibiting self-renewal (16). The
variability of the observed responses may in addition to
the cell type and species depend also on different growth
conditions and means of propagation, such as trypsiniza-
tion or dissection, and also inadvertent re-oxygenation
during handling stages. Thus, although the general signi-
ficance of hypoxia for the maintenance of pluripotential
state of hESCs seems at this point firmly established,
further studies employing different cell lines and stand-
ardized growth conditions would be necessary to truly appre-
ciate the significance of a particular discrete hypoxic level.

The hallmark of both short- and long-term hypoxic
settings at 5% oxygen concentrations was preservation of
undifferentiated phenotype, for which Oct4 expression
was used as a surrogate marker. Although Oct4 is essen-
tial, there have been several other markers identified,
which correlate with the pluripotential status in hESCs
(29,30). The analysis of Nanog and Notch1 transcriptional
expression during short- and long-term hypoxia indicated
that the cells, although principally being pluripotent,
represent phenotypical variants. More profiling appears
necessary to assess the actual scope of this discrepancy.
However, because especially the long-term hypoxic cultures

Figure 6. Proliferation of hESCs grown for short- or long-term in hypoxic conditions. The CLS1 cells were routinely grown at 20% oxygen, and
exposed to 5% oxygen during a short-term 4-week culture. The CLS1-LT cell line was grown for 4 weeks at 5% oxygen following a previous long-
term (>18 months) propagation in hypoxia. (a) The rate of the colony growth was determined from incorporation of [3H]-thymidine (left panel) and
the relative proliferative activity as a ratio of proliferating areas to the total colony surface was determined from incorporation bromodeoxyuridine
(right panel). The plots are based on averages from two independent experiments, and the error bars denote standard error of mean. The asterisk
indicates a significant difference (P < 0.05). (b) Microscopic analysis of the proliferation pattern was done both at an overview magnification
and a higher resolution at 3 weeks post-sub-culturing. The overview images are mosaics of 144 single fields at 10-fold magnification. ST, short-term;
LT, long-term; hESC, human embryonic stem cell.
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may be an attractive source of precursor cells in specific
differentiation applications, their further detailed analysis
is highly warranted.

The molecular mechanisms that mediated the main-
tenance of hESCs pluripotential status at 5% oxygen

hypoxia in the current investigation remain unclear at this
point. Gustafsson et al. (23) discovered that stabilization
of HIF-1 is necessary to support the undifferentiated
phenotype by hypoxia. In our own preliminary experi-
ments, however, we have found that HIF-1 was present
only in the first days after the initiation of hypoxia. Thus,
although involvement of HIF-1 can provide a plausible
explanation of the observed hypoxic effect during short-
term exposure, the transitional nature of its stabilization
rules out a role for HIF-1 in a scenario with hypoxic incu-
bation extended over several months. Irrespective of the
presence of HIF-1, it is likely that hypoxia exerts its effect
via a cross-talk with Notch signalling pathway. Notch sig-
nalling is well recognized for its involvement in differen-
tiation of hESCs (31,32). Whether it is induced activation
of Notch signalling through facilitation of NICD cleavage
or increased transcriptional activity of NICD itself that
results from hypoxic exposure needs to be determined.
By the same token, other differentiation-related pathways
should be considered for possible involvement. Taken
together, the available evidence indicates that hypoxia-
mediated but HIF-1-independent regulation involving Notch
pathway is essential for long-term support of hESCs
self-renewal.
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