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Abstract
Adult stem cells reside in hypoxic niches and embryonic stem cells (ESCs) are derived from a low
oxygen environment. However, it is not clear whether hypoxia is critical for stem cell fate since
for example human ESCs (hESCs) are able to self-renew in atmospheric oxygen concentrations as
well. We now show that hypoxia can govern cell fate decision since hypoxia alone can revert
hESC- or iPSC-derived differentiated cells back to a stem cell-like state, as evidenced by re-
activation of an Oct4-promoter reporter. Hypoxia-induced “de-differentiated” cells also mimic
hESCs in their morphology, long-term self-renewal capacity, genome wide mRNA and miRNA
profiles, Oct4 promoter methylation state, cell surface markers TRA1-60 and SSEA4 expression
and capacity to form teratomas. These data demonstrate that hypoxia can influence cell fate
decisions and could elucidate hypoxic niche function.
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Introduction
Many adult stem cells reside in a hypoxic niche and it is proposed that this low oxygen level
in niche regulates stem cell fate. For example long term hematopoietic stem cells (LT-HSC)
are found in hypoxic osteoblastic niches [1]. Similarly, inner cell mass and epiblast stem
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cells (EpiSCs) reside in a hypoxic environment and hypoxia has been shown to be beneficial
for the embryonic stem cells (ESCs) or EpiSCs derived from these stages [2-4]. However, it
is not clear what the mode of function of hypoxia is in the stem cell niche.

Hypoxia has been shown to promote an undifferentiated state in various stem cell
populations [5-10]. Hypoxia Inducible Factors (HIFs) directly regulate the expression of
transcription factors implicated in stem cell self-renewal and multipotency and induce hESC
signature in cancer cells [11-13]. Hypoxia also enhances reprogramming of fibroblasts into
induced pluripotent stem cells (iPSCs; [14, 15]. Some adult stem cells, for example HSC,
have highly glycolytic metabolism. One of the key regulators for this process is HIF1α [16].
Similarly, EpiSCs and human ESCs (hESCs) are highly glycolytic, while ESCs are bivalent
changing from mitochondrial to glycolytic energy production in demand [17]. HIF1α also
regulates this metabolic and developmental transition between pluripotent stages [17]. These
findings are in accordance with the importance of hypoxia and HIF-pathway in stem cell
fate. However, ESCs can self-renew in normoxia as well and some hypoxic experimental
paradigms do not result in a consistent increase in self-renewal suggesting that hypoxia is
not essential for maintenance of ESCs [18, 19].

We now show that hypoxia can drive committed cells back to an earlier stage. These
hypoxia-induced cells are pluripotent as evidenced by their stem cell marker expression and
teratoma forming property. These data are a step toward addressing the function of hypoxia
on niche biology. The continuous push toward stem cell fate by the hypoxic niche
environment may be essential since stem cells are metastable and have a natural tendency to
drift towards differentiation.

Materials and Methods
Tissue culture and hypoxia induction

The H1 (WA-01) and H7 (WA-07) hESC lines were obtained from Wicell Research Institute
(Madison, WI, USA). The RUES2 hESC line was obtained from the Rockefeller University
(New York, NY, USA). OSLN6 iPSCs were generated from human foreskin fibroblasts
[20]. hESCs and iPSCs were cultured as previously described [11, 21]. Briefly, the cells
were cultured on a feeder layer of irradiated primary mouse embryonic fibroblasts (MEF) in
DMEM/F-12 media supplemented with 20% serum replacer, 1 mM sodium pyruvate, 0.1
mM non-essential amino acids, 50 U/ml penicillin, 50 μg/ml streptomycin, 0.1 mM β-
mercapto-ethanol (Sigma-Aldrich, St. Louis, MO), and 4 ng/ml basic fibroblast growth
factor (bFGF). Prior to the experiments, the cells were transferred to growth factor reduced
Matrigel (Becton Dickinson, Moutainview, CA) in MEF conditioned media (CM). Dispase
was used to passage hESC and iPSC colonies. All reagents are from Invitrogen (Carlsbad,
CA) unless otherwise specified.

For hypoxic conditions, cells were cultured in multi-gas incubators (Sanyo, San Diego, CA).
Nitrogen gas was supplied to the chambers in order to induce a controlled reduced
percentage of oxygen. To reduce fluctuation in oxygen level after media changes, either the
media was pre-equilibrated under hypoxia or a closed hypoxia workstation (In Vivo2 200
hypoxic station, Ruskinn Technologies, Bridgend, UK) was used. However, some
fluctuation can't be avoided in the procedure used in these studies.

For “normoxic” conditions, cells were cultured in incubators containing 5% CO2 and
atmospheric concentration of O2, resulting in approximately 20% O2. While 20% is not a
“normal” oxygen tension for hESCs in vivo, we will use that nomenclature for the cell
culture conditions throughout this paper.
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Differentiation of hESCs and “de-differentiation” experiment
Serum forced undirected differentiation of hESCs and iPSCs was induced with the following
media formulation: DMEM + Glutamax supplemented with 20% fetal bovine serum (FBS,
ES qualified, Invitrogen), penicillin and streptomycin for 4 to 14 days. Similar de-
differentiation efficiency was observed when the cells were differentiated up to two weeks.
However, the cells differentiated passed two weeks were not de-differentiating with hypoxia
alone in the present experimental conditions. The time to reach differentiated cellular
morphology varied depending on the cell line and the density they were first plated. The
differentiated cells were passaged with Dispase, replated on Matrigel with conditioned
media and cultured under either hypoxia (2% O2) or 20% O2. In some cases, plates of
differentiated cells were directly transferred in hypoxic chambers or kept at 20% O2. First
hESC-like colonies appeared in cells cultured in hypoxia around 5-7 days. When cells
became too confluent, they were passaged with Dispase and replated on Matrigel. After two
weeks, colonies were picked and plated on mouse embryonic fibroblasts (MEF) and the “de-
differentiated” cell line generated was cultured at 20% O2. The differentiated cells cultured
at 20% O2 showed a higher percentage of dead cells after passage compared to cells cultured
in hypoxia. In order to avoid fluctuations in hypoxia level, in the first three experiments cells
differentiated from H1 were passaged in a hypoxic chamber. In later experiments, cells
differentiated from hESCs and iPSCs were passaged in a normoxic tissue culture hood with
a media equilibrated to hypoxia for a few hours prior to handling. In both cases, between 3
to 5 colonies were obtained in the first week under hypoxia on a plate where 4×105 cells
were originally seeded.

Sodium butyrate treatment
In order to assess the effect of HDAC activity in the “de-differentiation” process, the HDAC
inhibitor sodium butyrate (1mM, Sigma) was added to the conditioned media when 6-day
differentiated H7 cells were transferred to hypoxia (2% O2). Media with or without sodium
butyrate was changed every other day.

Stable transfection of hESCs with Oct4-GFP reporter construct, cell sorting and
environmental scope analysis

A 3.9kb OCT4 promoter region-GFP fusion construct was linearized using Apal I restriction
enzyme and transfected into cells using lipofectamine 2000 as previously described [22].
Since the vector also contained a neomycin resistance gene regulated by an SV40 promoter,
cells were treated for two weeks with 200μg/ml of G418 to select for those that stably
integrated and expressed the transgene. GFP expression was assessed in H1 cells by
fluorescence microscopy (Leica) as well as flow cytometry (FACS Canto, BD).

4 day differentiated Oct4-GFP hESCs were harvested by trypsinization, washed, and
resuspended in hESC media for cell sorting. Fluorescence-activated cell sorting was
performed using a FACS Aria flow cytometer (Becton-Dickinson) based on green
fluorescence intensity. An equal number of GFP negative cells (4×105 cells) were plated in
high (20%) or low (2%) oxygen on 35mm Matrigel-coated plates in presence of conditioned
media.

After 4 days of serum-induced differentiation, H1 Oct4-GFP cells were cultured in hESC
medium within an environmental imaging apparatus (Zeiss) and maintained in hypoxia (2%
O2). Bright field and fluorescence images were taken every 3 hours.
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“Traffic light” system
“Traffic light” H7 cells ([23], Fig.4A-B) growing on Matrigel were differentiated using 20%
serum without CM or FGF. After two days of serum forced differentiation the colonies had
dispersed to single flat cells. After differentiation for two days these cells were infected with
the CK7-CRE lentivirus (∼3,500 lentiviral particles per cell) in presence of Polybrene (4μg/
ml) [23]. Pictures of 6-day differentiated cells were taken with a fluorescence microscope
(Leica). Cells were then cultured in hESC media under either normoxia (20%O2) or hypoxia
(2%O2) and additional pictures were taken to monitor the appearance of green colonies. In
some conditions (in particular infection of hESCs as single cells in suspension with high
virus titer) some GFP expression could be detected immediately in hESCs [23]. However,
the infection conditions in the data shown here used lower virus titer on pre-plated cells. In
order to rule out the possibility of leakiness of the GFP from the construct in our system,
undifferentiated “traffic light” H7 cells were infected with the CK7-CRE lentivirus 4 days
prior to analysis. No obvious leakiness was observed in these conditions.

Retinal progenitor induction
Hypoxia “de-differentiated” cells were differentiated into retinal progenitors as previously
described [24]. Briefly, cells were aggregated in six-well ultra-low attachment plate (VWR)
to form embryoid bodies (EB) in media containing DMEM/F-12, 10% serum replacer, B-27
supplement (Invitrogen), 1 ng/ml mouse noggin (R & D Systems, Minneapolis, MN), 1 ng/
ml human recombinant Dkk-1 (R & D Systems) and 5 ng/ml human recombinant insulin-
like growth factor-1 (IGF-1) (R & D Systems). After 3 days, EB were plated onto Matrigel-
coated plates and cultured in the presence of DMEM/F-12, B-27 supplement, N-2
Supplement (Invitrogen), 10 ng/ml mouse noggin, 10 ng/ml human recombinant Dkk-1, 10
ng/ml human recombinant IGF-1, and 5 ng/ml bFGF. The media was changed every 2–3
days.

Retinal progenitor marker expression was analyzed by either qPCR anaylsis for PAX6,
LHX2 and SIX3 (primer sequences in Suppl.Table5) or immunostaining for TUJ1, PAX6,
NESTIN and SOX9. The following antibodies were used: mouse anti-TUJ-1 (Covance,
Austin, TX), mouse anti-PAX6 (DHSB, Iowa City, IA), rabbit anti-SOX9 (Abcam,
Cambridge, MA), mouse anti-NESTIN (gift from Dr. Eugene Major, NIH, Bethesda, MD).
Secondary antibody stainings were done using the corresponding Alexa Fluor 633
fluorescent-tagged antibodies (Molecular Probes, Invitrogen).

Teratoma formation
Hypoxia “de-differentiated” cells were cultured on either conditioned medium or TeSR2
medium (StemCell Technologies, Vancouver, BC, Canada) on Matrigel-coated plates or in
hESC medium on a feeder layer. Cells were detached from culture dishes with dispase and
pooled. About 4 × 106 cells were resuspended in Matrigel supplemented with a cocktail of
prosurvival factors [25], and injected into the femoral muscle of SCID-Beige mice (Charles
River, Wilmington, MA). Mice were kept under biosafety containment level 2. Palpable
tumor masses developed in approximately 5 weeks. The tumor bearing mice were sacrificed,
tumor tissue was fixed in 10% formalin (Richard-Allan Scientific, Kalamazoo, MI) for 24h
and stored in 70% ethanol until paraffin imbedding. Five μm sections of the tumor were
stained with hematoxylin and eosin using standard protocols. Sections were assessed by a
boarded veterinary pathologist.

Gene expression (mRNA and miRNA) analyses
mRNA microarray analysis was performed as described previously [26]. Gene expression
data analysis was done with the Rosetta Resolver gene expression analysis software (version
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7.1 Rosetta Biosoftware, Seattle, WA). The miRNA levels were determined using Agilent
miRNA microarrays. A total of 100 ng of total RNA per profile was labeled, hybridized, and
scanned by Agilent Technologies personnel following the manufacturer's protocol (Agilent
P/N G4170-90010). Briefly, samples were dephosphorylated and end-labeled using T4 RNA
ligase and 3′-cyanine, 5′-cytidine bisphosphate (pCp-Cy3). Labeled material was combined
with blocking and hybridization buffer, denatured, and hybridized for 20 hr at 55°C in
Agilent SureHyb cartridges. Samples were washed using the manufacturer's protocol and
scanned using Agilent XDR scanning (dual-scan at 100% PMT and 5% PMT). Agilent
Feature Extraction v9.5.3.1 software was used to acquire and process the array images.
MAGE-XML data were uploaded into Rosetta Resolver and analyzed using custom MatLab
tools.

mRNA and miRNA qRT-PCR
Total RNA was extracted using TriZol (Invitrogen) and treated with DNase (Ambion,
Austin, TX). RNA abundance was determined using a Nanodrop ND-1000
spectrophotometer (Nanodrop Technologies, Wilmington, DE). After a reverse transcription
reaction using the Omniscript RT kit (Qiagen, Valencia, CA), OCT4, SOX2, NANOG,
LHX-2, PAX-6, SIX-3, BMP4 and HAND1 were analyzed by qPCR with SybrGreen master
mix (Applied Biosystems, Carlsbad, CA), while CGB and FN1 were analyzed by qPCR
using the TaqMan assay (Applied Biosystems) on an Applied Biosystems 7300 Real-time
PCR cycler. All data were normalized to b-ACTIN transcript levels. The gene primers used
are listed in Suppl. Table5. TaqMan miRNA assays (Applied Biosystems) were used for
miRNA qPCR according to the manufacturer's protocol using RNU66 snoRNA as a loading
control.

Oxygen consumption rate (OCR) and Extra-cellular acidification rate (ECAR)
measurements using SeaHorse Cellular Flux assays

hESCs H7 grown in normoxia or in hypoxia (2%O2) for 2 weeks, 6-day differentiated H7
cells, cells “de-differentiated” from 6-day differentiated H7 cells, RUES2 hESCs and 14-day
differentiated RUES2 cells were seeded the day prior to the experiment onto Matrigel- or
Gelatin-pre-treated SeaHorse plates at 2–4 × 105 cells per XF96 well. Differentiated cells
were cultured in DMEM medium complemented with 20% fetal bovine serum (FBS) and all
other cells in MEF-conditioned medium. Culture media were exchanged for base medium 1
h before the assay: unbuffered DMEM (Sigma D5030) supplemented sodium pyruvate
(Gibco, 1mM) and with 25mM glucose (for MitoStress assay) or 2mM glutamine (for
glucose stress assay). The OCR and ECAR values were further normalized to the number of
cells present in each well, quantified by Hoechst staining (HO33342; Sigma-Aldrich) as
measured using fluorescence at 355 nm excitation and 460 nm emission. Changes in OCR in
response to the uncoupler carbonyl cyanide p-triuoromethoxyphenylhydrazone, (FCCP,
1μM) injection in the MitoStress assay was defined as the maximal change after the
chemical addition compared with the uncoupled or basal OCR. Changes in ECAR in
response to Glucose (2.5mM) injection in the glucose stress assay was defined as the
maximal change after glucose addition compared to basal ECAR.

Immunofluorescence analysis of Tra-1-60 and SSEA-4 protein expression
hESCs and “de-differentiated” cells were grown on Matrigel-treated chamber slides (Nalge
Nunc Intl., Rochester, NY). Cells were fixed with 4% paraformaldehyde (PFA) and stained
for SSEA-4 or TRA-1-60 (1:200, Chemicon, Temecula, CA). The secondary antibody
Alexa-568 goat anti-mouse (1:1000, Molecular Probes) was used. Cells were further treated
with DAPI and visualized using confocal microscopy. Incubation with the secondary
antibody alone was used as a negative control.
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Bisulfite sequencing analysis
To identify the methylation status of CpG islands in the Oct-4 gene promoter, a published
method [27] was followed. Briefly, conversion of unmethylated cytosines to uracil of
purified genomic DNA was carried out as described in EZ DNA Methylation-Gold Kit
(ZYMO, Orange, CA). About 400 ng genomic DNA was bisulfate treated in each reaction
and 100ng of the treated DNA was used for each PCR reaction. Primers used to amplify a
genomic DNA fragment in the human OCT4 promoter were: methyl-Oct4F: 5′-
ATTTGTTTTTTGGGTAGTTAAAGGT-3′, and methyl-Oct4F: 5′-
CCAACTATCTTCATCTTAATAACATCC-3′, with the following conditions (Zymo Taq
DNA Polymerase, Orange, CA): initial denaturation for 10 min at 95°C; 38 cycles of 95°C
for 30 seconds, 50°C for 30 seconds, 72°C for 1 min; and followed by 72°C for 10 min. The
PCR products were cloned into TOPO PCR cloning vector (Invitrogen, Carlsbad, CA),
amplified and sequenced.

Results
Hypoxia reverts committed cells back to the hESC state

To determine whether hypoxia is involved in changing cell fate, we tested if hypoxia can
revert early committed cells back to the hESC state, using three pluripotent cell lines. Two
hESC lines (H1 and H7) and one induced pluripotent stem cell (iPSC) line (OSLN6, [20])
were forced to differentiate in 20% serum without conditioned media and FGF 4, 5 or 6
days, respectively ([20]; Fig.1A-B). These committed cells were then cultured under
hypoxia (2% O2) or atmospheric oxygen (20% O2) in conditions that support stem cell
growth (Fig.1A). In all three cell lines, after one to two weeks in hypoxia, colonies were
identified with undifferentiated hESC morphology (Fig.1B, “hypoxia-de-differentiated”),
whereas cells cultured at 20% O2 continued to differentiate (Suppl.S1A). To test the extent
of differentiation that still supports hypoxia driven “de-differentiation”, we differentiated
hESCs and tested their “de-differentiation” capacity at different time points. Cells up to, but
not beyond two weeks of differentiation were able to revert back to Oct4-GFP positive, stem
cell like colonies in hypoxia (Fig.1C). We analyzed the methylation status of the Oct4
promoter by bisulfate sequencing during the course of differentiation and showed that Oct4
promoter was efficiently methylated upon differentiation (4, 6, 11, 14 days, Fig.1D,
Suppl.S2). Furthermore, a change in the metabolic profile from glycolytic hESC profile to a
more differentiated cell profile with a higher oxygen consumption rate (OCR) and lower
Extra-cellular acidification rate (ECAR) was observed during two week differentiation (Fig.
1E-F, [17]). Altogether these results indicate that the cells used were committed to a
differentiation process. 4day or 6day differentiation paradigms were used in the rest of the
manuscript.

We further detected a dramatic up-regulation of early differentiation markers and stem cell
marker down-regulation during 4day and 6day differentiation (Fig.1G-I, Suppl.S1,
Suppl.Table1). These changes in gene expression continue in 20% O2, but not in 2%O2. In
hypoxia stem cell marker expression is up-regulated and the differentiation markers are
repressed, showing molecular indications of “de-differentiation” (Fig. 1G,H).

To test whether hypoxia could affect the growth rate of hESCs, colony diameter and cell
cycle profile (H1) and BrDU incorporation (H7) were monitored when cells were cultured at
20% O2 or 2% O2. Under the conditions used, no obvious growth rate differences were
observed (Suppl.S3), suggesting that the hESC-like colonies observed in hypoxia, but not at
20% O2, were not a product of an abnormally rapid cell division in low oxygen.
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Hypoxic “de-differentiated” cells express hESC markers
Previous studies have revealed that HIFs can regulate the reprogramming factors, OCT4,
NANOG, SOX2 and miR-302 in cancer cells [11, 12]. The mRNA levels of these master
regulators of stem cells decreased after four days of serum forced differentiation [20, 21, 28]
and were further reduced after two weeks in 20% O2 in hESC media (Fig.1G, Suppl.S1B-E).
In contrast, these stem cell markers were highly up-regulated reaching the hESC expression
levels in the colonies formed during 10-14 day “de-differentiation” in 2% O2 in hESC media
(Fig.1G, 2A; Suppl.S1B-C). Accordingly, the OCT4 promoter was highly unmethylated in
hypoxia “de-differentiated” cells, comparable to the levels observed in hESCs (Fig.2B, Fig.
1D). We also tested the mitochondrial activity of the hypoxia “de-differentiated” cells by
analyzing the OCR increase after FCCP addition. OCR of the hypoxia “de-differentiated”
cells was significantly reduced compared to 6-day differentiated cells, comparable to the
level of OCR observed in hESCs, indicating that the hypoxia “de-differentiated cells”
depicted hESC-like glycolytic metabolism (Fig.2C; hESC(H7) [17]). When in primed state,
the maximum OCR of hESCs does not change whether cultured in hypoxia (2%O2) or
normoxia (20%O2) (Fig.2C; H7).

We further analyzed the genome wide expression profiles of the “de-differentiated”, hESC-
like colonies formed during the two week incubation in hypoxia and found them to be
similar to hESC expression profiles (Fig.2D,E, Suppl.S4A). The microarray expression
analysis revealed an overlap of between hESC and hypoxia “de-differentiated” cells. Among
1316 significantly changed genes, 389 genes were up-regulated in both hESC and hypoxia-
induced “de-differentiated” cells, including OCT4, SOX2 and NANOG targets, as well as
other hESC enriched genes as revealed by independent GO-analysis (Fig.2D; Suppl.Table2).

We also performed microarray analysis to profile the miRNA signatures (Fig.2E) since
subtle miRNA changes have been used as indicators of different stem cell stage [20, 28, 30].
We found that the set of up-regulated miRNAs in hypoxia “de-differentiated” cells was
highly similar to those enriched in hESCs (H1) [20]. This set contained miR-302 family,
miR-372 and miR-515 family members (Fig.2E, open box; Suppl.Table3). We also analyzed
the data for common miRNA signatures (P<0.01) in H1 relative to 4-day differentiated
cultures [20], and in 20% O2 relative to 2% O2 for 2 weeks. The datasets identified 64
miRNAs that were significantly up-regulated in H1 cells and “de-differentiated” cells
(Suppl.S4B). As a control, we showed that the hypoxia-induced miRNA miR-210 was over-
expressed in cells cultured under hypoxia (2% O2) but not cultured at 20% O2 (Suppl.S4B).
We also examined the expression of 45 hESC-enriched miRNAs [20] and found a
significant overlap between undifferentiated H1 and cells “de-differentiated” for two weeks
under hypoxia (Suppl.S4C).

The hypoxia-induced stem cell-like colonies possessed a similar morphology and self-
renewing capacity in normoxia or in hypoxia as hESCs, and expressed hESC stem cell
markers OCT4, SOX2, NANOG, miR-302c, miR-372and miR-520f, and hESC surface
markers Tra-1-60 and SSEA4 (Fig.2A,F; Suppl.S1, S4).

Collectively, the results of miRNA and mRNA profiling and validation, OCT4 promoter
methylation analysis, metabolic profiling and the cell surface markers show that, when
cultured two weeks in hypoxia in stem cell permissive conditions, early committed cells can
adopt an expression signature and functional metabolism characteristic of undifferentiated
hESCs.

Hypoxic “de-differentiated” cells arise from already committed cells
To further analyze the process, we transformed the H1 hESC line with an Oct4-GFP-
construct, and obtained a GFP-positive stable H1-line ([22]; H1 Oct4-GFP; Fig.3A left
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panel). As expected, the Oct4 promoter driven GFP expression was highly reduced after
serum-forced differentiation (Fig.3A middle panel; [20]). Those committed, Oct4-GFP
negative cells were isolated by FACS sorting and cultured at either 2% O2 or 20% O2 (Fig.
3B). Only in hypoxia (2% O2) were the GFP-negative cells able to “de-differentiate” to
Oct4-GFP positive hESC-like colonies (Fig.3B). We also followed the hypoxia-induced
process under an environmental microscope. Interestingly, the first appearance of Oct4-
driven GFP in “de-differentiating” cells was observed 4-5 days after initiation of hypoxia
treatment using live cell imaging (Fig.3C). After two weeks in hypoxia, we obtained green
colonies expressing Oct4-GFP. Colonies were then picked and cultured on irradiated MEF
feeders (Fig.3A right panel). Altogether, these results show that early committed Oct4-GFP
negative cells are able to re-express Oct4-GFP when cultured under hypoxia.

To mark the early committed cells, we used a hESC line (H7) engineered to stably express a
“floxed” reporter integrated into the AAVS1 locus using zinc finger nuclease and CK7-CRE
[23]. The AAVS1 locus is located in a site with an open chromatin structure, avoiding
transgene silencing [31, 32]. The construct used is a dual-fluorescence reporter containing
the Tomato and GFP genes under the control of a strong CAG promoter and separated by a
STOP codon (“traffic light system”; [23, 33]). The Tomato gene is flanked by loxP
recombination sites and can be excised along with the STOP codon when CRE is expressed
(Fig.4A). When CRE, driven by an enhancer of the muscle creatine kinase promoter (CK7;
[34]) is added by lentivirus, only cells that differentiate can lose Tomato and gain GFP
expression due to a CRE dependent excision event. After the excision, GFP is constitutively
expressed driven by the CAG promoter activity (Fig.4B). This marking system allowed us to
follow a hESC derived, committed cell's capacity to revert back to an undifferentiated state
in hypoxia (Fig.4C). We first confirmed that undifferentiated H7 cells expressed only
Tomato with our settings (red fluorescence, Fig.4A, 4D, Suppl.S5A-B). We then initiated
the differentiation protocol and after two days, when the cells had lost their stem cell like
colony morphology, the CRE-recombinase was induced (Fig.4C). After 6 days of serum-
induced differentiation, around 1-2% of H7 traffic light cells expressed GFP, indicating
differentiation (Fig. 4B, 4E-F). When cultured under hypoxia (2%O2), about 0.025% of the
cells expressing GFP formed colonies (Fig.4G, Suppl.S5C-E) while the cells cultured at
20% O2 continued differentiating. These results show that differentiated hESCs as
determined by acquisition of GFP signal, can be pushed back to an undifferentiated stage
when grown under hypoxic conditions (Fig.4G) and that this effect is not due to cells that
escaped differentiation initially.

Hypoxia can push committed cells back to a pluripotent state
We further tested whether hypoxia induced hESC-like cells were pluripotent and had the
capacity to differentiate. The hypoxia induced Oct4-GFP positive hESC-like cells lost their
capacity to express Oct4-GFP after 4-6 day serum-forced differentiation, comparable to the
normal hESCs (Suppl.S6A). Accordingly, after 10 days in serum-forced differentiation, the
Oct4 promoter was highly methylated (10D diff., 60% CpG methylation, Fig.5A) compared
to hypoxia-“de-differentiated” cells (4.6% CpG methylation, Fig.2B). Differentiation
capacity was also indicated by the fact that stem cell markers were down-regulated while
differentiation markers were up-regulated as analyzed by qPCR (Fig. 5B).

To test whether the hypoxia “de-differentiated” cells were pluripotent, we analyzed whether
they were able to induce retinal progenitor differentiation and teratoma formation. Both
immunochemistry and qPCR analysis of retinal progenitor markers showed that hypoxia
“de-differentiated” cells were able to differentiate to neuronal cells (Fig.5C-F, Suppl.S6B;
[24]). Furthermore, teratoma analysis revealed that hypoxia “de-differentiated” cells were
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capable of differentiating to all three germ layers, endoderm (gland), ectoderm (pigmented
neuroectoderm) and mesoderm (cartilage and bone) (Fig.5G-J).

Hypoxia driven “de-differentiation” requires HDAC activity
To reveal the potential mechanism for hypoxia-induced “de-differentiation”, we analyzed
the expression profiles and identified highly significant HIF1α or HIF2α target signature up-
regulation (P<9×10-35 and 9.91×10-7, respectively). Among the 515 genes significantly up-
regulated in the hypoxia “de-differentiated” cells, 18.6% were HIF target genes (11.3%
HIF1α targets and 7.3% HIF2α targets). In addition, a significant enrichment (50%, P<
6.12-7) of HIF1α target genes was observed in the top 15% of genes up-regulated in 2% O2
but not in the 20% O2 treatment (Fig.6A, Suppl.Table4). These data indicate that the process
instigated in 2% O2 directly stimulated HIF target genes. Most of these HIF1α targets (Fig.
6A, Suppl.Table4) are involved in up-regulation of glycolytic metabolism, supporting the
recent finding that the primed pluripotent state is highly glycolytic and the push toward an
undifferentiated state might be driven by metabolic changes [17, 29].

In order to determine whether epigenetic modifications could play a role in hypoxic-
generation of hESC-like colonies, we inhibited histone deacetylase (HDAC) activity with
sodium butyrate. This HDAC inhibitor blocked the hypoxia-induced “de-differentiation”
since the number of colonies observed was significantly reduced (Fig.6B-D). However
HDAC inhibitor did not affect significantly the survival of the differentiated cells.

Discussion
We challenged the controversial notion of hypoxia requirement in stem cell fate by testing
whether hypoxia is involved specifically in the re-acquisition of stem cell properties. To do
so, we set up a sufficiency assay and showed that hypoxia, but not atmospheric
concentrations of oxygen, can push committed cells back to a stem cell state. The hypoxia
“de-differentiated” cells were generated from differentiated cells as assessed with
differentiation marker profiles and re-activation of OCT4 promoter analyzed by an Oct4-
GFP construct and promoter methylation analysis. These hypoxia-induced stem-like cells
also mimic hESCs by their colony morphology and long-term self-renewal capacity.
Furthermore, as seen before with hESCs, after initial “de-differentiation”, the hypoxia-
induced cells were able to self-renew both in hypoxia and in normoxia. Genome wide
mRNA and miRNA analysis revealed a significant similarity between the hypoxia-induced
stem-like cells and hESCs. In addition, the characteristic cell surface markers, TRA-1-60
and SSEA4, were expressed in hypoxia-induced stem-cell like colonies. Most significantly,
the hypoxia-induced stem-like cells showed a pluripotent differentiation capacity; serum-
forced early differentiation was efficient, neuronal photoreceptor precursors were observed
and the cells were able to generate teratomas in mice. Hence early committed cells can be
reverted back to a hESC-like state by hypoxia alone (Fig.7A). In the conditions we have
used hypoxia alone is not potent to reprogram adult or fetal fibroblasts. However hypoxia
does increase their reprogramming efficiency if other reprogramming factors are included to
the process [14, 15]. The population of pluripotent cells in culture is very heterogeneous and
has a high degree of plasticity [35, 36, 37]. Recent works in multipotent hematopoietic cells
propose that the switch from precursor state to differentiated state is not a bistable system
but rather that “metastable” intermediate states exist [38-40]. It is therefore possible that
early committed cells derived from hESCs are in a reversible stage where they express
markers of differentiation but are still capable of re-entry into pluripotency if the conditions
are favorable. In this paper, we show that hypoxia can influence fate determination and push
“metastable” committed cells toward a more undifferentiated state (Fig.7).
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At a concentration of 2% oxygen, HIFs are stabilized and induce expression of genes
involved in numerous pathways [41]. We and others have recently shown that HIFs can
induce hESC marker expression in cancer cells and HIF1α can modify the fate of the cells
by changing their metabolic pathways towards glycolytic metabolism [11-13, 17, 29]. Both
HIF1α and HIF2α target genes were found up-regulated in “de-differentiating” cells.
Interestingly, those cells highly express HIF1α target genes involved in the regulation of the
glycolytic pathway and mitochondrial respiration (including lactate transporter MCT4,
PGK1, PDK1, aldolase C, hexokinase 2, PFKFB4, phosphoglucomutase 1, glucose
transporter SLC2A14 and miR-210; Fig.6A, Suppl.Table4, Suppl.S4B). It is therefore
plausible that HIFs and their downstream targets are responsible for the cell fate push
toward pluripotency under hypoxic conditions. Furthermore, the HIF-induced metabolic
changes might be the leading force in this push. Previous studies have suggested that HIF is
crucial for some adult stem cell fates (reviewed in [42]). In addition, HIF has been shown to
play a role in ESC pluripotency [9], and HIF modulator, FM19G11, regulates stem cell
differentiation status [43]. It will be important to define whether hypoxia is involved in vivo
in the initiation of the stem cell program or de-differentiation processes observed in vivo [44,
45, 46]. If so, HIF activity would be expected to be critical in the induced pluripotency
reprogramming process. In support of this, recent results have shown that hypoxia and
HIF1α are advantageous for iPSC induction [14, 15].

We have shown that the promoter of OCT4 is reactivated and its methylation status is
reverted in hypoxic “de-differentiated” cultures. Chromatin changes and activation of OCT4
promoter can be regulated by transcription factors such as FoxO1 and HIF2α [12, 47] as
well as transcriptional modulators like Cited2 [48]. A complex network of epigenetic
modifications can control pluripotency [49]. In particular, histone acetylation/deacetylation
plays a key role in hESC maintenance and differentiation. It has been shown previously that
HIF1α can directly interact with histone deacetylases (HDACs) [50] and hypoxia induces
HDAC activity [50]. Moreover, HDAC inhibitors phenocopy HIFβ deletion in trophoblast
stem cells, showing that the interplay between HIFs and HDACs is crucial during
development [52]. We found that sodium butyrate, a broad HDAC inhibitor, blocks the
hypoxia-induced “de-differentiation” process. It is therefore possible, that the “de-
differentiation” process requires HDAC activity through HIF. This result provides a
beginning of a mechanistic insight of hypoxia in “de-differentiation” process. Further
investigation will be needed to fully uncover the role of HIFs and HDACs as well as their
interaction in this context.

Many adult stem cells, reside in and interplay with a niche that regulates the balance
between stem cell self-renewal and differentiation [53, 54. 55]. It is thought that the hypoxic
signaling microenvironment of the niche maintains stem cell self-renewal [10], however the
detailed mechanism is not understood. Based on the data presented in this paper, it is
plausible that HIF activation due to low oxygen levels in the niche works as a “de-
differentiation” rheostat. If the stem cells drift inappropriately towards differentiation, the
cells, while in a “metastable” state, could be driven back to a more naïve state by hypoxia.
Only when strong differentiation signals are present would hypoxia signaling lose its
capacity to de-differentiate the cell (Fig.7B). This hypothesis could explain how a pool of
stem cells is maintained in an elusive niche environment and how a lost stem cell can be
replaced by a de-differentiating cell [44, 45]. In cancer, hypoxia is shown to induce a hESC
signature that correlates with tumor aggressiveness [11]. Hypoxia may therefore promote a
stem cell state both in normal and cancer cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hypoxia, but not atmospheric oxygen concentrations, allows differentiated cells to “de-
differentiate” to hESC-like colonies
(A) Flowchart of the experiment. hESCs were differentiated (<2weeks, 20%O2) using 20%
serum without conditioned media or FGF, then cultured in normoxia (20%O2) or hypoxia
(2%O2) for 2 weeks. “De-differentiated” colonies were observed only in hypoxia. (B) Bright
field images of hESC (H1 or H7) and iPSC (OSLN6) colonies, differentiated cells for the
specified number of days (4, 5 and 6, respectively) and cells “de-differentiated” to hESC-
like colonies by hypoxia. Images were taken on a Zeiss microscope and were representative
of at least 3 independent experiments. Bars represent 100μm. (C) hESC(H1) differentiated
for 6 or 11 days, but not over 2 weeks, are still able to “de-differentiate” in hypoxia, as
evidenced by OCT4-promoter activation (Oct4-GFP positive colonies). Bars represent
200μm. (D) Methylation analysis of OCT4 promoter region in hESCs(H1) and after 4, 6, 11
and 14 days of differentiation. White circles represent unmethylated; black circles
methylated cytosine-phosphate-guanosine (CpG). (E-F) Differentiated cells lose their hESC
metabolic signature. Changes of oxygen consumption rate (OCR, E) and extra-cellular
acidification rate (ECAR, F) were measured in SeaHorse Extracellular Flux assay after
addition of FCCP or glucose, respectively (hESC=RUES2, 14-day diff.). (G) Stem cell
marker expression during the “de-differentiation” process. mRNA expression of OCT4
(POU5F1), SOX2 and NANOG was analyzed by RT-qPCR (hESC=H1, 4-day diff., 14-day
in 20%O2 or 2%O2). (H-I) Induction of differentiation markers after serum-induced
differentiation. Expression of differentiation markers was monitored by microarray analysis
in this study and in a study from Stadler et al. [20] in undifferentiated and 4-day

Mathieu et al. Page 14

Stem Cells. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



differentiated hESC lines, as well as hypoxia-“de-differentiated” cells (H). FN1, HAND1
and BMP4 mRNA upregulation during 4-6 day differentiation of H1 cells was validated by
RT-qPCR. Represented are 4 replicates of 4-day differentiated and 2 replicates of 6-day
differentiated samples pooled together (I). Error bars show standard error of the mean
(SEM). *, P< 0.05; **, P< 0.01 and ***, P<0.001.
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Figure 2. Hypoxic “de-differentiated” cells express hESC markers
(A) Gene expression in “de-differentiated” cells is similar to hESCs. qPCR analysis for
expression of stem cell markers OCT4, SOX2, NANOG, miR-302c, miR-372 and miR-520f
in H1 parental cells and H1 hypoxia-“de-differentiated” cells. Error bars show standard error
of the mean (SEM) for 3 separate experiments. (B) Methylation analysis of OCT4 promoter
region in H1 hypoxia- “de-differentiated” cells. White circles represent unmethylated, black
circles methylated cytosine-phosphate-guanisine (CpG). (C) Metabolic profile of “de-
differentiated” cells. hESCs and “de-differentiated” cells have lower mitochondrial
respiration activity than serum-induced differentiated cells. Changes of oxygen consumption
rate (OCR) were measured in SeaHorse Extracellular Flux assay after addition of FCCP
compared to basal OCR (hESC H7, 6-day differentiated H7 cells and “de-differentiated”
cells (parent=H7) cultured in normoxia, and H7 (2%O2) cultured in hypoxia). (D) mRNA
profiling of H1 “de-differentiated” cells. Shown is a heatmap of significantly differentially
expressed genes upon differentiation (4 days, top panel) and between cells grown under 2%
O2 or 20% O2 (bottom panel). An inverse relationship was expected in this comparison of
genes that were up-regulated in H1 and in hypoxia. The color bar represents log10
expression ratio -0.7 (teal) to +0.7 (magenta): a common signature of 1316 genes is seen
(P<0.01 in both experiments). (E) miRNA profiling of H1 hypoxia “de-differentiated” cells.
Shown is a heatmap representation of miRNA expression changes in samples compared to a
“visual pool” as baseline. The “visual pool” is a pool of all 4 experiments. The color bar
represents log10 expression ratio -0.7 (teal) to +0.7 (magenta). P<0.01 in at least 1
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experiment. (F) Immunofluorescence microscopy of H1 and H1 hypoxia-“de-differentiated”
cells indicates the presence of the stem cell surface markers SSEA-4 and Tra-1-60.
Magnification 20×.
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Figure 3. Oct4-GFP negative cells are able to “de-differentiate” in hypoxia to GFP positive cells
(A) OCT4 expression is lost after 4-6 days of differentiation and re-expressed in hypoxia
“de-differentiated” cells. Representative bright field and green fluorescence channel images
of H1 Oct4-GFP, H1 Oct4-GFP differentiated for 4-6 days with 20% serum and hypoxia-
“de-differentiated” cells. Depending on the experiment and the density of the cells, it takes 4
to 6 days for the majority of the cells to lose GFP expression. Magnification 5×. (B) GFP
negative cells were isolated by FACS sorting after H1 Oct4-GFP cells were forced to
differentiate for 4 days in 20% serum. GFP negative cells were able to form green colonies
when cultured under hypoxia (2% O2) but not at 20% O2 (day 7). Images are representative
of two independent biological experiments. Magnification 5×. (C) Visualization of the “de-
differentiation” process under an environmental microscope in hypoxic conditions.
Following 4 days of serum-induced differentiation, H1 Oct4-GFP cells were cultured within
an incubation chamber automated for live imaging under 2% O2. Bright field and
fluorescence images were taken every 3 hours. Represented here are images taken between 4
and 5 days of culture in hypoxia. Magnification 10×.
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Figure 4. Cells expressing a differentiation marker “de-differentiate” to hESC-like colonies in
hypoxia
(A-B) Schematic representation of the “traffic light” system in undifferentiated hESCs (A)
and differentiated cells (B, see Materials and Methods for details). (C) Flowchart of the
experiment. Traffic light H7 cells expressing Tomato were differentiated during 6 days
using 20% serum without conditioned media or FGF. At day 2 of differentiation, cells were
infected with a lentivirus containing CK7-CRE. Cells were then cultured in hESC media at
either 20%O2 or 2%O2 for 2 weeks. (D-G) Bright field, GFP and Tomato fluorescence
channel images of undifferentiated H7 cells (D), 6-day differentiated H7 cells (E-F) and H7
cells “de-differentiated” during 15 days in hypoxia (G). Bars represent 100μm.
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Figure 5. Hypoxia-“de-differentiated” cells are pluripotent
(A) Methylation analysis of OCT4 promoter region in H1 de-differentiated cells
differentiated for 10 days with serum. White circles represent unmethylated; black circles
methylated cytosine-phosphate-guanosine (CpG). (B) qPCR analysis of differentiation
markers (HAND1, FN1 and CGB) and stem cell markers (OCT4, SOX2, NANOG,
miR-302c, miR-372 and miR-520f) in 4-day differentiated Oct4-GFP “de-differentiated”
cells compared to Oct4-GFP “de-differentiated” cells. Error bars show SEM for 4 separate
experiments. *, P< 0.05; **, P< 0.01 and ***, P<0.001. (C-F) Representative pictures of
immunostaining of retinal progenitor markers PAX6, TUJ1, NESTIN and SOX9 in H1 “de-
differentiated” cells after 3 weeks of retinal induction. (G-J) Hematoxylin and eosin stained
sections of teratoma obtained after injection of H1 “de-differentiated” cells in
immunodeficient mice. Differentiated tissues from all 3 germ layers are apparent. Survey
view (10×) a well-differentiated teratoma is shown in G. Ectoderm-derived included neural
tissue with rosette formation and occasional pigmented neuroectodermal regions (Neuro);
mesoderm-derived included bone and cartilage (Meso); Endoderm-derived structures
included dilated ducts or glands lined by ciliated to attenuated cuboidal epithelium (Endo).
Higher magnification (20×) of differentiated tissues: pigmented neuroectoderm (H);
cartilage and bone (I); gland lined by ciliated epithelium (J). Bars represent 100μm.
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Figure 6. HIFs and HDAC activity are involved in hypoxia-induced “de-differentiation”
(A) HIF target genes are enriched in hypoxia “de-differentiated” samples. Graph represents
the most significantly up-regulated HIF1α and HIF2α target genes in hypoxia-
“dedifferentiated” cells (microarray analysis). Shown in red are the HIF target genes
involved in regulation of metabolic pathways. P-value from microarray for each gene is
indicated. (B) Experimental scheme of HDAC inhibitor sodium butyrate treatment (1mM)
during the “de-differentiation” assay. 1×106 H7 cells were originally seeded and
differentiated during 6 days prior to transfer into hypoxia in hESC media with or without
1mM sodium butyrate. (C) Quantification of hESC-like colonies formed under normoxia
(20%O2) or hypoxia (2%O2) with or without sodium butyrate (NaBut.) treatment (1mM).
Colonies were counted 14 days after transfer to hypoxia. (D) Bright field images of “de-
differentiation process” with or without sodium butyrate treatment (1mM). The arrow
indicates a hESC-like colony.
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Figure 7. Model and hypothesis
(A) Early committed hESCs can re-acquire pluripotency in hypoxia (2% O2). (B) Hypoxic
stem cell niche hypothesis. Stem cells (SC) are believed to reside in a hypoxic niche that
maintains their self-renewal capacity. A low level of oxygen might work as a rheostat when
stem cells drift towards spontaneous differentiation. Only a strong differentiation signal
could induce the cells to differentiate (DC). The hypoxic niche could also facilitate the de-
differentiation process observed previously in vivo.
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