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Abstract
Glioblastomas are highly lethal cancers that contain cellular hierarchies with self-renewing cancer
stem cells that can propagate tumors in secondary transplant assays. The potential significance of
cancer stem cells in cancer biology has been demonstrated by studies showing contributions to
therapeutic resistance, angiogenesis, and tumor dispersal. We recently reported that physiologic
oxygen levels differentially induce hypoxia inducible factor-2α (HIF2α) levels in cancer stem cells.
HIF1α functioned in proliferation and survival of all cancer cells but also was activated in normal
neural progenitors suggesting a potentially restricted therapeutic index while HIF2α was essential in
only in cancer stem cells and was not expressed by normal neural progenitors demonstrating
HIF2α is a cancer stem cell specific target. We now extend these studies to examine the role of
hypoxia in regulating tumor cell plasticity. We find that hypoxia promotes the self-renewal capability
of the stem and non-stem population as well as promoting a more stem-like phenotype in the non-
stem population with increased neurosphere formation as well as upregulation of important stem cell
factors, such as OCT4, NANOG, and c-MYC. The importance of HIF2α was further supported as
forced expression of non-degradable HIF2α induced a cancer stem cell marker and augmented the
tumorigenic potential of the non-stem population. This novel finding may indicate a specific role of
HIF2α in promoting glioma tumorigenesis. The unexpected plasticity of the non-stem glioma
population and the stem-like phenotype emphasizes the importance of developing therapeutic
strategies targeting the microenvironmental influence on the tumor in addition to cancer stem cells.
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INTRODUCTION
Glioblastomas are the most common and lethal primary brain tumor with current therapies
offering only palliation.1 Standard-of-care includes maximal surgical resection,
chemoradiotherapy, and adjuvant chemotherapy with median overall survival of 12–15
months.2 Targeted therapies have largely failed in clinical trial with the notable exception of
bevacizumab (Avastin), a neutralizing antibody against vascular endothelial growth factor
(VEGF).3,4 Despite substantial research efforts, the mechanisms underlying the overwhelming
lethality of glioblastomas remain unclear. Glioblastomas frequently recur after therapy in a
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nodular pattern suggesting a clonal source of tumor growth. The functional cellular
heterogeneity in the neoplastic compartment of cancers has been modeled with two proposed
paradigms, a stochastic or random model in which every neoplastic cell has an equal chance
of acquiring genetic changes required for tumor maintenance and a hierarchical model in which
different populations have distinct capacities for tumor growth based on differentiation status.
5

More than 150 years ago, Virchow proposed an embryonic rest theory for the origin of cancer.
In the 1920’s, a relationship between gliomas and undifferentiated cells was proposed by Bailey
and Cushing. In the interval years, other researchers were able to demonstrate that leukemias
could be transmitted with a single cell and later Till and McCulloch demonstrated the existence
of stem cells. With the generation of new tools and markers, Dick and co-workers demonstrated
that the tumor initiating cells within leukemias could be prospectively enriched.6,7 Clarke and
co-workers showed that similar cells were present in a solid cancer, breast carcinoma.8 Several
groups demonstrated that brain tumors (gliomas, medulloblastomas, and ependymomas)
display a functional cellular heterogeneity with a potential hierarchy of differentiation.9–14

Cancer stem cells -- also known as tumor initiating cells or tumor propagating cells -- are self-
renewing tumor cells that propagate tumors phenotypically similar to the parental tumor.
Glioblastoma cancer stem cells share some characteristics with normal neural stem cells:
expression of neural stem cell markers, capacity for self-renewal and long term proliferation,
formation of neurospheres, and ability for multi-lineage differentiation into nervous system
lineages (neurons, astrocytes, and oligodendrocytes).15 In contrast, solid cancer stem cells
differ from normal stem cells in frequency, proliferation, aberrant expression of differentiation
markers, chromosomal abnormalities, and tumor formation. The potent tumor initiation of
cancer stem cells together with their radioresistance and chemoresistance suggests that these
cells contribute to tumor maintenance and recurrence and targeting cancer stem cells may be
important cellular targets.16–22 The cancer stem cell hypothesis has been recently validated in
a breast cancer clinical trial in which patients receiving cytotoxic chemotherapy displayed an
increase in breast cancer stem cell frequency in residual tumor while a targeted therapeutic
with an anti-cancer stem cell therapy stabilized the cancer stem cell population.23

Normal stem cells are physically located in specific physical and functional anatomical
locations or niches that are essential for maintenance of self-renewal and an undifferentiated
state.24,25 We and others have found that cancer stem cells in brain tumors reside in a
perivascular niche17,26 that recapitulates a relationship between normal neural stem/
progenitors and the vasculature.27,28 Cancer stem cells promote the development of their own
perivascular niche through the secretion of pro-angiogenic factors, prominently VEGF, but
remain dependent on the niche.29 Florid angiogenesis is a defining hallmark of glioblastomas
but these tumors are also characterized by regions of pseudopallisading necrosis, which are
hypoxic. Oxygen tension is tightly regulated in normal physiology and is an important signal
in development with low oxygen tension associated with maintenance of an undifferentiated
cell state. Hypoxia promotes the self-renewal of embryonic stem (ES) cells and prevents the
differentiation of neural stem cells in vitro.30–32 In vivo, hypoxia is likely to be a functional
component of a normal stem cell niche as well. Hematopoietic stem cells are maintained in
bone marrow, which contains a hypoxic niche.33 However, the importance of hypoxia in CSC
maintenance remains largely unknown.

Cellular differentiation has been classically perceived as unidirectional and irreversible, but
increasing evidence supports potential plasticity of cellular differentiation. Multiple types of
fully differentiated cells have been successfully reprogrammed into pluripotent state through
defined molecules, including Oct4, Sox2, Klf4 and c-Myc.34,35 Notably, Oct4, Sox2, and c-
Myc contribute to the survival and self renewal of brain tumor stem cells.36–39 Cancer stem
cells also display overlap of transcriptional circuitry with ES cells.40,41 Stem cell signatures
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may also inform cancer prognosis.42,43 In comparison to normal tissues, tumor cells have
greater plasticity and this suggests that they can dramatically change their phenotypes
depending on microenvironmental context.44 Several studies have shown that restricted
oxygen conditions expand the fraction of cells positive for a cancer stem cell marker or the
side population in established cancer cell lines or cultures from human tumors may and increase
expression of stem cell markers in stem cell marker positive cells.22,45–49 These descriptive
studies have left two important unresolved questions: 1) how does hypoxia regulate cancer
stem cell self renewal and tumor growth and 2) can non-stem cells be converted or
reprogrammed towards a cancer stem cell phenotype? These questions are not only potentially
important to basic tumor biology but also to the design of anti-cancer stem cell therapies as
plasticity in cell state will inform the utility of these therapies.

The Role of Hypoxia Inducible Factors in Cancer Stem Cell Self-Renewal and Tumor Growth
In response to hypoxia, cells undergo modification of the transcriptome leading to many
alterations in cell biology – regulation of cell survival pathways, proliferation, motility, and
secretion of paracrine factors including pro-angiogenic factors. Multiple mechanisms mediate
these effects of hypoxia but prominent are the hypoxia inducible factors (HIFs), which are a
heteroduplex transcription factor consisting of an α subunit that is regulated in response to
hypoxia and the constitutively expressed β subunit. While HIF1α is the target of most HIF
studies, HIF2α serves a non-overlapping role in both normal physiology and cancer biology,
particularly renal cell carcinomas with von Hippel Lindau (VHL, an E3 ligase for HIFα)
mutations. We had previously demonstrated that glioblastoma cancer stem cells preferentially
stimulated tumor angiogenesis compared to non-stem glioblastoma cells through VEGF
secretion and that bevacizumab specifically targeted the pro-angiogenic effects of cancer stem
cells.17

To build on these observations and investigate the molecular responses of cancer stem cells to
hypoxia, we interrogated the expression and function of the HIFs in cancer stem cell models.
50 Under hypoxic conditions, cancer stem cells displayed a specific pattern of gene expression
relative to the non-stem cells. In addition to increased VEGF, cancer stem cells specifically
regulated several targets (HIF2A and transcriptional targets of HIF2α: Oct4, Glut1, and Serpin
B9) under hypoxia to a greater degree than non-stem cells.50 Conventional wisdom holds that
hypoxia regulates HIF1α via post-translational modification and proteosomal degradation –
which we saw in our studies as well – but HIF2α appears more complex with regulation at both
transcriptional and post-translational levels. Of note, different oxygen levels had different
effects when we measured HIF protein levels. Cancer stem cells displayed high levels of
HIF2α under oxygen levels as high as 5% (within the normal physiologic range of oxygen in
the brain and most tumor areas51,52) whereas HIF1α was present in both cancer stem cell and
non-stem cells only at more severely hypoxic conditions (≤1%). The regulation of HIF2α was
not a general stem cell phenomenon as normal neural progenitors expressed essentially no
HIF2α mRNA or protein.50 To extend these studies into the original tumors, we performed
dual labeling immunofluorescence studies of human glioblastoma surgical biopsy specimens
and detected stem cell markers (CD133, Olig2) and HIF2α in two locations: perivascular
locations and around areas of necrosis.50 Strikingly, nearly all HIF2α positive cells expressed
stem cell markers but the HIF2α positive cells marked a subpopulation of cells that expressed
stem cell markers suggesting that these cells are a subpopulation in stem or progenitor cells.

We interrogated the functions of HIF1α and HIF2α in both cancer stem cells and non-stem
cells through RNA interference in functional assays. Depleting either HIF1α or HIF2α inhibited
cancer stem serial neurosphere generation (an indication of attenuated self renewal) and
proliferation while inducing apoptosis but only HIF1α regulated non-stem glioblastoma cell
proliferation and survival.50 Further, we were able to address the regulation of VEGF in these
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studies and found that both HIF1α and HIF2α controlled cancer stem cell VEGF levels (indeed,
in results not included in the paper we found this regulation to be non-overlapping and additive)
and endothelial cell proliferation whereas only HIF1α functioned in non-stem glioblastoma
cells. The most important assay in defining cancer stem cells is tumor propagation. We found
that selected glioblastoma stem cells with targeted HIF1α or HIF2α did not initiate tumors on
xenotransplantation supporting an essential role for both HIFs. Finally, in silico analysis of the
HIFs at the mRNA level in a patient database (REMBRANDT) showed that HIF2α but not
HIF1α levels informed negative survival.50 Taken together, these studies show that cellular
responses to restricted oxygen levels are necessary for cancer stem cell maintenance with both
HIF1α and HIF2α important but HIF2α more specific and selective for cancer stem cells.

Hypoxia Reprogams Non-Stem Cancer Cells towards a Stem-like Phenotype
Based on the association of hypoxia with cancer stem cells established in our previous study
and indications from other studies that bulk tumor populations may increase the number of
cancer stem cell marker positive cells, we hypothesized that hypoxia may induce a stem cell
phenotype in non-stem cancer cells (inducing a plasticity of differentiation). We now
demonstrate that extended exposure to hypoxia can result in a phenotypic shift in the non-stem
population to mirror that of the stem-like subset and promote cell growth and self-renewal. We
investigated how hypoxia contributes to the cancer stem cell phenotype and whether non-stem
cancer cells area able to respond to changes in the hypoxic microenvironment by altering
growth and gene expression patterns.

To determine the effect of hypoxia on stem and non-stem cells, we created cultures of cells
enriched or depleted for glioma stem cells from patient biopsies using our previously described
methodology.16,17,50 After separation of these distinct populations, we validated enrichment
or depletion of the stem population by in vitro functional assays, including fluorescence-
activated cell sorting (FACS) for known cancer stem cell markers such as CD133, and in vivo
tumorigenic propagation. The conventional in vitro method of measuring self renewal is the
neurosphere formation assay. This assay displays a cell’s ability to self renew by generating
neurospheres (suspended spheroids of cells) starting with as little as a single cell. Cells were
pretreated in hypoxia and sorted into low adhesion culture plates. We found that non-stem cells
cultured under hypoxia were able to form neurospheres at twice the rate of control cells in
normoxia (Fig. 1A). Additionally, when closely examining the spheroids, non-stem cells under
hypoxia formed larger neurospheres compared to control cells grown in normoxia (Fig. 1B).
This observation was true for both glioma cell populations. This suggests that a hypoxic
microenvironment plays a critical role in promoting and maintaining the ability of stem-like
cells to self-renew and can even confer self-renewal capability to the non-stem population.
Self-renewal is closely tied to proliferation. We next investigated how cellular proliferation
may play a role in this neurosphere forming phenotype and how hypoxia alters glioma cell
proliferation.

T4121 glioma stem and non-stem cells were pretreated in hypoxia for several days and then
sorted onto 96-well culture plates. After long-term culture at normoxic or hypoxic conditions,
distinct growth advantages were noted (Fig. 1). Cells grown in hypoxia had increased growth
over long term observation compared to cells grown in normoxia, suggesting a cellular response
sensitive to changes in the microenvironment. Interestingly, altered cell growth was observed
in both the stem and non-stem population, indicating a conserved response mechanism between
the two populations. We quantified the percentage of actively proliferating cells during hypoxic
culture. This differential growth response was quantified by EdU labeling (Fig. 1D). The
labeling showed that after 5 days, cells growing under hypoxia had slightly fewer proliferating
cells than cells growing in normoxia, as was expected from our previous cell titer data. At day
10 the number of actively proliferating cells was significantly higher under hypoxia compared
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to cells grown under normoxia. Thus, in hypoxic conditions non-stem glioma cells acquire
self-renewal and long term proliferative potential.

To elucidate potential mechanisms underlying these observations, we measured the change in
gene expression in the non-stem population following long term culture at normoxia or
hypoxia. Using semi-quantitative real time PCR, we measured the levels of several important
genes related to stem cell function. Of the stem genes measured, OCT4, NANOG, and c-MYC
displayed significant and consistent increase in T4121 non-stem glioma cells in addition to
several other patient biopsy cell lines treated with hypoxia (Fig. 2A and data not shown) to
basal levels in the matched cancer stem cell populations at normoxic conditions. This may
indicate a role of stem gene expression in promoting growth and survival when experiencing
microenvironment (hypoxic) stress. This finding is also important due to the known functions
of OCT4, NANOG, and c-MYC in embryonic stem cells. c-MYC has been shown to be
important in controlling a wide variety of stem cell functions such as proliferation, self-renewal,
and apoptosis. It is also known as a potent oncogene and is known to be an important factor in
the creation of induced pluriportent stem cells. NANOG is known to work in complex with
OCT4 and plays a major role in maintaining pluripotency in embryonic stem cells.53,54 This
finding is novel as it has yet to be shown that NANOG is downstream target of hypoxia. OCT4
is also required for maintenance of self-renewal in stem cells and is tightly regulated in order
to maintain appropriate levels of self-renewal in the embryo.55 Additionally, recent studies
have shown that OCT4 is a downstream target of HIF2α.56 This study shows that the non-stem
cells are able to upregulate stem genes in a similar manner to the stem-like population. We
confirmed the expression of HIF2α of the non-stem cells under long-term hypoxia by
immunoblotting (Fig. 2B) and Nanog expression by immunofluoresence (Fig. 2C). These data
confirm that hypoxia can induce plasticity in cellular differentiation and reprogram non-stem
cells towards a more stem cell-like state.

HIF2α Promotes a Cancer Stem Cell State
We previously demonstrated that HIF2α is necessary to maintain a cancer stem cell phenotype
and HIF1α is expressed in all hypoxic tumor cells. We therefore hypothesized that HIF2α may
be sufficient to induce a cancer stem cell phenotype in non-stem cancer cells. To determine
the specific role of HIF2α in cellular reprogramming in cancer, we expressed HIF2α in
normoxic conditions to avoid other hypoxia induced mechanisms. We utilized two
complementary strategies: the first being delivery of ectopic HIF2α and the second being use
of a non-degradable HIF2α mutant (referred to as HIF2α-PA, a kind gift of William Kaelin).
The latter HIF2α construct contains two proline residues mutated to alanine.57 This mutation
prevents prolyl hydroxylase from hydroxylating the HIF2α protein and targeting it for
proteosomal degradation. The non-degradable form of the protein was transduced into three
non-stem cell populations of patient biopsy lines: D456MG, T3946, and T4302. To
demonstrate that the construct was functional we harvested lysates from transduced D456MG
cells cultured under normoxia and immunoblotted for HIF2α (Fig. 3A). The cells showed strong
protein expression of HIF2α at normoxic conditions, indicating successful delivery of stable
HIF2α to the cells. T3946 and T4302 non-stem glioma cells were transduced with ectopic
HIF2α and cultured for 7 days in serum-free media. Under standard conditions, glioma non-
stem cells grow as adherent monolayers (Fig. 3B, “Vector”) while HIF2α transduction induced
morphological changes (Fig. 3B, “HIF2α”) similar to the detached spheroids of glioma stem
cells or hypoxic non-stem cells. Although imperfect58, CD133 has been employed as a cell
surface marker to enrich for brain tumor stem cells.11,12,16,17,50 We quantified the CD133
positive fractions of T3946 and T4302 cultures transduced with either vector control or
HIF2α and found that HIF2α induced an increase in the CD133 positive fraction (Fig. 4C). In
data not shown, we find that HIF2α induces only a small direct increase in CD133 mRNA
suggesting that the primary effect of HIF2α is not direct transcriptional control but rather a

Heddleston et al. Page 5

Cell Cycle. Author manuscript; available in PMC 2010 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



conversion to a more cancer stem cell state. Next, we measured levels of stem genes with
HIF2α expression that were preferentially upregulated under hypoxia in the studies above.
T4121 non-stem glioma cells were transduced with non-degradable HIF2α and 72 hours later
we quantified the transcript levels of target stem genes we have previously showed to be
increased under hypoxia using semi-quantitative PCR. In HIF2α expressing cells, OCT4,
NANOG, and c-MYC transcripts were significantly upregulated (Fig. 3D). These data support
our hypothesis that HIF2α is sufficient to induce a cancer stem cell phenotype.

To determine the contribution of HIF2α in inducing a cancer stem cell phenotype in vivo, non-
stem D456MG cells were transduced with either vector control or non-degradable HIF2α and
grown in serum-free media for 7 days. To optimally control in vivo conditions, we implanted
vector control or non-degradable HIF2α in contralateral flanks of immunocompromised mice.
D456MG cells expressing non-degradable HIF2α formed significantly larger tumors than
vector control (Fig. 4). In sum, these data show that HIF2α alone can reprogram differentiated,
non-stem cancer cells towards an undifferentiated state.

DISCUSSION
Glioblastoma is among the most lethal cancers and current treatment modalities are limited in
increasing the lifespan of patients.1,2 We and others have shown that cancer stem cells
potentially contribute to glioblastoma treatment failure as cancer stem cells are resistant to
radiotherapy and chemotherapy.16,20 The limited efficacy of cytotoxic therapies in most
advanced cancers has led to the development of many novel molecularly targeted therapies.
The targets of these therapies are varied but a common biologic target of the more successful
of these therapies is angiogenesis.59 The neutralizing VEGF antibody bevacizumab has been
approved for the treatment of several solid cancers, including recurrent glioblastoma. The
mechanism by which bevacizumab functions has been an unresolved area of active
investigation but recent work from our laboratory and others suggest that bevacizumab may
target cancer stem cell induced angiogenesis17 and disrupt the functional perivascular niche in
which cancer stem cells reside.26 These studies are important as the clinical application of anti-
angiogenic therapies remains to be optimized and methods of resistance are being identified.
For example, patients with recurrent glioblastomas treated with a low molecular weight VEGF
receptor antagonist, cediranib (AZD2171), displayed increases in bFGF, the SDF1α
chemokine, and viable circulating endothelial cells.60 As bFGF and SDF1α regulate cancer
stem cell proliferation, maintenance, and motility, these escape mechanisms may indicate a
contribution of cancer stem cells to resistance to yet another cancer treatment. Indeed, anti-
angiogenic therapy may induce invasion and metastasis61,62, which are strongly linked to the
cancer stem cell phenotype.63

Hypoxia is one of the most potent driving forces for tumor angiogenesis. Hypoxia has also
been linked to tumor progression, metastasis, invasion, and therapeutic resistance in cancer
biology. As these characteristics are enriched in cancer stem cells, it is not surprising that
hypoxia may regulate cancer stem cells. Indeed, several studies have shown that hypoxia
increases the number of cells that express cancer stem cell markers in bulk populations22,45–
49, but these studies used bulk cells limiting the ability to distinguish effects of hypoxia on
neoplastic subpopulations. Two potential explanations are evident: an increase in cancer stem
cell proliferation or a conversion of non-stem cancer cells to a cancer stem cell phenotype. In
our current studies, we see evidence of both effects – hypoxia augments maintenance of cancer
stem cells and reprograms non-stem cells towards a more stem cell behavior. These results
potentially inform the development of anti-cancer stem cell therapies. Targeting only cancer
stem cells may be insufficient to improve patient outcomes because the non-stem cells may
acquire stem cell characteristics due to effects of the microenvironment. Indeed, simultaneous
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targeting the tumor microenvironment may be essential for efficacy of cancer stem cell
therapies.

These studies also suggest that standard culture conditions may fail to maintain the cellular
heterogeneity present in parental tumors. Previous research has already shown that cancer cells
grown on extracellular matrix display striking differences compared to plastic.64 Recent studies
have now shown that similar approaches may improve maintenance of cancer stem cells.65,
66 Serum has also been used in culture but serum induces differentiation and irreversibly alters
gene expression of cancer cells.67 Our work and that of others suggest that cancer cells should
be maintained under restricted oxygen conditions22,45–50 much like embryonic stem cell
growth and in vitro fertilization can be facilitated with oxygen levels less than room air.

Hypoxia alters the expression levels of hundreds or thousands of genes so it is unlikely that a
single mechanism will explain the cellular responses of cancer stem cells or reprogramming
effects of hypoxia. However, we recently described essential roles of the hypoxia inducible
factors (HIFs) in promoting tumorigenesis.50 While HIF1α was expressed in all neoplastic cells
and normal neural progenitors suggesting a potentially limited therapeutic index, HIF2α
functioned specifically in cancer stem cells without expression in the normal progenitors. In
support, a recent study of neuroblastoma biopsy specimens showed that HIF2α marked a
perivascular location with cells that express immature neural crest markers. Thus, HIF2α
inhibitors may be a relatively specific anti-cancer stem cell therapy for nervous system cancers.
Small molecule inhibitors of HIF2α translation are under development68 and may have utility
for cancer stem cells.

In the current study, we have also shown that hypoxia induces the expression of key stem cell
genes, specifically Nanog, Oct4, and c-Myc, in non-stem cancer cells. These genes have gained
attention as Yamanaka and co-workers demonstrated that these factors with Sox2 reprogram
fully differentiated fibroblasts into pluripotent stem cells (i.e. induced pluripotent stem cells,
iPSCs).34,35 While Nanog has yet to be fully investigated in glioblastomas, Oct4 has been
shown to be expressed by human gliomas and induces colony formation37 while we and the
DePinho laboratory have shown that c-Myc is important in glioblastoma stem cell maintenance.
38,39 Oct4 is a specific target of HIF2α in cell lines56, which we were able to confirm in cancer
stem cells.50 HIF2α interacts with c-Myc by binding and stabilizing c-Myc containing
complexes while HIF1α disrupts these complexes.69 Therefore, HIF2α may directly regulate
core stem cell pathways that are essential in cancer stem cell maintenance.

There are a number of other potential molecular targets of hypoxia with direct relevance to
cancer stem cells. Hypoxia requires Notch signaling to maintain an undifferentiated state and
prevent neuronal and myogenic differentiation in normal cells70 and similar Notch dependence
has been demonstrated in hypoxia-induced epithelial-mesenchymal transition (EMT) and
invasion.71 Hypoxia and the HIFs may also attenuate the ability of bone morphogenic proteins
(BMPs) to induce differentiation of gliomas.72 BMPs regulate cell fate decisions in the central
nervous system and regulate brain tumor stem cell differentiation and proliferation.73

In conclusion, recent studies and these current data strongly support a novel significance in
hypoxia and the hypoxia inducible factors in cancer biology through regulation of cellular
differentiation and the cancer stem cell phenotype. We must now revise the hierarchical model
to include a bidirectional relationship with differentiation potential as hypoxia and HIF2α may
induce a cancer stem cell phenotype (Fig. 5A). It is also clear that cancer stem cells can reside
within at least two niches within the same tumor type, a perivascular niche and a hypoxic niche
(Fig. 5B). Integrating the cancer stem cell hypothesis into novel therapeutic paradigms will
require incorporation of this added complexity.
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EXPERIMENTAL PROCEDURES
Isolation of Glioma Stem Cells and Non-stem Glioma Cells

Matched cultures enriched or depleted for GSCs were isolated from primary human brain tumor
patient specimens or human glioblastoma xenografts as previously described in accordance
with a Duke University Institutional Review Board approved protocol concurrent with national
regulatory standards with patients signing informed consent.16,17,50 Briefly, tumors were
disaggregated by Papain Dissociation System (Miltenyi) and filtered by 70 μm cell strainer
according to the manufacturer’s instructions. Cells were then cultured in stem cell culture
medium supplemented as detailed below for at least four to five hours to recover surface
antigens. Cells were then labeled with APC- or PE-conjugated CD133 antibody, and sorted by
fluorescence-activated cell sorting (FACS). Alternatively, cells were separated by magnetic
sorting column using microbead-conjugated CD133 antibodies. CD133 positive cells were
designated as GSCs whereas CD133 negative cells utilized as non-stem glioma cells.

Tissue Culture and Hypoxia Induction
GSCs were cultured in Neurobasal media with B27 (without Vitamin A, Invitrogen), basic
fibroblast growth factor (10 ng/ml) and epidermal growth factor (10 ng/ml). After trypsinizing,
non-stem tumor cells were cultured overnight in Dulbecco’s minimal essential media (DMEM)
and 10% serum to allow cell attachment and survival. Then, in some cases, DMEM medium
was removed and the cells cultured in supplemental Neuralbasal medium in order for
experiments to be performed in identical media. In order to induce hypoxia, cells were cultured
in multi-gas chambers (Sanyo). Nitrogen gas was supplied to the chambers in order to
compensate for the reduced percentage of oxygen. Alternatively, cells were treated by 200
μM hypoxia-mimetic deferoxamine mesylate (DFX, Sigma).

Neurosphere Culture Assay
T4121 Stem and Non-stem glioma cells were cultured in normoxia (21% oxygen) or hypoxia
(2% oxygen) in Neurobasal media with B27 plus growth factors (stem cells) or DMEM plus
10% serum (non-stem cells) for 10 days prior to plating. At day 10 cells were trypsinized and
sorted by trypan blue counting into 24 well low adhesion plates containing Neurobasal media
with B27 plus growth factors at a density of 10 cells/well. Wells were observed over 14 days.
Wells were counted as positive for neurosphere formation if they contained at least spheroid.

Cell Titer Assay
T4121 non-stem glioma cells were trypsinized and plated into 96 well plates contained DMEM
plus 10% serum at a density of 500 cells/well. They were cultured in 2% or 21% oxygen for
0, 5, or 10 days. At each time point total ATP per well was measured by Cell Titer Glo kit
(Promega) and subsequent luminescence was read by illuminometer (PerkinElmer).

Immunofluorescent Imaging
Cells were fixed in 4% paraformaldehyde (Sigma) for 15 minutes at room temperature. After
fixation, cells were washed with PBS. Blocking buffer containing normal goat serum plus
Triton X-100 in PBS were added to the washed cells for 30 minutes at room temperature.
Following blocking, primary antibody, NANOG (Santa Cruz), was added at appropriate
dilutions as noted by the manufacturer. Antibodies were incubated at 4° Celsius overnight. The
next day secondary antibodies conjugated to fluorescent isotopes (Alexa Fluor, Invitrogen)
were added to cells at appropriate dilutions. After incubation in secondary antibody, Hoescht
3342 nuclear stain was added to the cells for 5 minutes.
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EdU Labeling and Imaging
Following 5 or 10 days culture in hypoxia, T4121 non-stem glioma cells were trypsinized and
plated on glass cover slips at a density of 10,000 or 20,000 cells per slip. After 24 hours recovery
in hypoxia or normoxia, cells were dosed for 1 hour with 10 μM of EdU (Invitrogen). Following
dosing cells were fixed by 4% paraformaldehyde (PFA) and blocked using 3% BSA in PBS.
The slides were then stained using fluorescent secondary antibody directed against Edu, and
stained with Hoescht 33342 nuclear dye. All images were taken on a Leica wide field
fluorescent microscope. Ten representative fields for each condition were quantified for
number of Edu positive cells divided by total number of cells using Image J software.

Semi-Quantitative PCR
PCR was performed on cDNA generated by Superscript III reverse transcriptase (Invitrogen).
Total RNA was harvested from cells using RNAeasy Kit (Qiagen). Primers used were as
follows: OCT4 forward 5′-GAGAACCGAGTGAGAGGCAACC-3′ and reverse 5′-
CATAGTCGCTGCTTGATCGCTTG-3′. NANOG forward 5 ′-
AATACCTCAGCCTCCAGCAGATG-3′ and reverse 5′-
TGCGTCACACCATTGCTATTCTTC-3′. c-MYC forward 5′-
TCAAGAGGCGAACACACAAC-3′ and reverse 5′-GGCCTTTTCATTGTTTTCCA-3′.
HIF1α forward 5′-TCCATGTGACCATGAGGAAA-3′ and reverse 5′-
CCAAGCAGGTCATAGGTGGT-3′. HIF2α forward 5′-CCACCAGCTTCACTCTCTCC-3′
and reverse 5′-TCAGAAAAAGGCCACTGCTT-3′. All data was normalized to Actin or
GAPDH transcript levels.

In Vivo Tumor Formation Assays
Intracranial or subcutaneous transplantation of GSCs into nude mice was performed as
described in accordance with a Cleveland Clinic Foundation Institutional Animal Care and Use
Committee approved protocol concurrent with national regulatory standards.50 Briefly, 72
hours after hypoxic treatment, cells were counted and certain number cells were implanted into
the right frontal lobes of athymic BALB/c nu/nu mice. In some cases, 48 hours after infection,
1 mg/ml puromycin was applied to select infected cells for 48 hours before counting. Mice
were maintained up to 25 weeks or until the development of neurological signs. Brains of
euthanized mice were collected, fixed in 4% Paraformaldehyde (PFA), and paraffin embedded.

Statistical Analysis
Descriptive statistical analysis was generated for all repeated quantitative data with inclusion
of means and standard error. Significance was tested by one-way analysis of variance
(ANOVA) or Student’s t-Test using SigmaStat 3.5 (Chicago, IL).
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Figure 1. Hypoxia enhances neurosphere formation and cell proliferation
(A) Glioma non-stem and glioma stem cells were harvested from T4121 primary human patient
specimen. Cells were plated in a low attachment 24 well plate at a density of 10 cells/well with
2 plates per condition for a total of 48 wells. Immediately following plating, the cells were
subjected to hypoxia at 2% oxygen or 21% normoxia as negative control. At 9 days 24-well
plates were analyzed for wells containing neurospheres. Wells containing at least one sphere
were counted as positive. Values were recorded as a percentage of positive wells divided by
total wells. (B) Follow 1 day and 14 days of treatment, representative phase contrast images
were taken at 20× magnification on a Leica wide field microscope. Images of the glioma stem
cells at the single cell level were not included due to space considerations. (C) T4121 Glioma
non-stem and glioma stem cells were plated into 5 wells of a 96 well plate at a density of 500
cells/well. Cells were cultured at 2% or 21% oxygen immediately after plating for 0, 5, or 10
days per condition. At each time point, one 96 well plate per condition was collected and total
ATP content was measured by Cell Titer Glo Assay (Promega). The subsequent luminescence
was measured by illuminometer following Promega suggested protocol. *, p < 0.05 with
Student’s t-test comparison of cells grown under hypoxia to cells grown in normoxia. Bars
show standard error of the mean (SEM) for two separate reactions. (D) Following 5 or 10 days
treatment, T4121 non-stem glioma cells were plated on glass cover slips and allowed to recover
overnight in their respective treatment culture. The following day cells were dosed with 10
μM EdU (Invitrogen) for 1 hour. Staining and secondary antibody incubation was performed
according to suggested Invitrogen protocol and reagents. After staining DNA by application
of Hoescht 33342 dye, samples were mounted onto glass slides. Ten representative fields for
each condition at Day 5 and Day 10 were analyzed by Image J software for number of EdU
positive cells divided by the total cell number. *, p < 0.01 with Student’s t-test comparison of
hypoxia cultured cells to cells grown under normoxia.
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Figure 2. Exposure to long-term hypoxia increases mRNA transcript levels of known stem genes
(A) T4121 stem and non-stem glioma cells were cultured in hypoxia at 1% oxygen for 10 days.
After treatment, total RNA was harvested by RNAeasy Kit (Qiagen) and used to generate
cDNA. Semi-quantitative PCR was performed using an Applied Biosystems 7900 PCR Cycler.
*, p < 0.05 with ANOVA comparison of transcript levels of glioma stem cell grown in normoxia
to transcript levels of non-stem glioma cells grown in normoxia. #, p < 0.05 with ANOVA
comparison of transcript levels of non-stem glioma cells grown in 1% hypoxia to transcript
levels of non-stem glioma cells grown in normoxia. Bars show standard error of the mean
(SEM) for two separate reactions. (B) T4121 non-stem glioma cells were treated by chemical
hypoxia using 100 μM deferoxamine for 48 hours. Cell lysates were collected using Universal
Lysis Buffer and immunoblotted. Left lane is control T4121 non-stem glioma cells treated with
equal volume of water only. (C) T4121 stem and non-stem cells were cultured in hypoxia at
1% oxygen or normoxia at 21% oxygen in 8-well chamber slides (Nunc) for 10 days. Cells
were fixed and incubated in primary and secondary antibodies according to protocol described
in Experimental Methods. Images were taken on a Leica wide field fluorescent microscope
and are representative fields. White scale bars denote 25 μM.
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Figure 3. Ectopic expression of non-degradable HIF2α causes morphological and phenotypic
changes in non-stem glioma cells
(A) D54MG glioma cells were transfected with non-degradable HIF2α or empty pBabe vector
control. Cells were allowed to recover for 3 days then lysates were harvested by Universal
Lysis Buffer. Lysates were immunoblotted for the presence of HIF2α and NDRG1, a known
HIF2α target. Left lane is negative control cells containing empty pBbabe vector backbone.
(B) T3946 and T4302 nonstem glioma cells were transfected with non-degradable HIF2α. 2
days following transfection culture media was changed from serum containing DMEM to
Neurobasal plus growth factors (detailed in Methods). Phase contrast images were taken 7 days
after media change. (C) Following transfection and culture conditions outlined in (B), cells
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were analyzed for presence of cell surface marker CD133 (Prominin-1). White bars denote
cells transfected with empty pBabe vector backbone. Fold increase was calculated by cells
positive for CD133 divided by total number of viable cells gated. *, p < 0.05 with Student’s t-
test comparison of cells bearing the HIF2α-PA construct against cells transfected with vector
alone. Bars show standard error of the mean (SEM) for three separate measurements. (D)
U87MG glioma cells transfected with non-degradable HIF2α were harvested for total RNA
after puromycin selection. Semi-quantitative PCR was used to measure mRNA transcript levels
of OCT4, NANOG, and c-MYC. White bars denote cells transfected with vector alone while
black bars show cells transfected with HIF2α-PA. PCR data was normalized to Actin for each
measurement. *, p < 0.05 with Student’s t-test comparison of cells bearing the HIF2α-PA
construct against cells transfected with vector alone. Bars show standard error of the mean
(SEM) for two separate reactions.
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Figure 4. Overexpression of HIF2α in glioma non-stem cells increased tumorigenic capacity
(A) Glioma non-stem cells isolated from D456MG glioma xenograft were transfected with
vector alone or HIF2α constructs. 100,000 cells were injected into nude mouse subcutaneously.
In each mouse, vector control cells were injected into the left side while HIF2α group were
injected into the other side of the same mouse. Image shows representative mouse with apparent
tumor from glioma non-stem cells that overexpress HIF2α but not vector alone. (B) Tumor-
bearing mice were sacrificed at day 43 and tumors were excised and measured. (C) Tumors
grew much faster from glioma non-stem cells with HIF2α overexpression. The growth of
tumors were monitored and measured at a daily rate. *, p < 0.05 with Student’s t-test comparing
cells bearing the HIF2α-PA construct against cells bearing vector alone. Error bars show
standard error of the mean (SEM) for three separate measurements.
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Figure 5. The Role of Hypoxia in the Cancer Stem Cell Hypothesis
(A) The hierarchical model of tumor heterogeneity includes plasticity of cellular differentiation
based on the effects of the tumor microenvironment. (B) Cancer stem cells reside in two niches:
(1) the perivascular niche and (2) areas of hypoxia.
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