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Abstract

Glioblastoma (GBM) prognosis remains dismal, with most patients succumbing to disease

within 1 or 2 years of diagnosis. Recent studies have suggested that many solid tumors,
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INTRODUCTION

The key role played by the local microenvironment in the initiation
and progression of tumors is becoming increasingly clear. One
element of the cellular milieu that modulates tumor behavior is
oxygen. Locally reduced oxygen levels are a feature of many
malignancies, particularly those that grow rapidly. One cancer
in which hypoxia-induced necrosis and neovascularization are
central to pathological diagnosis is glioblastoma (GBM), the most
common adult malignant brain tumor. Hypoxic regions are fre-
quent in GBM, and increased levels of tumor hypoxia have been
associated with worse clinical outcomes (47, 100, 118). Hypoxia is
also known to support non-neoplastic neural stem cells, raising the
possibility that “cancer stem cells” (CSCs) may also be affected by
oxygen levels [recently reviewed in (86)].

Recent work published by a number of groups (5, 65, 74, 93,
101, 106) highlight these issues. This article reviews the recent
literature about the effects of hypoxic conditions on the biology of
GBM CSC, and discusses how this new knowledge may lead to
improvements in treatment of GBM.

THE CELLULAR RESPONSE TO HYPOXIA

The cellular response to hypoxia is controlled by hypoxia-inducible
factors 1o, 200 and 300 (HIF-1-30) (36, 87), which heterodimerize
with the constitutively expressed HIF-1f [(aryl hydrocarbon recep-
tor nuclear translocator (ARNT)]. Under atmospheric oxygen
concentration, HIF-1o is hydroxylated on specific proline residues
(Pro-402, Pro-564) by prolyl hydroxylase domain (PHD) proteins.
This modification is a prerequisite step for its binding to the Von
Hippel-Lindau (VHL) tumor suppressor and subsequent ubiquiti-
nation by an ubiquitin ligase complex containing Elongin C.
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including GBM, are maintained by a subset of cells termed cancer stem cells (CSCs). It
has been shown that these cells are inherently radio- and chemotherapy resistant, and may
be maintained in vivo in a niche characterized by reduced oxygen tension (hypoxia). This
review examines the recently described effects of hypoxia on CSC in GBM, and the poten-
tial promise in targeting the hypoxic pathway therapeutically.

Following ubiquitination, HIF-1c. is rapidly degraded by the 26S
proteasome (43, 49). Under hypoxia, the activity of the prolyl-
hydroxylases is inhibited and the affinity of VHL to HIF-la is
reduced, resulting in rapid accumulation of the HIF-1o, protein
[reviewed in (103)]. Hypoxia is known to control transcription of
many genes that are pivotal in many aspects of cancer biology:
angiogenesis, cell survival, chemotherapy and radiation resistance,
genomic instability, invasion and metastasis, glucose metabolism
and more [recently reviewed (102)].

HYPOXIA IN NORMAL AND
NEOPLASTIC BRAIN

All high-grade gliomas contain centers of hypoxia and necrosis.
The extensive hypoxia in these tumors may appear paradoxical,
especially as histological assessment suggests they are highly vas-
cularized. However, the vasculature arising in a rapidly proliferat-
ing tumor is often torturous and poorly organized, showing severe
abnormalities in vessel formation, including many that are either
close ended or with slow and inefficient blood flow (17, 117).
From the studies of Evans et a/ on normal brain and glioma
oxygenation, we learn that physiological oxygen concentrations
in healthy brain tissue range between 12.5% and 2.5% (pO, = 100
to 20 mm Hg). The majority of GBMs examined showed mild to
moderate/severe hypoxia, with oxygen concentrations ranging
between 2.5% and 0.5% (pO, = 20 to 4 mm Hg) for mild hypoxia
and 0.5%-0.1% (pO,=4 to 0.75 mm Hg) for moderate/severe
hypoxia (19-21). Using polarographic measurements of oxygen
tension, Collingridge et al showed that most high-grade gliomas
they tested fall into the category of moderate hypoxia based on
Evans classification (13). In studying the hypoxic environment
and its effects on cancer cells, one must consider these ranges of
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oxygen concentration appropriate for the process being studied.
For example, an environment of 5% oxygen or more will probably
be appropriate to model normal, physiological oxygen tension but
not necessarily the hypoxic tumor microenvironment. On the other
hand, oxygen tension of 0.5%—2.5% will likely be appropriate to
model the hypoxic microenvironment.

HYPOXIA, DEVELOPMENT AND
NEURAL STEM CELLS

The first examination of the effects of oxygen on development was
done by Morriss and New, who showed that low oxygen tension
was required for proper morphogenesis of the cranial neural folds
and closure of the brain tube in cultured rat embryos (80). In a
subsequent study, it was found that 9.5-day-old rat embryos devel-
oped optimally if they were cultured for 24 h in 5% oxygen (78).
In cultured cells, oxygen levels play an important role in regulat-
ing cellular differentiation [recently reviewed in (86)]. Growth
under low oxygen concentrations is known to maintain pluripo-
tency, and to inhibit the differentiation of embryonic stem cell
(ESC) (22). Studer et al have shown that embryonic day-12 rat
mesencephalic precursor cells grown in a 3% oxygen environment
exhibited increased proliferation and reduced apoptosis (109).
Morrison et al found that hypoxia may also regulate cell fate in
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isolated neural crest stem cells (79). Finally, Zhang ef al have
demonstrated that in rat mesencephalic neural stem cells, hypoxia
dictates cell fate decision through HIF-1ot (125).

In the brain, oxygen sensing is suggested to be integrated into
normal signaling pathways controlling neural stem cell (NSC) pro-
liferation and cell fate choice in their niche, and this control may be
disrupted in gliomas and other brain cancers (86). For example, Li
et al have elegantly shown that HIF-1o promotes the transcription
of cell cycle genes such as nucleophosmin (NPM), a nucleolar
protein that positively modulates cell cycle progression and can
inhibit p53 activity (63). Taken together these studies underscore
the importance of oxygen control during neural development.

GLIOBLASTOMA AND CANCER
STEM CELLS

Glioblastoma is classified by the World Health Organization
(WHO) as the most advanced grade (IV) of astrocytic tumors. A
key feature of this aggressive disease is the presence of small foci
of hypoxic necrosis, often associated with surrounding microvessel
proliferation [Figure 1 and (28)]. The ability of GBM cells to infil-
trate normal brain tissue makes them impossible to resect using
conventional surgery techniques, and patients have a median
survival of 14-15 months even with aggressive multimodality
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Figure 1. Potential cancer stem cell niches. GHliblastoma cancer stem
cells (GBM CSCs) are suggested to localize to either the vascular (A) or
hypoxic (B-C) niches. These microenvironments are distinct not only by
the presence of oxygen (vascular) or lack thereof (hypoxic), but also their
cellular composition. A. GBM CSC associated with the vasculature.
Interaction between endothelial cells and GBM CSC maintains CSC in
an undifferentiated state. Physical as well as diffusible factors may be
involved in this process (in the bottom panel, arrow points to a well
perfused vessel as indicated by the presence of numerous erythro-
cytes). B. Hypoxic niche, which is often found adjacent to necrosis,
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appears as glomeruloid tufts. CSC may contact proliferating endothelial
cells directly and reciprocal signaling may promote endothelial cell prolif-
eration as well as maintenance of the CSC identity (on the bottom panel,
arrows point at single erythrocytes, indicating poor perfusion). C. Throm-
bosis as a potential mechanism for hypoxic niche formation (top).
Pseudopalisades forming around a central vessel containing a thrombus.
Note the early stage of necrosis and how the pseudopalisades take on
the contour of the occluded vessel (marked with an arrow, bottom)
(p. vessel—perfused vessel).
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treatment by surgery, radiation and chemotherapies (40, 110). Thus
new therapeutic approaches are desperately needed.

Cancers have long been thought to posses features associated
with stem cells, and cells with stem-like properties have been iso-
lated from freshly resected human GBM (29, 41, 105). This subset
of neoplastic cells, which appears to be resistant to standard thera-
pies and endowed with increased clonogenic potential, are gener-
ally called “cancer stem cells” (CSC), although other terms such as
“tumor initiating cells” are also used. It has been suggested that the
persistence of CSC after treatment may explain why tumors recur
and that only by their eradication can a neoplasm be successfully
treated (15, 64, 85). Therefore, therapies causing CSC to differenti-
ate or die represent a novel therapeutic avenue with great promise.
To achieve this, several groups, including ours, have investigated if
factors affecting normal stem cells can be targeted in cancer (4, 23,
24,89, 131).

Over recent years, several markers have been utilized to study
CSC in GBM. These markers include CD133 (105), side popula-
tion (53), Olig2 (66), ALDH (4, 96) and more. The Dirks laboratory
was first to report that only CD133-positive cells, isolated from
GBM, were capable of xenograft initiation in vivo (105). Many
studies have since been published where CD133 was utilized to
mark CSC in GBM and other tumor types. However, the relevance
of CD133 in defining a putative CSC population in GBM is still the
center of much debate, with several studies suggesting that cells
that do not express this marker also have the capacity to self-renew
and engraft (6, 12, 46, 48, 52, 82, 83, 88, 111, 120). Moreover,
Griguer et al have shown that CD133 expression was upregulated
in the adherent GBM cell line U251 in response to reduced oxygen
concentration (34). However, in their studies they also found that
CD133 was induced by various stress conditions, suggesting it
being a non specific “cellular stress” indicator rather than a CSC
marker. These studies highlight the importance of validation via
accepted CSC assays such as clonogenic assays (growth in semi-
solid medium such as methyl cellulose, single-cell growth frequen-
cies, etc.), and most importantly, testing the capacity of cells to
initiate tumors in vivo, which is still undoubtedly the gold standard
in any CSC frequency determination.

HYPOXIA AND CANCER STEM CELLS

Expression of CD133 and other stem
cell markers

Expression of CD133 has been reported by several groups to be
upregulated under hypoxic conditions. McCord et al found that in
two out of three GBM neurosphere lines they tested, CD133 per-
centage increased approximately twofold when cells were incu-
bated at 7% oxygen (74). Importantly, additional stem cell markers
such as Sox2, Oct4, and Nestin were also found to be upregulated.
Siedel et al have similarly shown that incubation of primary GBM
cultures in 1% oxygen resulted in CD133 mRNA and protein
induction, an observation that was confirmed by flow cytometry
(101). Similarly, using flow cytometry, Soeda efal have also
showed that the percentage of CD133-positive cells increases over
time when GBM neurospheres are treated with 1% oxygen, and
further characterization of the expanded population demonstrated
that hypoxia treatment results in preferential expansion of the
CD133/CXCR4/CD44"*/A2B5/CD24-positive subpopulation of
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neurosphere cells. Interestingly, pretreatment of GBM neuro-
spheres with either LY294002 (PI3K inhibitor), PD98059 (ERK
inhibitor) or rapamycin (mTOR inhibitor), independently attenu-
ated the hypoxia-dependent increase in HIF-1a protein levels and
CD133-positive cell fraction (106). These observations may be
clinically significant as they suggest that inhibiting these growth
factor pathways may be a useful approach to inhibit the cellular
response to hypoxia.

One of the defining features of GBM in vivo is that they are
extremely heterogeneous. The cytoarchitecture showing mostly
normoxic cells in their periphery, hypoxic cells in their centers and
necrotic/dead cells in their inner most cores. It is conceivable there-
fore, that CSC residing in these various environments may differ in
their tumor-initiating capacity, the markers they express, and their
susceptibility to therapy. Indeed, three recent studies compared
properties of cells isolated from core and periphery of matched
GBM samples. Pistollato ef a/ have shown that more immature
cells are found in the inner core and intermediate layers, whereas
more mature cells (as indicated by neuronal and glial marker
expression) are distributed in the periphery (92). In addition,
core cells expressed increased levels of O6-methylguanine-DNA-
methyltransferase (MGMT), a known factor involved in chemo-
therapy resistance (40). Similarly, when comparing the growth
characteristics of neurospheres established from core vs. the
periphery, Piccirillo ef a/ showed that the former are more clono-
genic, proliferate faster under neurosphere growth conditions
and have increased capacity to initiate tumors in vivo (88). Most
recently, Glas ef al have shown that while “residual tumor cells”,
which are cells found at the margins after bulk tumor resection, are
more invasive and proliferative and posses reduced clonogenic
capacity as compared with cells isolated from the core (33). Inter-
estingly, while the studies by Pistollato ef al and Glas et al high-
light increased expression of CD133 mRNA and percentage of
CD133-positive cells (respectively) in core vs. periphery, Piccirillo
et al reported similar percentages in cultures established from
these regions. One possibility for this potential discrepancy is
the length of time the cells were grown in culture prior to CD133
determination as well as different culture conditions (growth
medium, etc.).

To investigate the effects of hypoxia on clonogenic CSC in
GBM, we exposed cells isolated from various sources (freshly
resected tumors or xenografts, as well as neurosphere models of
this disease) to moderate hypoxia (1% oxygen) for varying lengths
of time (5). Within 9 h of hypoxic exposure (the earliest time we
tested) cells showed increased expression of hypoxia signature
genes, including transcripts involved in glycolysis, angiogenesis,
growth factor response, etc. Importantly, we observed that genes
that are associated with stem cells, such as Krupple-like-4 (KI1f4),
a transcription factor that may contribute to induction of pluripo-
tency (84) and the neural stem cell marker CD133, were induced.
In our studies, increases in CD133 percentages in response to
hypoxia were accompanied by increases in its mRNA and protein
levels as measured by quantitative PCR and Western blot analyses,
respectively. The induction of CD133 mRNA and protein was
observed within 24—48 h of hypoxic treatment, and increased over
time. Importantly, we observed similar magnitudes of change in
terms of fold induction of CD133 whether we used established
neurospheres or cells that were freshly isolated from human
patients or flank xenografts in mice. However, the absolute
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percentage of CD133-positive cells, as assessed by flow cytometric
analysis, was always lower in cells isolated from in vivo tumors,
suggesting that either in vitro growth can enrich for cells express-
ing this stem cell marker, or that the reduced percentage of CD133-
positive cells in freshly resected tissues is because of the fact
that these cultures contain mixed populations of neoplastic and
non-neoplastic cells.

In addition to induction of CDI133 and Klf4, we noticed a
marked increase in the side population, another marker often used
to identify stem/progenitor stem cells. Interestingly, Seidle et al
have identified a set of genes that are enriched in side population
cells from three adherent GBM cell lines. They found that these
side population signature genes are expressed in vascular and
hypoxic niches in GBM in areas where HIF-1aw and HIF-2o0 are
expressed (101).

GBM and the cancer stem cell niche

Several distinct niches have been proposed for CSC in GBM,
including perivascular (Figure 1A) and hypoxic (Figure 1B)
regions. Stem cell niches provide a specialized microenvironment
that maintains and regulates the properties of the residing cells
(reviewed in (27)). For a recent review of the perivascular niche in
GBM, the reader is encouraged to refer to (31). As to the hypoxic
niche, pseudopalisading necrosis, a fundamental feature of primary
and secondary GBMs (57), represents one microscopic correlate.
With the advent of immunohistochemical and molecular markers
these regions have been confirmed to be hypoxic, and surviving
tumor cells strongly express HIF-1a and VEGF (129). It has been
suggested that CSC survive and thrive in these hypoxic environ-
ments potentially via upregulation of HIF and other factors
[reviewed in (116)]. The mechanism by which foci of pseudopali-
sading necrosis arise is not entirely clear, although vascular throm-
bosis causing occlusion likely accounts for at least a portion (97).
In these, as the surroundings of the thrombosed vessel become
hypoxic, glioma cells migrate away and form the characteristic
cellular rim.

While the space around blood vessels is generally thought to be
well oxygenated, perivascular and hypoxic niches are not necessar-
ily mutually exclusive. Microvascular proliferations with a “glom-
eruloid” appearance represent another cardinal feature of GBM,
and are commonly positioned near areas of necrosis. These glom-
eruloid tufts consist of mitotically-active endothelial cells and of
smooth muscle cells/pericytes (38, 81, 123). They therefore contain
the cellular elements of a perivascular CSC niche. However, vascu-
lar channels and red blood cells are generally attenuated or absent
within the microvascular proliferations, suggesting the possibility
of low oxygen levels and a unique “perivascular/hypoxic’ niche.

Hypoxia and clonogenicity

The functional significance of the relative increase in the fraction
of CD133-positive cells was also studied by several groups. Soeda
et al reported that growth in 1% oxygen increased the total number
and size of neurospheres. Moreover, 1% oxygen inhibited the pro
differentiative effects of fetal calf serum on GBM neurospheres
as indicated by reduced expression of lineage markers GFAP
(astrocytic) and Tujl (neuronal) (106). Pistollato er al reported
that normal SVZ and high-grade glioma precursors proliferated
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optimally in reduced oxygen concentrations (5% and 2%). In these
studies, hypoxia was shown to inhibit the expression of multiple
bone morphogenic proteins, leading to reduction in canonical
SMAD activation. Importantly, reperfusion resulted in rapid loss of
HIF-1q, activation of SMAD, and induced differentiation within
48 h of reoxygenation (93).

Examining the effects of more physiological (7%) oxygen levels,
McCord et al reported that larger neurospheres are formed when
cells are grown under reduced oxygen concentrations. Importantly,
under these conditions, CD133-positive cells proliferated faster as
compared with CD133-positive cells grown under 20% oxygen. In
addition, colony forming efficiency increased almost twofold. The
effect of low oxygen levels was observed in both neurosphere lines
that showed hypoxia-dependent increase in the CD133-positive
fraction as well as in one neurosphere line, which did not but
started off with a baseline CD133-positive cells of over 95% (74).
Heddleston et al have recently shown that culturing CD133-
negative cells in 2% oxygen for 9 days resulted in increased clono-
genicity of these cells, again demonstrating increased number
and size of neurospheres. Moreover, these CD133-negative cells
appeared to proliferate faster from day 5 of hypoxic treatment.
However, we do not know the percentage of CD133-positive cells
at the end of the hypoxic treatment, and an increased ratio of
positive to negative cells could explain the relative increase in
clonogenicity seen. The CDI133-negative cells showed marked
increases in both HIF-1o and HIF-20., both of which were shown
to control CD133 expression. It is therefore a possibility that
induction of CD133 expression in these CD133-negative cells may
account for the increased clonogenic capacity (39).

We compared the capacity of single CDI133-positive and
CD133-negative cells to form large (>100 um) neurospheres
in semisolid media (methyl cellulose). Growth under similar
conditions has been recently described as a rigorous assay for iden-
tification of non-neoplastic neural stem cells (68). We found that
steady-state CD133-positive GBM cells formed large, stem-cell
driven, spheres twice as frequent as CD133-negative cells did. In
addition, hypoxia appeared to preferentially increase the capacity
of CD133-positive cells to form large spheres. These observations
led us to suggest that clonogenic GBM cells are found in both
CD133-negative and CD133-positive subpopulations. However,
the former’s clonogenic capacity is not affected by hypoxia as
that of the CD133-positive cells. Taken together, these observations
suggest that hypoxia inhibits differentiation and increases the
percentage of CD133-positive cells, which are more clonogenic
than CD133-negative cells.

This raises the issues of how the relative increase in CD133-
positive cells is achieved and if this is a transient phenotype or a
more stable one. We started to tackle these questions and found that
at least in the first week of growth under conditions of moderate
hypoxia, positive and negative cells proliferation is roughly equiva-
lent. Similar results were reported previously (39). It is possible
that longer incubation will result in apoptotic induction and cell
death, as indeed chronic hypoxia in tumors result in cell death and
necrosis. However, the effect on clonogenicity is manifested within
2 or 3 days at a time in which neither reduction in cell growth or
increased apoptosis are detected. Our interpretation of these results
is that hypoxia augments the clonogenic capacity of existing (short
term) and newly formed (longer term) CD133-positive cells, which
under high oxygen levels will posses reduced clonogenic capacity.
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As to the question of reversibility, McCord et al have shown that
the increase in clonogenicity seen following exposure of neuro-
spheres to physiologic oxygen tension (7%) is reversed when cells
are reperfused in 20% oxygen for 7 days. In addition, expression
of the stem cell markers Nestin and Oct4 were also found to be
reduced to baseline levels. In cultured neurospheres that were
exposed to hypoxia (1%) we found that the effect on CD133
expression remained relatively stable even after 7 days in nor-
moxia. We however have not examined the clonogenic capacity
of reperfused cells. One speculative possibility is that hypoxia
increases the percentage of CD133-positive cells and augments
their and existing CD133-positive cells clonogenic capacity,
however, once reperfused, the clonogenic capacity of these hypoxia
responsive CD133 cells is reduced to baseline. Further studies are
required to get further insight into the long term effects of hypoxia
on clonogenicity.

Differential effects of HIF-10 and HIF-2q:
selective roles or differences stemming from
tumor heterogeneity?

As mentioned earlier, HIF-1o and HIF-20 are master regulators of
the transcriptional response to hypoxia, and a growing body of
work from several labs suggests that there are functional differ-
ences between HIF-lo and HIF-200 in regards to response of
neoplastic cells to hypoxia. We found that the hypoxia-dependent
increase in the CD133-positive fraction could be recapitulated
simply by over expression of an oxygen stable form of HIF-1a
under normoxic conditions, suggesting that HIF-1c is sufficient
to mediate these effects. A similar approach was utilized by
Heddleston ef al who used an oxygen stable form of HIF-20.. They
found that HIF-2a increased the percentage of CD133-positive
cells in a sorted population of CD133-negative cells maintained in
serum containing medium and switched to neurosphere growth
medium prior to analysis. This HIF-2o. expression also resulted in
concomitant increases in the mRNA levels of the stem-cell associ-
ated genes cMyc, Nanog and Oct4 (39).

Examining cells extracted from primary human brain tumor
specimens or xenografts of established human GBM cell lines,
Li et al have shown that HIF-2o0. mRNA is expressed to a higher
degree in CD133-positive than in CD133-negative cells. Also,
HIF-200 mRNA levels were shown to increase in response to
hypoxia in CD133-positive cells, whereas HIF-1oo. mRNA was
equally expressed in both CD133-positive and CD133-negative
cells and its levels were unaffected by hypoxia. When protein
levels were quantitated by Western blot, HIF-1o. and HIF-20. both
responded to deferoxamine, 1% or 2% oxygen in both populations
(albeit with different kinetics and degree of change). Similar obser-
vations were reported by McCord et al with respect to the induction
of HIF-2a protein in response to more physiological oxygen levels
(7%). However, under these non-hypoxic conditions, HIF-10a: levels
were barely detected (74) providing further support for HIF-2a
specific effects on CD133-positive GBM cells at physiologic
oxygen levels. Additional differences between HIF-10 and HIF-2o0
were reported by Seidel ef al. They showed that expression of
HIF-20 but not HIF-10 was sufficient to induce the expression of
the side population signature gene-panel. Moreover, knocking
down the expression of HIF-2¢ but not HIF-1aw was sufficient
to reduce the hypoxia induced expression of CD133 as well as
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ASPHD2 and MAMLS3, two genes belonging to the side population
signature panel (101). However, as previously shown by Li
et al (65), reduction of both HIF factors resulted in reduced
clonogenicity.

In our studies of GBM neurospheres, we could not detect
HIF-2o protein expression in normoxia or hypoxia, while HIF-2a.
mRNA was widely expressed. When CD133-positive and CD133-
negative populations were FACS—sorted and exposed to hypoxia,
HIF-1oo mRNA level was unchanged, whereas HIF-20. expression
appeared to increase only in the CD133-negative fraction. Impor-
tantly, this increase in HIF-20. did not result in translation of detect-
able protein. This raises the possibility that in some GBMs a
regulation mechanism might be present to prevent HIF-2a. protein
from being expressed. Additional studies will be required to assess
if such mechanism exists. Further emphasizing the differences
between HIF-1oc and HIF-2o, Soeda et al have shown that in three
neurosphere lines they tested, HIF-1o but not HIF-2a protein was
responsive to hypoxia (1% O,). Furthermore, knocking down the
expression of HIF-1o but not HIF-2a,, PHD2 (prolyl-hydroxylase
promoting HIF degradation), or Notchl (see below) resulted in
reduced clonogenicity in vitro (106).

When a given cell type is experiencing a reduced oxygen envi-
ronment HIF-1o and HIF-2o. will induce (and indirectly inhibit)
the expression of hundred of genes with some target overlap
between these two factors. Therefore the biological consequences
of HIF activation are dependent on which factor is active at any
given time and what the targets it regulates are. In recent studies
of GBM neurospheres, HIF-1a and HIF-2o0 mRNAs where shown
to be expressed anywhere between physiologic oxygen levels
(5%—7% range in reported literature) to moderate hypoxia
(1%-2% range in reported literature). While HIF-2o. protein is
present in a wide range of oxygen levels, HIF-1o protein is more
restricted to cells experiencing moderate hypoxia. Despite these
differences, both HIF-1o and HIF-2a are crucial when it comes
to the test of clonogenicity and tumor propagation in xenografts,
suggesting that pharmacological inhibition of these factors holds
great promise in targeting neoplastic cells.

Hypoxia and Notch

The Notch signaling pathway is involved in many cell fate deci-
sions, and in cellular processes that are implicated in gliomagen-
esis (most recently reviewed by Stockhausen et al (107)). Gustafs-
son et al have shown that HIF-1a physically interacts with the
activated notch intracellular domain (NICD), thereby blocking
terminal differentiation of neural precursors. Under increased
oxygen concentrations, such interaction is abolished, allowing
neural precursors to differentiate (37). Furthermore, increased O,
derepresses p53, which can lead to p21¢?!-mediated cell differen-
tiation or apoptosis (98, 115).

From the therapeutic stand point, Fan efal/ have recently
shown that Notch pathway blockade depletes CD133-positive
GBM cells and inhibits growth of tumor neurospheres and
xenografts (23). We found that hypoxia regulates the expression
of the Notch ligands Jagl and/or Jag2 in multiple neurosphere
and adherent, high serum, cell lines, suggesting that hypoxia
may modulate Notch signaling. Indeed we observed a modest
induction of the downstream target genes Hes1 and Hey2 grown
under hypoxic conditions. Similar results have been previously
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described by Sahlgren ef a/ who showed that growth in 1% oxygen
induced Notch signaling in various cells lines, including the
human-derived GBM cell line U§7-MG, in a Notch ligand-specific
manner (99).

Using microarray gene-expression analysis of CD133-positive
GBM cells exposed to physiological oxygen concentration (7%),
McCord et al have reported that the Notch signaling pathway,
among several other pathways, was upregulated. These observa-
tions may have therapeutic implications, as Wang ef al have
recently shown that inhibition of Notch signaling either by the
gamma-secretase inhibitors (DAPT or L685,458) or siRNA against
Notchl or Notch2 result in increased sensitivity to ionizing radia-
tion, whereas overexpression of either Notch1 or Notch2 intracel-
lular domains (activated receptors) resulted in increased resistance
to radiation (121). Earlier data from the same group has shown
that GBM CD133-positive cells are inherently more resistant to
ionizing radiation because of higher baseline activation level of the
DNA-damage response (3). However, the mechanism controlling
resistance to radiation in Notch-inhibited cells appears to rely on
AKT and Mcl-1 rather on alterations of the DNA-damage response
(121). While the relative radio-resistance of CD133+ GBM cells
as compared with CD133-negative cells has been validated by at
least two other groups in additional tumor types (8, 11), it is clear
that this relative resistance is regulated by the culture conditions.
Supporting this view is the recent publication comparing the radio-
resistance of established GBM cell lines to that of CD133-positive
cells from low passage GBM neurospheres (75) showing that
neurosphere-derived CD133-positive cells are more sensitive to
ionizing radiation than established high serum adherent cultures.
Despite these differences, taken together, these reports suggest that
inhibition of Notch signaling may be a promising approach to
deplete tumor propagating cells and increase GBM sensitivity to
ionizing radiation.

Can we take advantage of tumor cell
dependency on HIF factors to design
better therapies?

The dependency of tumor cells on HIF factor activity in GBMs
suggests that these factors are prime candidates for pharmacologi-
cal intervention. Indeed, several studies have been published in
recent years exploring this. Moreover, it has been long recognized
that HIF-o. factors are active in most, if not all, solid tumors
and that HIF stabilization is regulated by additional conditions or
factors (other than oxygen levels). This point is important as any
potential therapy targeting HIF activity may not only target hypoxic
cancer cells but may target normoxic cancer cells as well. Some
of these conditions/factors are illustrated in Figure 2, and recently
reviewed (104). For example, Zhao et al have recently shown that
the R132H mutation in the gene encoding iso-citrate dehydroge-
nase (IDHIR'*M) dominantly inhibits its catalytic activity and
induces HIF-lo activity under normoxia (127). More recently,
Dang et al reported that IDH1 mutations result in a gain of function
phenotype, the ability to catalyze the reduction of o-ketoglutarate
to 2-hydroxyglutaric acid (14). Additional examples of hypoxia-
independent HIF-1a stabilization include: Oncogenic transforma-
tion, associated with activation of the Ras/RAF/mitogen-activated
protein kinase, phosphoinositide 3-kinase (PI3K), phosphatase and
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tensin homolog or Akt pathways, can also cause HIF-1o accumula-
tion (73, 133). Succinate, which is produced during hydroxylation
of HIF-1o, has also been shown to slow the rate of HIF-lo
hydroxylation leading to its increased stability. Prostaglandins and
certain nitric oxide donors can also induce HIF-1o. under non-
hypoxic conditions (42). Finally, transforming viruses have also
been shown to result in HIF-1ow activation [reviewed in (102)].
Taken together these studies provide compelling evidence that
HIF-1o and HIF-2a activation promote oncogenesis and/or tumor
progression and that both represent excellent targets for pharmaco-
logical intervention [recently reviewed (16, 47)].

As mentioned earlier, there are significant similarities between
normal neural stem cells and GBM CSC in regards to their
response to hypoxia. This raises concerns about whether there is a
therapeutic window in which therapies inhibiting HIF-1o and/or
HIF-2a can be tailored in such a way to prevent them from affect-
ing non-neoplastic neural stem cells. Keeping these concerns
in mind, inhibition of HIF factors in GBMs has been shown to
be extremely effective. Gillespie et a/ have shown that reducing
HIF-1a, using siRNA, inhibited the hypoxic response and attenu-
ated GBM growth in vitro and in vivo (32). Similarly, Heddleston
et al have shown that targeting either HIF-1a or HIF-2q, resulted
in reduced VEGF expression in GBM CSC cells, proliferation of
HMVEC (co-cultured with these GBM CSC cells), and most
importantly reduced the clonogenicity of CD133-positive cells in
vitro and in vivo (39).

We have taken advantage of the common heart glycoside,
digoxin, which has been recently shown by the Semenza group to
inhibit the translation of HIF-1ow (126). We found that inhibiting
HIF-1a translation in GBM using digoxin result in significant
reduction in growth, which can partially be rescued by expressing
the oxygen stable form of this protein. Interestingly, we found that
HIF-1a protein was present in some GBM cells even under 20%
oxygen, and that targeting HIF-1a in these cells, using shRNA,
inhibited the growth of these cultures even at these elevated oxygen
levels, suggesting that in some GBMs HIF-10 may act as a survival
factor. Importantly, in our studies, we found that digoxin reduced
the hypoxia-dependent increase in CD133-positive fraction,
xenograft implantation and growth of pre-established GBM flank
xenografts, again pointing the finger towards HIF-lo, as the
driving force for tumor initiation and growth. Previously, Zhang
et al have reported successful inhibition of tumor cell growth in
response to digoxin in other tumor types. Specifically, they found
that in addition to digoxin, other glycosides such as ouabain,
and proscillaridin A, could reduce HIF-1o protein levels and its
downstream signaling targets. Digoxin appeared to inhibit both
HIF-1o. and HIF-2a translation (although with a higher IC50
for HIF-2q). Digoxin or siRNAs against HIF-1a or HIF-2a were
also shown to significantly reduce growth of PC3 (prostate) and
P493-Myc (B-cell) tumor xenografts (126). Other agents targeting
HIF-1o. or its downstream signaling pathways are currently
under development. A selection of some of these inhibitors is illus-
trated in Figure 2. For a more in depth review of these agents,
the reader is encouraged to read the following recent reviews
(47,76, 113).

Taken together, these studies underscore the promise of this
approach of targeting HIF factors in GBM, as well as other solid
tumors, a very valuable area of research that no doubt will attract
increased attention in the coming years.
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Figure 2. HIF-1a plays a pivotal role in many physiological and pathologi-
cal processes (shown on the left side). Agents that inhibit hypoxia
inducible factor 1a. (HIF-10) activity have been reported to control various
downstream processes (shown on the right side). The majority of these
agents inhibit HIF-1o translation (1-8). However, agents that increase
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