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Introduction

From metabolic adaptation to stem cell signalling
HIF-1« regulates Notch effects on cellular differentiation
Stem cell pluripotency requires HIF target gene function

Abstract

02 regulation of Wnt signalling is differentiation-stage specific
HIFs, stem cell pathways and disease

HIF and cMyc

HIF and p53

Cellular properties are influenced by complex factors inherent to their microenvironments. While oxygen deprivation (hypoxia) occurs
in tumours because of rapid cell proliferation and aberrant blood vessel formation, embryonic cells develop in a naturally occurring
hypoxic environment. Cells respond to hypoxia by stabilizing hypoxia-inducible factors (HIFs), which are traditionally viewed to function
by altering cellular metabolism and blood vessel architecture. Recently, HIFs have been shown to modulate specific stem cell effectors,
such as Notch, Wnt and Oct4 that control stem cell proliferation, differentiation and pluripotency. Direct molecular links have also been
established between HIFs and critical cell signalling pathways such as cMyc and p53. These novel links suggest a new role for HIFs in

stem cell and tumour regulation.
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Introduction

Oxygen is a key requirement for survival, serving as the primary
electron acceptor in a multitude of biochemical reactions, and
fulfilling cellular energy demands by generating ATP through
aerobic metabolism. This makes physiologically low 02
levels, or hypoxia, one of the most relevant cellular stresses.
Hypoxia plays a central role in normal development, and is also
an important aspect of variety of pathological conditions,
including stroke, tissue ischaemia, inflammation and the growth
of solid tumours.

Hypoxia was first correlated with tumour progression in the
early 20th century, when researchers demonstrated increased
tumour cell glycolysis in the presence of high O2 levels and the
existence of a direct link between cellular hypoxia and radioresis-
tance [1] (see timeline in [1]). More recently, a connection
between mammalian embryogenesis and O2 levels was revealed in
the 1970s, when Morriss and New demonstrated that successful
development of the neural fold by ex utero mouse embryos
required culture conditions with low Oz levels [2].
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Cells respond to hypoxia through coordinated changes in gene
expression. The transcription factors primarily responsible for
these changes are hypoxia-inducible factors (HIFs). HIF is com-
posed of two subunits, an « subunit that is oxygen labile, but
which is rapidly stabilized in response to low O2 conditions, and a
B subunit (also known as ARNT, the aryl hydrocarbon receptor
nuclear translocator) that is constitutively expressed [3]. The sta-
bilized « subunit subsequently heterodimerizes with the 8 subunit
to form a potent transcription factor which recognizes specific
promoter elements known as hypoxia response elements and acti-
vates target genes essential for adaptive responses.

Exposure to low 02 levels initiates a HIF response in almost all
vertebrate cells which ranges from rapid changes at the cellular
level, such as altered carbohydrate metabolism, to systemic
changes including erythropoiesis and angiogenesis. HIF
responses are also triggered in embryonic stem cells. Prior to the
establishment of the circulatory system, the early embryo devel-
ops in a naturally occurring hypoxic environment (<3% O,
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20 mm Hg) [4, 5] compared to the physiological range of adult tis-
sues (2-9% 02, 14.4-64.8 mm Hg), or ambient air (21% 02, 150
mm Hg). Therefore, the lack of established vasculature in the early
embryo, or aberrant vasculature in a rapidly proliferating tumour,
which typically produces regions of severe hypoxia or anoxia,
offers an environment conducive for the stabilization and function
of HIF proteins.

Genetic analyses of HIFs in multiple species have confirmed
these 02 sensors as critical regulators of ontogeny. Targeted dis-
ruption of Hif-1a, and Arnt in mice is embryonic lethal, and the
embryos die primarily because of cardiac and vascular defects
[6-8]. Targeted disruption of Hif-2« results in distinct phenotypes
in different mouse strains, including embryonic lethality because
of bradycardia and vascular defects [9], perinatal lethality because
of impaired lung maturation [10] and postnatal lethality because of
multiorgan failure and defective mitochondrial metabolism [11].
These studies also revealed the importance of HIF-mediated
processes, including angiogenesis, invasion and metastasis, in the
natural course of diseases such as solid tumours [12].

Initially recognized for their ability to promote metabolic adap-
tation, recent work has uncovered a new role for HIFs, that of stem
cell regulation. It is increasingly appreciated that adult tissues
maintain localized domains where O2 levels are low. Importantly,
stem cells are known to occupy specialized microenvironments or
‘niches’, and, are regulated by factors inherent to their microenvi-
ronments. In vitro studies employing low O2 culture conditions
(=5% 02) have revealed regulatory links between Q2 availability
and cell proliferation, survival and differentiation of stem and pro-
genitor cells. Among the defined stem and progenitor cell
responses to hypoxia are stimulation of the proliferation of central
nervous system precursor cells [13] and neural crest stem cells
[14], enhanced survival of the chondrocyte growth plate [15] and
the inhibition of adipocyte differentiation [16]. This raises the
exciting possibility of stem cell regulation by hypoxia.

In this review, we discuss the role of 02 availability and HIFs in
the regulation of cell signalling pathways and their influence on stem
cell behaviour. In addition, we describe HIF regulation of critical cel-
lular pathways (e.g. cMyc and p53) as it relates to tumorigenesis.

From metabolic adaptation to stem cell
signalling

That tissue stem cells reside within specific anatomical locations
termed ‘niches’ was proposed nearly four decades ago from stud-
ies on transplanted haematopoietic progenitors [17]. These analy-
ses put forth the concept of microenvironment factors present in
the niche which regulate stem cell properties such as the ability to
self-renew and differentiate into specialized lineages. In recent
years niches, and the intracellular interactions within have been
delineated with increasing precision. For example, it is now known
that in the Drosophila ovarioles and testis, specialized adherens
junctions between the niche cells and germ stem cells anchor the
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stem cells to the niche [18], and promote asymmetric division [19,
20]. Microenvironmental cues also promote asymmetric cell divi-
sion in the C. elegans zygote [21], and embryonic neuroblasts
[22]. In mammals, stem cell niches have been described in multi-
ple tissues, including the gonad [23], skin [24-26], intestine [27],
bone marrow (BM) [28, 29] and brain [30, 31].

Genetic, molecular and 3-Dimensional culture analyses [32]
have identified a number of conserved signal transduction path-
ways that are provided by niche cells and promote stem cell main-
tenance. These microenvironmental cues include signals from the
BMP, Notch, Wnt, JAK-STAT and Sonic hedgehog pathways,
which individually, or through integration with other signals, reg-
ulate stem cell properties [33—-35]. Characterization of multiple
niches, however, has also revealed variations in the niche
anatomy, and novel regulatory factors are constantly emerging.
One such factor is hypoxia.

It is generally believed that the BM, which is the primary site
for adult haematopoiesis, maintains a significantly lower O2 ten-
sion compared to other organs and tissues [36]. Though
haematopoietic stem cells (HSCs) have been identified within spa-
tially distinct and multiple, functionally distinct niches (with evi-
dence for both osteoblast association and sinusoidal perivascular
associations, or both ([37, 38]), HSC’s have long been speculated
to align along an oxygen gradient of the BM [39]. Chow et al.
employed mathematical modelling of pO2 distribution in the BM to
predict strong probability of HSC association with almost anoxic
regions [40]. Similar results were obtained with in vivo dye perfu-
sion studies [41]. Furthermore, our work suggests a similar link
between hypoxia and the dentate gyrus, a site for adult neurogen-
esis, which seems to be regulated by low O2 levels (Mazumdar J.
and Simon M.C., unpublished observation). That stem cells may
occupy hypoxic niches and be regulated by low O2 gradients is
also supported by in vitro low Oz culture condition studies [36,
42] which offer a demonstration of the direct influence of local 02
concentrations on stem cell self-renewal and differentiation. Danet
et al. demonstrated that culturing human BM HSCs under hypoxic
conditions  (1.5% 02) increased the expansion of
Lin~CD34*DC38 ™ cells, a subpopulation of primitive progenitors
and stem cells, and enhanced the ability of these enriched cells to
engraft and repopulate the haematopoietic compartment of
immunodeficient NOD/SCID mice [42]. Low O2 levels also posi-
tively influenced haematopoietic progenitor cell numbers isolated
from embryonic yolk sacs or generated from ES cells grown in
three-dimensional embryoid bodies in vitro [43, 44].

Low 02 regulation of stem cells extends beyond the
haematopoietic lineages for instance, culturing neural crest stem
cells or neuronal stem cells under hypoxic conditions (5% 02)
increased their proliferation and skewed cellular differentiation
towards specific fates [13, 14]. Moreover, hypoxia directly influ-
ences differentiation of human placental cytotrophoblast [45], and
promotes functional cartilage formation from human embryonic
stem cells [46]. Finally, culturing neuroblastoma and breast can-
cer cells under low O2 conditions confers stem cell-like properties
and promotes dedifferentiation in these hypoxic neoplastic cell
lines [47, 48]. Together, these findings suggest that hypoxia,
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Fig. 1. Hypoxia regulates stem cells A
in a HIF-dependent manner. A
schematic diagram of molecular links
between HIFs and stem cell pathways
is shown. (A) Canonical HIF functions
comprise adaptive responses includ- B
ing angiogenesis and altered metabo-
lism mediated by target genes such
as VEGFand PGK-1. (B) HIF-1« inter-
acts with Notch-1 ICD, resulting in
stabilization of Notch-1 ICD and the
activation of target genes. In colon
cancer cells, HIF-1a interaction with
B-catenin results in reduced B-
catenin-LEF/TCF transcriptional com-
plex formation and decreased Wnt/B-
catenin signalling. The exact role of c
ARNT in these interactions is not fully
understood. Interestingly, in ES cells
and other primary cells, HIF-1a«/ARNT
positively influences Wnt/B-catenin
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VEGF .

EPO ——— Canonical Response
PGK1

Notch ICD ——— Notch Signalling
B-catenin Whnt Signalling

(colon cancer)

Whnt Signalling

LEF-1/TCF-1 ——— (ES cells, neural progenitors)

Oct4

—— Primordial germ cells

signalling by directly activating B-catenin transcriptional partners LEF-1 and TCF-1. (C) HIF-2a/ARNT promotes primordial germ cell maintenance

through direct activation of Oct4, a pluripotency transcription factor.

which promotes stem cell quiescence and shields cells from
oxidative damage, may be a strategic requirement for the mainte-
nance of stem cell pools, especially in long-lived animals that can-
not afford premature stem cell depletion.

Genetic ablation of HIF proteins phenocopies many of the
hypoxic effects on stem cells, therefore indicating that stem cell
responses to hypoxia are likely mediated by HIF proteins. Targeted
mutation of the ARNT subunit, which eliminates both HIF-1a and
HIF-2a function, results in a decreased number of progenitor cells of
all haematopoietic lineages in embryoid body assays [43]. This phe-
notype is recapitulated in At~ mouse embryos, which display
reduced number of haematopoietic progenitor cells in the embry-
onic yolk sac, as compared to Arntreplete counterparts [44]. One of
the primary abnormalities of Amt " embryos leading to embryonic
lethality is a defective placenta, a complex organ whose develop-
ment is intricately regulated by the hypoxic uterine environment.

Human placental cells proliferate under hypoxic culture condi-
tions, whereas high 02 levels arrest proliferation and promote dif-
ferentiation [45, 49]. Analysis of placentas from Amt ™" (or Hif-
1of/", Hif-20~" double) mutant mouse embryos revealed that
HIF activity is required for appropriate trophoblast stem (TS) cell
fate specification. The presence of HIF activity is essential for the
differentiation of TS cells into spongiotrophoblasts which occupy
a particularly hypoxic zone, followed by terminal differentiation
into trophoblast giant cells which lie close to the O2-rich maternal
spiral arteries [50]. Lack of HIF activity, on the other hand results
in significantly reduced spongiotrophoblast cell numbers, and
skews the differentiation of TS cells towards synciotrophoblasts
(fused trophoblast precursor cells) [50, 51]. The effects of HIF
activity on trophoblast cell fate determination have also been reca-
pitulated using TS cell lines cultured in vitro. For instance,
impaired placental invasion of Amt™" or Hif-1a™" cells in vivo
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correlates with reduced migration and invasion of Arnt or HIF-1a
depleted TS cells [52]. These experiments implicate the HIF pro-
teins in the control of HSC and TS cell function.

Observations from our laboratory suggest a molecular link
between HIF-1« and neural stem cell regulation (Mazumdar J. and
Simon M.C., unpublished observation), thus indicating the poten-
tial influence of hypoxia on stem cells beyond the haematopoietic
lineage. Current information, however, does not reveal whether the
observed hypoxic effects can be generalized to all stem cell line-
ages, and entails further analysis. As noted recently by Keith and
Simon [53], only a few HIF target genes that could mediate these
effects have been identified. VEGF is one such target which
accounted for many of the HIF-mediated effects on haematopoi-
etic progenitors [44], but there is little doubt that other factors and
signalling pathways are involved. Given that some hypoxic effects
on stem cells parallel stem cell regulation by signalling pathways,
and because a correlation between hypoxia and signalling path-
ways has been observed [47, 54], it is possible that altered stem
cell behaviour under low O2 involves hypoxic regulation of stem
cell pathways. Recent work has identified several such regulatory
mechanisms by which HIFs directly modify cellular differentiation
and stem cell function (Fig. 1).

HIF-1« regulates Notch effects
on cellular differentiation

Previously, global gene profiling experiments indicated putative
links between hypoxia and stem cell signalling pathways, for
instance Notch [47] and Wnt/B-catenin signalling [54]. An
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interesting molecular intersection occurred when Gustafsson et al.
working with isolated satellite cells (muscle progenitor cells) iden-
tified a direct molecular link between HIF-1« and Notch signalling
[55]. Subsequently, direct molecular links have been established
between HIFs and other key stem cell regulatory proteins includ-
ing Oct4 [56], cMyc [57] and B-catenin [58].

Notch comprises a relatively simple core-signalling transduc-
tion pathway, yet controls cell differentiation in many different tis-
sues and at multiple stages in a given lineage [59]. Signalling is
initiated when the Jagged or Delta family of ligands binds a Notch
receptor, triggering a two-step receptor proteolysis event [59].
The second proteolytic cleavage, mediated by y-secretase, results
in the release of the Notch intracellular domain (ICD) from the
plasma membrane and its transport to the nucleus, where it forms
a DNA-binding complex with other coactivators including MAML,
CSL and p300, and activates target-gene expression [59].
Gustafsson ef al. reported that hypoxia blocked the differentiation
of myogenic satellite cells, a myogenic cell line (G2C12), and pri-
mary neural stem cells in a Notch-dependent manner [55].
Employing neural stem cells and neurogenic mouse embryonic
carcinoma cells, the authors demonstrated that hypoxic treatment
increased stabilization of the transcriptionally active Notch ICD,
and stimulated Notch target genes Hes-1 and Hey-2. Reversal of
cell differentiation after incubation with the ~y-secretase inhibitor
L-685,458 confirmed the requirement of Notch ICD in this regula-
tion. In a novel molecular link, HIF-1oc was demonstrated to medi-
ate Notch ICD stabilization. In immunoprecipitation assays, HIF-
1a physically interacted with Notch-1 ICD and accompanied it to
Notch responsive promoters to activate target genes. However, a
role for HIF’s activation of Notch target genes were only partially
investigated: exactly how HIF-1« proteins integrate into the Notch
ICD:MAML:CSL complex is not yet understood, nor is it known
whether this response modulates the expression of all Notch tar-
get genes, or only a subset [55]. Of note, the hypoxic activation of
Notch signalling bears remarkable similarity to cross talk between
Notch and BMP/TGF-B signalling, which also blocks myogenic dif-
ferentiation in C2C12 cells in a Notch-dependent manner [60, 61].

The importance of Notch pathway signalling in blocking cellu-
lar differentiation has been highlighted in several systems includ-
ing Drosophila, C. elegans and mammals [59]. For example, Notch
signalling is critical for the maintenance of undifferentiated stem
and progenitor cell populations in the mammalian intestinal crypt,
and also influences differentiation of mature enterocytes [62].
Forced Notch activation in haematopoietic BM or T cell progenitor
cells inhibits differentiation and results in T cell acute lymphoblas-
tic leukaemia [63]. That the primary effect of hypoxia, acting
through Notch, is to inhibit the differentiation of multiple myo-
genic lines (see above), therefore offers a striking molecular link.
As previously noted by Keith and Simon [53], the findings of
Gustafsson et al. make it interesting to investigate whether altered
Notch signalling underlies some of the developmental defects
observed in HIF-deficient embryos, and in adult cells and tissues
(such as the chondrocyte growth plate) which selectively lacks
HIF-1a [15]. Given HIF-1a’s demonstrated role in the activation of
Notch target genes, a hypoxic niche may prove particularly
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favourable for the optimal activation of Notch targets that inhibits
cell differentiation, thereby contributing to stem cell quiescence
and maintenance of homeostasis. Direct analysis of this regulation
will require selective inactivation of HIF-a or Notch in specific
stem cell populations in vivo. It is important to remember, how-
ever, that Notch effects can be complex and context dependent, as
overexpression of Notch components rather promotes terminal
differentiation in epidermal keratinocytes and certain neural stem
and progenitor cells [62, 64, 65].

Stem cell pluripotency requires HIF
target gene function

Several lines of study have indicated a potential involvement of
low 02 in the maintenance of cell quiescence [41], proliferation
[13] and differentiation [14, 16]. It was previously noted that
bovine blastocysts produced under reduced 02 (<2% 02) ten-
sions exhibited significantly more inner cell mass (ICM) cells than
those that were maintained at higher O2 levels [66]. The ICM and
its embryonic stem (ES) cell counterparts are pluripotent. Ezashi
etal. [67] demonstrated that human ES cells, when cultured either
at 3-5% 02 or 21% 02 proliferate at a similar rate. However,
hypoxia substantially reduced the appearance of differentiated
regions in these ES cultures, as assessed by morphology, and
immunohistochemically (by the loss of stem cell markers such as
stage-specific embryonic antigen-4 [SSEA-4], and the transcrip-
tion factor OCT4 [see below], and by the gain of SSEA-1). These
results suggest that hypoxic conditions are required to maintain
the full pluripotency of mammalian ES cells.

Our laboratory recently reported that hypoxia regulates stem
cell function through direct activation of specific HIF target genes.
HIF-1a and HIF-2« are the two major HIFs that mediate responses
to hypoxia. While they are known to have their unique targets, they
also share targets. To determine the functional redundancy
between HIF-1a and HIF-2a in embryonic development, Covello
et al. targeted a HIF-2a ¢cDNA into the Hif-1a locus in murine ES
cells, thereby replacing HIF-1a expression with HIF-2« [68]. This
‘knock-in’ allele was designed to dissect the overlapping functions
and functional redundancies between the two HIFs, and served as
a stringent genetic tool to investigate the extent to which expanded
HIF-2a expression, under the regulatory control of the Hif-1a
locus, could complement a HIF-1c null mutation [56]. Since, HIF-
1a-deficient embryos died at E8.5-E10.5, a HIF-2a knock-in
strain, if completely incapable of complimenting HIF-1a function,
should have displayed a similar embryonic lethality. Surprisingly,
embryos with expanded HIF-2« (HIF-2a knock-in homozygotes)
were recovered at significantly reduced frequencies at E6.5 — E7.5.
The recovered embryos displayed developmental patterning
defects and exhibited increased expression of certain genes,
including Oct4. Up-regulation of Oct4 was also confirmed in
HIF-2a knock-in ES cell-derived embryoid bodies. Subsequent
analysis revealed phenotypes in vivo, such as increased mesoderm
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differentiation, correlated with expanded Oct4 expression, a criti-
cal transcriptional regulator controlling ES cell pluripotency.
Chromatin immunoprecipitation (ChIP) assays revealed that HIF-
2« is a direct upstream regulator of Oct4 and was capable of bind-
ing hypoxic regulatory elements in the murine Oct4 promoter. This
transcriptional activity was not shared by HIF-1c.

Oct4 occupies promoters for many important developmental
regulators in human ES cells [69], and, along with Nanog, forms
a transcriptional network, which regulates pluripotency in mouse
embryonic stem cells [70]. /n vivo, Oct4 protein is abundant in the
ICM of early blastocysts and down-regulated in trophoectoderm,
whereas it is highly expressed in the nascent primitive endoderm
[71]. Oct4 expression is down-regulated in somatic cells around
the time of gastrulation, but retained in primordial germ cells and
in some adult stem cell populations [72]. Therefore, Oct4 seems
to maintain a precisely balanced interactive state with other sig-
nalling partners. Deviations from the strict Oct4 expression levels
have dramatic effects on ES cell differentiation, for instance a
2-fold increase triggers differentiation into primitive endoderm or
mesoderm, whereas a 2-fold decrease in Oct4 expression
redirects ES cells to differentiate into trophoectoderm [71]. This is
consistent with expanded mesoderm formation in HIF-2a knock-
in embryoid bodies, as a consequence of HIF-2a expansion and
Oct4 activation. Interestingly, HIF-2a-deficient embryos have
severely reduced numbers of primordial germ cells which require
Oct4 for survival/renewal [73], consistent with a physiological
requirement of HIF-2« in Oct4-dependent stem cell function.

The molecular links between HIFs and key stem cell regulatory
proteins such as Notch, and Oct4 confirm the emerging concept
that HIFs not only act in metabolic adaptations, but can also regu-
late critical stem cell phenotypes. They also raise the possibility of
cross talk between hypoxia and other stem cell signalling pathways.

02 regulation of Wnt signalling
is differentiation-stage specific

The Wnt signalling pathway has profound effects on cell function
in D. melanogaster, Caenorhabditis elegans and mammals [34].
The key cytosolic transducer of the pathway, B-catenin, is stabi-
lized when cell surface receptors (LRP-5/6 and Frizzled family of
proteins) are engaged by secreted Wnt ligands. Stabilized -
catenin translocates to the nucleus where it interacts with the
LEF/TCF family of transcriptional activators, to activate target
genes [34]. Wnt signalling is frequently dysregulated in colon car-
cinoma, and stimulates proliferation of colorectal tumour cells
[74]. On the other hand, hypoxia, a characteristic feature of solid
tumours, blocks colorectal tumour cell proliferation. Kaidi et al.
reported that hypoxia inhibited the proliferation of colon carci-
noma cells in a B-catenin-dependent manner [58]. Hypoxic treat-
ment resulted in increased cell-cycle arrest and down-regulated
expression of the Wnt/B-catenin target cMyc, a potent cell-cycle
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regulator. Hypoxic inhibition of Wnt/g-catenin signalling was
mediated by physical interaction of HIF-1« with B-catenin, result-
ing in reduced formation of pB-catenin-TCF-4 complexes.
Intriguingly, B-catenin/HIF-1« interaction was found to increase
HIF transcriptional activity, which might help cells to adapt to
severe hypoxia [58].

We have recently elucidated a divergent aspect of this molecu-
lar link in stem cells. We observed a positive influence of hypoxia
on Wnt/B-catenin signalling in multiple embryonic cells including
murine ES cells and isolated neural stem cells (Mazumdar J. and
Simon M.C., unpublished observations). Furthermore, we found
that this regulation is differentiation-stage specific, and confirmed
previous observations using HCT-116 cells [58]. In vivo studies
recapitulated this link in adult hippocampal neurogenesis, a Wnt-
dependent process. Deletion of neuronal HIF-1« resulted in signif-
icant down-regulation of newborn neurons. The defect was
reversible upon administration of a pharmacological inhibitor of
glycogen synthase kinase-3, a negative regulator of the pathway.
Wnt signalling has been shown to positively influence the proper-
ties of haematopoietic [75, 76] and intestinal stem cells [76].
Future work will determine whether other Wnt-dependent stem
cells are subject to HIF-1« regulation of Wnt/B-catenin signalling.

HIFs, stem cell pathways and disease

Solid tumours frequently harbour areas with compromised circu-
lation because of structurally disorganized blood vessels. Among
other phenotypes such as angiogenesis, invasion and metastasis,
low 02 levels are associated with more aggressive tumours [77,
78]. For some cancers, there is now evidence that hypoxia induces
an aggressive characteristic by causing spontaneous dedifferenti-
ation of tumour cells. It has been recently shown that low Oz lev-
els can promote dedifferentiation and confer stem cell properties
in neuroblastoma, a childhood cancer, and breast cancer [79].
Importantly, in both these tumour forms there is a correlation
between low differentiation stage and aggressive phenotype.
Neuroblastoma is a childhood cancer that originates from the
developing sympathetic nervous system and consists of both neu-
rons and neuroendocrine cells. Jogi et al. showed that hypoxia
(1-5% 02) decreased the expression of several neuronal/
neuroendocrine marker genes, but induced the expression of mark-
ers that were associated with neural crest sympathetic progenitors
(such as c-Kit and Notch) in cultured neuroblastoma cells [47].
Similar changes in gene expression were also noted in hypoxic
regions of neuroblastoma xenografts grown in immunocompro-
mised mice. The dedifferentiation effect of hypoxia is not restricted
to neuroblastomas, as loss of differentiation markers and gain of
stem cell characteristics were found to occur also in hypoxic duc-
tal breast carcinoma cells [48]. In addition, O2 concentration has
been shown to influence the biological effects of Notch-1 signalling
in human tumours including adenocarcinoma of the lung [80], and
melanoma development [81]. Notch is also a molecular effector of
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HIF-1a mediated hypoxic epithelial-mesenchymal transition of
tumour cells [82], and development of thymic lymphomas [83]. In
another interaction, the putative molecular link between HIF-1« and
Whnt/B-catenin signalling also may have ramifications in tumour
biology. For example, B-catenin has been implicated in the mainte-
nance of cutaneous cancer stem cells [84], and this link may be
influenced by local oxygen concentrations of the solid tumour.
Taken together, these findings implicate oxygenation levels as an
important aspect of microenvironmental niches, which, along with
other niche components such as stromal cell contacts, extracellu-
lar matrix proteins, growth factors and temperature, may play an
important role in influencing stem or tumour cell behaviour.

HIF and cMyc

Hypoxia is a key component of the tumour microenvironment, and
plays an important role in the progression of cancer, particularly in
solid tumours [85]. HIF-1a and HIF-2« are the key mediators of the
hypoxic response in cells. The HIFs regulate cellular responses to
hypoxia by modulating numerous pathways, such as angiogenesis,
metabolism, translation, and cell growth. In the context of tumour
physiology, hypoxia can enhance glycolysis and promote dedifferen-
tiation, invasion, and metastasis. The broad spectrum of activities
influenced by the HIFs overlaps with many of the pathways affected
by cMyc [86]. This interaction between HIF and cMyc can influence
tumorigenesis (Fig. 2). HIF and cMyc interactions have been docu-
mented to play a role in colon cancer [87], clear cell renal cancer [57],
breast cancer [88], multiple myeloma [89] and skin cancer [90].
Initially, it was thought that HIF and cMyc interact indirectly
through their overlapping pathways, specifically through their
influence on glycolysis [91]. More recently however, it is believed
that the interaction might be more direct [57, 87, 92]. Koshiji
et al. demonstrated that HIF-1«, even in the absence of hypoxia,
can promote cell cycle arrest by countering cMyc in colon cancer
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oDC

Cyc D2 Fig. 2. HIF-dependent regulation of hypoxic tumours. A

. schematic diagram of the molecular links between the

Puma HIFs and the cancer associated genes cMyc and p53 is

Noxa* shown. (A) Whereas, HIF-1« interacts with cMyc leading
to the inhibition of cMyc activity, HIF-1a effects on p53
result in the activation of p53 activity. (B) HIF-2« inter-

E2F1 acts with cMyc leading to the activation of cMyc activity.

oDC In contrast, HIF-2c. opposes p53 activity by promoting

Cyc D2 intracellular redox homeostasis. The net effect of the
interactions of the HIFs with cMyc and p53 is dependent
upon the cellular context. *These activities are inferred
from the literature.

14-3-3¢

Puma

MDM2

cells [87]. Using a HIF-1a construct in which the DNA binding
domain was mutated, the authors demonstrated that HIF-1a’s
ability to mediate cell cycle arrest is independent of its transcrip-
tional activities. Furthermore, HIF-1a was shown to mediate cell
cycle arrest by directly countering cMyc activity, which results in
the induction of p21.

HIF-1c inhibition of cMyc can also lead to decreased mitochon-
drial biogenesis [92]. It has been previously shown that cMyc pro-
motes mitochondrial biogenesis [93]. Upon observing decreased
mitochondrial biogenesis in clear cell renal carcinoma cells which
constitutively express HIF-1a, Zhang et al. postulated that the
decreased mitochondrial biogenesis was most likely because of
HIF-1a inhibition of cMyc [92]. Transfecting the cells with a domi-
nant negative HIF-1« resulted in increased mitochondrial biogene-
sis. Increased expression of cMyc targets upon HIF-1a knockdown
confirmed that HIF-1« was acting through cMyc, and that HIF-1«
had an inhibitory effect. HIF-1a was found to inhibit cMyc activity
either by promoting the transcription of MXI-1, a repressor of cMyc,
or by promoting the proteasome-dependent degradation of cMyc.

Whereas HIF-1« appears to counteract cMyc’s effects, HIF-2a
promotes cMyc activity, at least in clear cell renal cancer [57].
While HIF-1a and HIF-2a share many common targets like VEGF,
they also regulate distinct sets of genes [85]. Furthermore, they
are known to have contrasting effects on some targets [94]. Using
a clear cell renal cancer cell line that expresses both HIF-1a and
HIF-2c, Gordan ef al. demonstrated that HIF-1« and HIF-2a have
antagonistic effects on cell cycle progression because of their
contrasting effects on cMyc [57]. Employing ShRNA targeting only
one of the HIF-a isoforms at any given time, HIF-1a and HIF-2«
was shown to have opposite effects on cell proliferation. RNAI-
mediated inhibition of cMyc confirmed HIFs opposing role on cell
proliferation as an effect of cMyc.

The relationship between HIF-o and cMyc has great clinical sig-
nificance. The effects of HIF-1a and HIF-2« on cMyc can be used to
classify VHL-deficient clear cell renal carcinoma into two subtypes
[95]. VHL-deficient clear cell renal carcinoma can be divided into
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two groups based on HIF-a expression: one that expresses both HIF-
1a and HIF-2« and another that expresses HIF-2« only. The interac-
tions between HIF-o and cMyc define the molecular characteristics
of these two groups of tumours. Tumours that express HIF-2« only
have increased cMyc activity and thus possess greater proliferative
capacity. Because of the antagonistic affects of HIF-1« and HIF-2a
on cMyc, tumours that express both HIF-1c and HIF-2c, display nei-
ther enhanced nor diminished cMyc activity. Instead, this tumour
subgroup shows increased Akt/mTOR and ERK/MAPK activity.

When considering the interaction between HIF and cMyc, the
cellular context can become very important [86]. While HIF-1a
usually inhibits cMyc, cases have been observed where HIF-1a
may promote cMyc activity. It is believed that these discrepancies
occur because of the nature of cMyc expression, i.e. whether it is
physiological or deregulated. The dosage of cMyc also plays a role
in the outcome of its interaction with HIF.

HIF and p53

The interaction between HIF and p53 is also likely to influence
tumour development (Fig. 2). An et al. demonstrated that HIF-1a
can stabilize wild-type p53 [96]. While hypoxia mimetics like cobalt
chloride and desferrioxamine induced p53 in wild type cells, the
induction did not occur in cells deficient in HIF-1« activity.
Furthermore, HIF-1« interacted with p53 immunoprecipitates from
MCF7 breast cancer cells exposed to hypoxia or hypoxia mimetics.
It was later discovered that HIF-1a binds p53 via its oxygen-
dependent degradation (ODD) domain [97]. The ODD domain of
HIF-1« is natively unstructured and threads through p53, tightly
binding p53 dimers. While on one hand HIF-1« stabilizes p53, on
the other p53 can also promote the degradation of HIF-1« [98].
Wild-type p53 has been suggested to direct the ubiquitination and
degradation of HIF-1a via Mdm2. In many tumours, p53 is mutated
and its activity diminished, resulting in HIF-1« stabilization. This in
turn leads to greater tumour vascularization during tumorigenesis.

Work by Moeller et al. shed more light on the effect of HIF-1«
and pd3 interactions [99]. The authors demonstrated that HIF-1«
activation of p53 results in increased p53 phosphorylation and
p53-induced apoptosis in the presence of y-radiation. Moreover,
~v-radiation of hypoxia-stimulated HCT116 cells resulted in greater
levels of apoptosis as measured by caspase 3/7 activation and
DNA fragmentation when compared to +y-radiated normoxic
HCT116 cells. This increased apoptosis is abrogated by the
expression of dominant-negative HIF-«, indicating HIF-1a’s role in
the process. The role of p53 in apoptosis was demonstrated by
measuring increased p53 phosphorylation levels in radi-
ated/hypoxia treated cells, when compared to the radi-
ated/normoxic cells. In addition, the increased levels of p53 phos-
phorylation were abolished by HIF-1« inhibition. These results
confirm that HIF-1a and p53 interact to bring about increased
apoptosis in radiated cells under hypoxic conditions.

Analogous to the situation with cMyc, HIF-1a and HIF-2« appear
to have contrary effects on p53 [100]. While HIF-1« promotes the
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phosphorylation of p53, HIF-2« actually inhibits p53 phosphoryla-
tion. Using A498 cells, a renal carcinoma cell line that constitutively
express HIF-2a, Bertout et al. demonstrated that HIF-2a inhibits the
phosphorylation of p53 upon radiation [100]. Furthermore, in the
HIF-2a-deficient cells, radiation-induced p53 phosphorylation
resulted in p53 target gene expression and subsequent cell death.

The interactions between HIF-« and p53 have important clini-
cal significance. For instance clear cell renal tumours that express
HIF-2a only have markedly less phospho-p53 when compared to
tumours that express both HIF-1a and HIF-2a [100]. This
decreased phospho-p53 correlated with decreased expression of
p53 targets like Puma and 14-3-30. Gene expression analysis
revealed that because of HIF-2«’s inhibition of the p53 phospho-
rylation, there is an overall reduction in p53 pathway activity in
clear cell renal tumours that express HIF-2« only.

Similar to the case of cMyc, the effects of HIF on p53 can be
context-dependent [99,101]. HIF-1a seems to have opposite
effects on p53 in endothelial cells when compared to tumour cells.

Summary

Hypoxia plays a key role in normal development, as well as dis-
ease progression. The HIFs are the primary mediators of the cel-
lular response to hypoxia. In this review, we examined the effect
of the HIFs on multiple pathways. Hypoxia in the stem cell niche
promotes stem cell homeostasis by maintaining quiescence and
by shielding cells from oxidative damage. These niches also pro-
vide other cues that promote stem cell maintenance. Some of
these cues include signals from the BMP, Notch, Wnt, JAK-STAT,
Oct4 and Sonic hedgehog pathways. The HIFs can interact with
many of these pathways and thus play a role in regulating stem
cell proliferation, differentiation and pluripotency.

The HIFs also play a critical role in many disease conditions,
including stroke, tissue ischaemia, inflammation and the growth of
solid tumours. The role of the HIFs in cancer progression has
always been appreciated because of their ability to promote angio-
genesis. However, it is becoming more evident that this is not the
only means by which the HIFs affect tumour growth. It is now clear
that the HIFs interact with many oncogenic pathways like cMyc and
p53 to modulate cancer progression. What is even more interesting
is that HIF-1«e and HIF-2ac have antagonistic effects on ¢cMyc and
p53. Much more work is needed before we fully understand the
complex role that hypoxia and the HIFs play in these settings.
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