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The role of hypoxia-inducible factors in tumorigenesis

EB Rankin1 and AJ Giaccia*,1

Hypoxia-inducible factors (HIFs) are essential mediators of the cellular oxygen-signaling pathway. They are heterodimeric
transcription factors consisting of an oxygen-sensitive alpha subunit (HIF-a) and a constitutive beta subunit (HIF-b) that facilitate
both oxygen delivery and adaptation to oxygen deprivation by regulating the expression of genes that control glucose uptake,
metabolism, angiogenesis, erythropoiesis, cell proliferation, and apoptosis. In most experimental models, the HIF pathway is a
positive regulator of tumor growth as its inhibition often results in tumor suppression. In clinical samples, HIF is found elevated
and correlates with poor patient prognosis in a variety of cancers. In summary, HIF regulates multiple aspects of tumorigenesis,
including angiogenesis, proliferation, metabolism, metastasis, differentiation, and response to radiation therapy, making it a
critical regulator of the malignant phenotype.
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Tumor hypoxia was first described in the 1950s by radiation
oncologists as a frequent cause of failure to radiotherapy in
solid tumors. Today, it is evident that tumor hypoxia and the
critical molecular mediators of hypoxia, hypoxia-inducible
factors (HIFs), regulate multiple steps of tumorigenesis
including tumor formation, progression, and response to
therapy. This review will focus on our current understanding
of HIFs and their role in tumorigenesis.

HIFs

HIFs facilitate both oxygen delivery and adaptation to oxygen
deprivation by regulating the expression of genes that are
involved in many cellular processes, including glucose uptake
and metabolism, angiogenesis, erythropoiesis, cell prolifera-
tion, and apoptosis.1 They are members of the PAS (PER-
ARNT (arylhydrocarbon receptor nuclear translocator)-SIM)
family of basic helix-loop-helix (bHLH) transcription factors
that bind to DNA as heterodimers composed of an oxygen-
sensitive a subunit and a constitutively expressed b subunit,
also known as ARNT. To date, three HIFs (HIF-1, -2, and -3)
have been identified that regulate transcriptional programs in
response to low oxygen levels.
HIF-1 was the first HIF family member to be characterized.

Using DNA affinity purification, HIF-1 was identified as a
hypoxic-induced factor that bound an 18-nt fragment of the
EPO enhancer required for the hypoxic activation of EPO in
Hep3B cells.2 Structural analysis of the HIF-1a protein
revealed that HIF-1a contains four distinct domains including
a bHLH domain for DNA binding and dimerization, a PAS
domain for dimerization and target gene specificity, an
oxygen-dependent degradation domain (ODD) required for

degradation by the ubiquitin–proteasome pathway,3 and two
transactivation domains located in the C-terminal portion of
the protein (Figure 1).4 Notably, HIF-1 has emerged as a
critical regulator of the cellular response to hypoxia since it is
ubiquitously expressed and induces the expression of many
hypoxia-inducible genes.5

HIF-2 was the second HIF family member to be identified
and shares approximately 48% amino-acid sequence homol-
ogy with HIF-1.6–8 HIF-2a is structurally similar to HIF-1a and
contains bHLH, PAS, and ODD motifs with 85, 70 and 70%
amino-acid sequence homology to HIF-1a (Figure 1).6,9 Like
HIF-1a, HIF-2a heterodimerizes with ARNT and can induce
gene expression.10 In contrast to HIF-1a, HIF-2a expression is
restricted to specific cell types that include endothelial cells,
glial cells, type II pneumocytes, cardiomyocytes, fibroblasts of
the kidney, interstitial cells of the pancreas and duodenum,
and hepatocytes.11

The third HIF family member, HIF-3a, encodes a bHLH-PAS
domain with 57 and 53% amino-acid sequence identity to HIF-
1a and HIF-2a, respectively, and an ODD domain 61% similar
in sequence to the HIF-1aODD domain (Figure 1).12 Similar to
HIF-1a andHIF-2a, HIF-3a can dimerize with ARNTand bind to
hypoxia response elements (HREs) in vitro. The role of HIF-3 in
the hypoxic regulation of target gene expression in vivo is not
well understood.12 HIF-3a hasmultiple splice variants, of which
the inhibitory domain PAS protein (IPAS) is the best
characterized. IPAS is a truncated form of HIF-3a that lacks a
transactivation domain and functions as a dominant negative
by binding to HIF-1a and preventing the formation of HIF-1a/
ARNT heterocomplexes.13 HIF-3amRNA can be detected in a
variety of tissues, including the thymus, lung, brain, heart,
kidney, liver, eye, and brain.12,13
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ARNT is the general binding partner for all bHLH/PAS
family members. It was first identified as the protein required
for dioxin (aryl hydrocarbon) receptor function in hepato-
cytes.14,15 In addition to binding to the aryl hydrocarbon
receptor, ARNT can also heterodimerize with the single-
minded proteins (SIM1 and SIM2) and the alpha subunits
of HIF-1, -2, and -3. Similar to the HIF-a subunits, ARNT
contains bHLH, PAS, and transactivation domains
(Figure 1).14,16 However, ARNT lacks an ODD domain, and
is therefore constitutively expressed in all tissues under
aerobic conditions.17

In addition to ARNT, another HIF-b subunit, ARNT2, can
heterodimerize with HIF-a proteins. Overall, ARNT2, has 57%
amino-acid sequence identity to ARNT.18 The N-terminal of
the protein containing bHLH and PAS domains shares 81%
similarity with ARNT, suggesting that the two proteins may
share similar functions; however, the expression patterns of
ARNT and ARNT2 differ (Figure 1). Whereas Arnt mRNA is
ubiquitously expressed, Arnt2 expression is restricted to the
brain and kidney in adult tissues.18 Consistent with Arnt2
expression in the brain, ARNT2 plays a role in mediating
hypoxic gene expression in neurons.19

Oxygen-Dependent Regulation of HIF

Under normoxia, HIFs are targeted for proteasomal degrada-
tion by the von Hippel–Lindau (VHL) tumor suppressor, pVHL.
It has been shown that pVHL is the substrate recognition
component of an E3 ubiquitin ligase complex that interacts
with HIF-a in an oxygen-dependent manner. Hydroxylation of
conserved proline residues within the HIF-a ODD by prolyl-4-
hydroxylase domain (PHD)-containing proteins mediates
pVHL binding and degradation.20,21 Under hypoxia, HIF-a
subunits are stabilized and translocate to the nucleus, where
they heterodimerize with ARNT and bind to HREs located

within regulatory elements of HIF target genes. Cell culture
studies have shown that HIF stabilization and DNA-binding
activity is induced at oxygen concentrations below 6% oxygen
and is maximal at 0.5% oxygen tensions.22 Once stabilized,
the HIF-a/ARNT heterodimer activates transcription by
recruiting the transcriptional activators p300 and CBP. The
interaction between HIF and p300/CBP is also regulated in an
oxygen-dependent manner by factor inhibiting HIF-1 (FIH-1),
a member of the 2-oxoglutarate and Fe(II)-dependent
oxygenase superfamily. FIH hydroxylates asparagine resi-
dues located within the HIF-a C-terminal transactivation
domain (CTAD) and prevents p300/CBP binding.23 Thus, full
activation of HIF transcriptional activity requires both HIFa
stabilization and CTAD activation (Figure 2).24

Recent studies indicate that mitochondrial reactive oxygen
species (ROS) also plays an important role in regulating HIF
protein levels under hypoxia. Multiple groups have observed
that genetic and chemical inhibition of the mitochondrial
electron transport chain and ROS production results in

Figure 1 Schematic representation of HIF family member protein domains.
HIFs are members of the basic helix-loop-helix (bHLH)/PER-ARNT-SIM (PAS)
domain family of transcription factors that mediate transcriptional responses to
oxygen deprivation. They bind to DNA as heterodimers composed of an oxygen-
sensitive HIF-a subunit (HIF-1a, -2a, or -3a) and a constitutive HIF-b subunit
(ARNT-1 and -2). The bHLH and PAS domains found in all HIF family members
mediate DNA binding and dimerization, respectively. HIF-a subunits contain a
unique oxygen-dependent degradation domain (ODD) that controls HIF-a stability in
an oxygen-dependent manner. In addition, HIF family members contain
transactivation domains (TADs) that mediate target gene activation. HIF-1a and
HIF-2a contain two TADs that contribute to target gene activation

Figure 2 Mechanisms of HIF activation in cancer. Hypoxia is a common
mechanism of HIF activation in cancer. Low oxygen tensions inhibit both prolyl-4-
hydroxylase domain (PHD) and factor inhibiting HIF-1 (FIH-1) activity, which
negatively regulates HIF stability and cofactor (p300/CBP) recruitment, respectively.
Under normoxic conditions, PHD enzymes (PHD 1–3) utilize oxygen as a substrate
to hydroxylate key proline residues located within the HIF-a ODD domain. This
hydroxylation event mediates pVHL binding and subsequent ubiquitination and
degradation by the 26S proteasome. Under conditions of hypoxia or loss of pVHL,
HIF-a is stabilized and translocates to the nucleus where it heterodimerizes with
ARNT and binds to hypoxia response elements (HREs) within regulatory regions of
target genes. The HIF heterodimer activates gene expression at these sites upon
cofactor (p300/CBP) recruitment. The interaction between HIF and p300 is
regulated in an oxygen-dependent manner by FIH. FIH uses oxygen to hydroxylate
asparagine residues within the HIF-a C-terminal transactivation domain, thereby
preventing p300 binding. HIF activity can also be induced in tumor cells through
activation of the PI-3 kinase/Akt-signaling pathway. Growth factor signaling,
oncogenic Ras activation, or inhibition of negative regulators, including PTEN and
TSC2 can activate the PI-3 kinase/Akt pathway and induce HIF activity in tumor cells
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decreased HIF stability under hypoxic conditions.25–28 The
mechanisms by which ROS regulate hypoxic HIF stabilization
remain to be defined.

HIF Activation in Cancer

A recent survey of malignant and normal tissues found that
the expression of both HIF-1a and HIF-2a are commonly
increased in a variety of human tumors, including bladder,
breast, colon, glial, hepatocellular, ovarian, pancreatic,
prostate, and renal tumors.29 In clinical specimens, elevated
HIF-1 expression correlates with poor patient outcome in
head and neck cancer, nasopharyngeal carcinoma, colo-
rectal, pancreatic, breast, cervical, osteosarcoma, endo-
metrial, ovarian, bladder, glioblastoma, and gastric carcino-
mas,30–41 while elevated HIF-2 expression correlates with
poor patient outcome in hepatocellular, colorectal carcinoma,
melanoma, ovarian, and non-small cell lung cancers (Ta-
ble 1).34,39,42,43 Collectively, these findings highlight that HIF
activation is a common event in cancer and suggest that HIF
may play a role in tumorigenesis.
Hypoxia is the best-characterized mechanism of HIF

activation in tumors. It has been estimated that 50–60% of
solid tumors contain areas of hypoxic and/or anoxic tissues
that develop as a result of an imbalance between oxygen
supply and consumption in proliferating tumors.45 Low oxygen
concentrations may result from increased metabolic activity
and oxygen consumption and/or increased tumor cell distance
from local capillaries and blood supply. Consistent with tumor
hypoxia as a mechanism of HIF activation, HIF protein is
commonly detected in perinecrotic regions of sporadic tumors
and overlaps with staining for known hypoxic markers.29,46

HIF can also be activated in tumors under normoxic
conditions through genetic alterations in its oxygen-signaling
pathway. As described earlier, VHL plays a central role in
regulating HIF transcriptional activity (Figure 2). Inactivation
of VHL results in HIF stabilization and increased target
expression irrespective of oxygen concentrations.47,48 VHL-
mediated regulation of HIF transcriptional activity has
important implications for tumor development. Germ-line

mutations in VHL results in VHL disease, a familial tumor
syndrome that predisposes patients to the development of
highly vascularized neoplasms, including hemangioblasto-
mas of the retina and central nervous system, renal cell
carcinomas (RCCs), endocrine and exocrine pancreatic
tumors, as well as pheochromocytomas.49 VHL is also
inactivated in the majority of sporadic RCC and hemangio-
blastomas, highlighting the importance of VHL tumor sup-
pressor activity.50,51

Multiple lines of evidence suggest that activation of the PI-3
kinase signaling pathway can also induce HIF activity. Mazure
et al.52 first observed that inactivation of PI-3 kinase
significantly inhibited the hypoxic induction of vascular
endothelial growth factor (VEGF) in Ha-ras-transformed cells.
Subsequently, it was found that activation of the PI-3 kinase/
Akt pathway through enhanced growth factor signaling or
inactivation of negative regulators including PTEN or TSC2
also increased HIF activity (Figure 2).53–56 In many cell types,
PI-3 kinase/Akt signaling regulates HIF activity in an mTOR-
dependent manner. Although the exact mechanism by which
mTOR regulates HIF activity is unclear, evidence suggests
that it may have both transcriptional and post-translational
effects on HIF.57,58

HIF Functions in Cancer

Tumorigenesis involves a number of alterations in cell
physiology that contribute to malignant growth.59 Importantly,
HIFs have been found to promote key steps in tumorigenesis,
including angiogenesis, metabolism, proliferation, metastasis,
and differentiation.

Angiogenesis. Neovascularization is critical for tumor
progression since the supply of oxygen and nutrients
becomes limited in tumor cells that are located more than
100mm away from a blood vessel.60 The ability of tumor cells
to induce angiogenesis occurs through a multistep process,
termed the ‘angiogenic switch,’ which ultimately tips the
balance toward pro-angiogenic factors.59 HIF can directly
activate the expression of a number of pro-angiogenic

Table 1 HIF activation in human cancer

Tumor type HIF-1 HIF-2 HIF and poor prognosis References

Bladder + + HIF-1 Talks et al.29

Breast + + HIF-1 Talks et al.29 and Schindl et al.35

Colorectal + + HIF-1 and HIF-2 Talks et al.29 and Yashimura et al.34

Cervical + ND HIF-1 Birner et al.36

Gastric + ND HIF-1 Mizokami et al.38

Glial + + HIF-1 Talks et al.29 and Irie et al.41

Head and neck + + HIF-1 and HIF-2 Winter et al.32

Hepatocellular + + HIF-2 Talks et al.29 and Bangoura et al.39

Lung NSCLC + + HIF-2 Giatromanolaki et al.43

Melanoma + + HIF-2 Giatromanolaki et al.42

Nasopharyngeal + + HIF-1 Hui et al.33

Osteosarcoma + + HIF-1 Yang et al.37

Ovarian + + HIF-1 and HIF-2 Talks et al.29 and Osada et al.30

Pancreatic + + HIF-1 Talks et al.29 and Shibaji et al.31

Prostate + + ND Talks et al.29

Renal + + HIF-1 positive Raval et al.66

+, expression was detected; ND, expression levels were not examined; NSCLC, non-small-cell lung cancer Expression levels were determined by
immunohistochemical methods
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factors, including VEGF, VEGF receptors FLT-1 and FLK-1,
plasminogen activator inhibitor-1 (PAI-1), angiopoietins
(ANG-1 and -2), platelet-derived growth factor B (PDGF-B),
the TIE-2 receptor, and matrix metalloproteinases MMP-2
and -9 (Figure 3, for a recent review).61 Of all the
proangiogenic factors induced by HIF, VEGF-A is
particularly noteworthy since it has potent angiogenic
properties and is expressed in a large number of human
tumors.62

In both human cell lines and murine model systems, HIF
signaling has been shown to be required for the regulation of
VEGF and tumor angiogenesis. However, the relative con-
tribution of individual HIF family members in this process is
controversial. A proangiogenic role has been reported for
HIF-1. Notably, HIF-1-deficient ES cells formed significantly
smaller teratocarcinomas that exhibited reduced tumor vessel
density and VEGF levels compared to teratocarcinomas
derived from wild-type ES cells.63,64 VEGF expression and
angiogenesis were also found to be HIF-1 dependent in
hypoxic astrocytes providing further evidence for HIF-1-
mediated angiogenesis.44,65 Recent studies suggest that
HIF-2 can also regulate angiogenesis. Raval et al.66 observed
that VEGF expression was preferentially induced by HIF-2 in
VHL-deficient RCC cells that expressed both HIF-1 and -2. To
directly compare the relative contributions of HIF-1 and -2 in
tumorigenesis, Covello et al.67 generated teratocarcinomas
derived from ES cells in which HIF-2a was knocked into the
HIF-1a locus, thereby expanding HIF-2 expression. Terato-
mas derived from HIF-2a knock-in ES cells were larger and
exhibited increased vascularity and VEGF expression

compared to wild-type (HIF-1a expressing)-derived terato-
mas, suggesting that HIF-2 plays an important role in
promoting tumor angiogenesis and growth. Collectively, these
findings demonstrate that both HIF-1 and -2 can activate
VEGF and tumor angiogenesis; however, their individual
contributions appear to be cell-type dependent. These
differences may be attributed to different levels of HIF-1 and
-2 in individual cell types and may be affected by cell-specific
cofactors that modulate HIF activity.

Metabolism. It was noted over 70 years ago that cancer
cells shift glucose metabolism from oxidative to glycolytic
pathways. This process known as the Warburg effect,
involves decreased mitochondrial respiration and increased
lactate production even in the presence of oxygen.68 It is well
established that HIF, in particular HIF-1, directly regulates
the expression of a number of genes involved in glycolytic
metabolism, including glucose transporters, glycolytic
enzymes, lactate production, and pyruvate metabolism in
both hypoxic and normoxic (e.g. VHL deficient) cells
(Figure 3).10,69 Recent studies using transformed cell lines
show that HIF-1 can also regulate cellular metabolism by
controlling mitochondrial respiration. Zhang et al.70 observed
that HIF-1 negatively regulates mitochondrial mass and
oxygen consumption in VHL-deficient RCC cells. The
mechanism by which HIF mediates these effects appears
to be through inhibition of C-Myc activity. HIF-1 was found to
negatively regulate C-Myc activity and mitochondrial
respiration through transcriptional activation of the C-Myc
repressor, MXI-1, and through regulation of C-Myc protein
stability. Collectively, these findings demonstrate that HIF
controls multiple aspects of metabolism through direct
transcriptional activation of genes involved in glucose
metabolism and indirectly by regulating C-Myc activity.
These observations indicate that HIF is an important
mediator of metabolism in cancer.

Proliferation. HIF-2 plays an important role in promoting
tumor growth. In VHL-deficient RCC cells, HIF-2 is both
necessary and sufficient to maintain tumor growth.71,72

Furthermore, tumors generated from RCC cell lines
overexpressing HIF-2 grow at a faster rate compared to
HIF-1-overexpressing tumors.66 Covello et al.67 demon-
strated that teratomas derived from ES cells with HIF-2a in
the place of the HIF-1a locus are larger and exhibit increased
proliferation rates compared to wild-type (HIF-1a expressing)
teratomas. While HIF-2 may facilitate tumor growth through
multiple mechanisms, recent studies indicate that HIF-2 can
positively regulate cell proliferation.
One mechanism by which HIF-2 controls cellular prolifera-

tion is through modulation of C-Myc activity. C-Myc promotes
cellular proliferation by regulating the expression of genes
involved in cell cycle control including cyclins (cyclin D2) and
cyclin kinase inhibitors (p21 and p27).73 Unlike HIF-1, HIF-2
promotes C-Myc-dependent activation of cyclin D2 and
repression of p27 in RCC cells.74 How HIF-2 preferentially
promotes C-Myc activity remains unclear, but may occur
through alterations in C-Myc interactions with transcriptional
cofactors, including Sp1, Miz1, and Max.74

Figure 3 List of HIF-regulated genes that promote key aspects of
tumorigenesis. HIF regulates the expression of over 100 genes that regulate key
aspects of tumorigenesis, including angiogenesis, metabolism, proliferation,
invasion, and metastasis. ALDA, aldolase A; ANG-1, angiopoietin 1; ANG-2,
angiopoietin 2; CCND1, cyclin D1; CTGF, connective tissue growth factor; CXCR4,
C-X-C chemokine receptor type 4; E-cadherin; EPO, erythropoietin; ENO1, enolase
1; FLT-1, VEGF receptor 1; FLK-1, VEGF receptor 2; GLUT-1, glucose transporter-
1; GLUT-3, glucose transporter-3; HK1, hexokinase 1; HK2, hekokinase 2; IGF-2,
insulin growth factor-2; IGF-BP2, IGF-factor-binding protein 2; LDHA, lactate
dehydrogenase A; LOX, lysyl oxidase; MMP-2, matrix metalloproteinase-2; MMP-9,
matrix metalloproteinase-9; MXI-1, max interactor 1; PAI-1, plasminogen activator
inhibitor-1; PDGF-B, platelet-derived growth factor-B; PDK1, pyruvate dehydro-
genase kinase 1; PFKL, phosphofructokinase L; PGK1, phosphoglycerate kinase 1;
SDF-1, stromal-derived factor 1; TGF-a, transforming growth factor-a; TIE-2;
UPAR, urokinase plasminogen activator receptor; VEGF, vascular endothelial
growth factor
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HIF-2 may also drive cell cycle progression through the
activation of cyclin D1.66 Cyclin D1 is a well-characterized cell
cycle regulatory protein that is upregulated in many cancers.
Recent studies have shown a correlation between HIF-2-
mediated cyclin D1 expression and tumor growth in RCC
cells.66,75 Whether cyclin D1 is a direct HIF target remains to
be determined.

Metastasis. Metastasis is a critical step in tumor
pathogenesis and is the primary cause of human cancer
deaths. It occurs in a series of distinct steps that include
tumor cell invasion, intravasation, extravasation, and
proliferation. HIF activation correlates with metastasis in
multiple tumors and can promote metastasis through the
regulation of key factors governing tumor cell metastatic
potential, including E-cadherin, lysyl oxidase (LOX), CXCR4,
and stromal-derived factor 1 (SDF-1) (Figure 3).
E-cadherin is a key factor governing metastatic potential in

the majority of epithelial cancers. It is a cellular adhesion
molecule that regulates cell–cell adhesion and stimulates
antigrowth signals through cytoplasmic interactions with b
catenin (for review).59 The importance of E-cadherin in
regulating metastasis is underscored by the findings that
E-cadherin inactivation enhances metastatic potential and
forced expression of E-cadherin in cancer cells inhibits
metastasis.59 HIF has recently been described as a critical
factor for the regulation of E-cadherin expression in ovarian
carcinoma and VHL-deficient renal cells.76,77 It has been
proposed that HIF mediates repression of E-cadherin
expression through the upregulation of E-cadherin-specific
repressors, including Snail and SIP1.78

HIF also promotes metastasis through activation of the
extracellular matrix protein LOX.79 LOX is an amine oxidase
involved in extracellular matrix formation. Increased LOX
expression is correlated with decreased distant metastasis-
free survival and overall survival in patients with breast and
head and neck cancer. In addition, LOX activation promotes
the invasive and metastatic potential of breast cancer cells.
Erler et al.79 recently reported that LOX is a direct HIF target in
hypoxic tumor cells and that genetic and pharmacologic
inhibition of LOX is sufficient to prevent hypoxia-induced cell
invasion and metastasis in vitro and in vivo. These findings
indicate that LOX is a critical factor in hypoxia-induced
metastasis.
Interactions between the chemokine receptor CXCR4 and

its ligand SDF-1 play an important role in the directional
migration of metastatic tumor cells. CXCR4 is the most
common chemokine expressed in tumors and SDF-1 is highly
expressed at sites of metastasis, including the lung, bone
marrow, and liver.80 Studies have shown that HIF is a potent
inducer of both CXCR4 and SDF-1 expression in a variety of
cell types, including VHL-deficient RCCs, non-small cell lung
cancer, glioblastomas, and endothelial cells.80–84

Differentiation. Accumulating evidence suggests that
cancer stem cells are important mediators of tumor growth.
According to the ‘cancer stem cell’ hypothesis, tumors are
thought to originate from a small population of proliferating
cells that maintain the ability to self-renew and differentiate
into a heterogeneous population.85 It is well documented that

hypoxia and HIF promotes an undifferentiated state in a
variety of cell types. Hypoxia has been shown to prevent the
differentiation of progenitor cells and promote dediff-
erentiation of cancer cells.86–89 Gustafsson et al.86 has
provided evidence to suggest that Notch plays an important
role in maintaining a dedifferentiated state under hypoxia in
multiple cell types, including cortical neural stem cells,
myogenic satellite cells, and C2C12 cells. In these cells,
hypoxia enhanced Notch signaling in a HIF-dependent
manner, whereby HIF-1a interacts with and stabilizes the
Notch ICD domain. In addition to regulating Notch, HIF could
also promote an undifferentiated state by directly activating
the expression of genes involved in stem cell maintenance.
Evidence suggests that primitive hematopoietic and
embryonic stem (ES) cells reside in an hypoxic micro-
environment, suggesting that low oxygen tensions may play
a role in maintaining stem cell fate.90,91 In support of this
notion, hypoxia has been shown to maintain human ES
(hES) cells in an undifferentiated state and maintain stem
cell pluripotency.92 Interestingly, maintenance of a dediff-
erentiated state in hypoxic hES cells correlated with the
expression of Oct4, transcription factor involved in main-
taining an undifferentiated state in ES that has recently been
identified as one of four factors sufficient to reprogram
fibroblasts to a cell that exhibits ES cell morphology and
growth properties.93 Covello et al.94 recently demonstrated
that HIF-2 directly regulates Oct4 expression in 293 and
hypoxic human RCC cells. Whether Oct4 and Notch are
required to maintain an undifferentiated state in hypoxic
tumor cells remains to be determined.

HIF and Tumor Inhibition

Despite HIF’s protumorigenic properties, HIF has also been
reported to inhibit tumor growth. Carmeliet et al.64 observed
that tumors derived from HIF-1-deficient ES cells formed
larger tumors compared to wild-type tumors. In addition,
HIF activation has been reported to inhibit tumor growth in
additional cell types, including glioblastomas and VHL-
deficient fibrosarcomas.95,96 While all of these tumor models
confirmed a positive role for HIF in tumor angiogenesis, tumor
growth inhibition was associated with decreased proliferation
and increased apoptosis.
Recent studies have elucidated mechanisms by which

HIF-1 can negatively regulate tumor growth. First, HIF-1 can
indirectly induce cell cycle arrest by inhibiting Myc activity. It
has been proposed that a physical interaction between HIF-1a
and Myc prevents Myc-mediated repression of the cyclin
kinase inhibitor p21.97 Second, HIF can induce apoptosis
through both direct and indirect mechanisms. It has been
reported that HIF-1 can directly induce the expression of the
proapoptotic genes BNIP3 and NIX in a variety of human
cancer cell lines, macrophages, and endothelial cells.98,99

Themechanisms of BNIP3-mediated cell death under hypoxia
are not well understood. A recent report suggests that BNIP3
is required for hypoxia-induced macroautophagy.100 Auto-
phagy is generally thought of as a cellular survival mechanism
that involves recycling of amino acids and fatty acids to
produce energy under conditions of nutrient deprivation
and stress; however, sustained autophagy can result in
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autophagic cell death. Whether macroautophagy is induced
by HIF as a mechanism for cellular survival and or cell death
remains to be determined. HIF can also indirectly induce
apoptosis by promoting glucose deprivation. Biju et al.101

observed that in the presence of low glucose, HIF-1 promotes
hypoxia-induced cell death in renal epithelial cells as a result
of rapid glucose depletion. This finding suggests that HIF-1-
mediated glycolysis may be a mechanism of hypoxia-induced
apoptosis in cell types where glucose stores are limited.

HIF and Radiotherapy

Radiotherapy is a highly effective treatment for cancer. The
targets of radiotherapy are both tumor cells and tumor
vasculature. Previous studies have indicated that radiation
results in a reoxygenation-dependent increase in HIF-1 activity
by two distinct mechanisms. It has been proposed that tumor
reoxygenation results in both HIF-1 stabilization and enhanced
translation of HIF targets through the release of ROS and
stress granule depolymerization, respectively.102 The effects of
HIF on tumor radiosensitivity are twofold. On one hand, HIF-1
stabilization promotes tumor vasculature radioresistance
through the release of proangiogenic cytokines such as
VEGF.102 In contrast, HIF-1 can also induce tumor radio-
sensitivity through the induction of apoptosis.103 Overall, it
appears that HIF-1 stabilization promotes radioresistance
since HIF-1-deficient tumors are more sensitive to radiation
compared to wild-type tumors.103 These findings suggest that
combined radiation and antiangiogenic therapy may be an
effective strategy for activating HIF-mediated radiosensitivity.
In support of this notion, Magnon et al.104 observed that a
combination of radioiodide and antiangiogenic therapies
significantly inhibited tumor growth in xenograft and sponta-
neous tumor model systems. Notably, tumor growth inhibition
was associated with HIF-1-dependent tumor cell apoptosis.
These findings support the use of angiogenic inhibitors to
overcome HIF-1-dependent radioresistance in tumor therapy.

Conclusion

In conclusion, HIFs are transcription factors that mediate
cellular adaptations to oxygen deprivation. Over 100 direct
HIF target genes have been identified that regulate a number
of cellular processes, including glucose metabolism, angio-
genesis, erythropoiesis, proliferation, and invasion. HIF can
also indirectly regulate cellular processes such as proliferation
and differentiation through interactions with other signaling
proteins such as C-Myc and Notch. There are multiple
mechanisms by which HIF can become activated and
promote tumor progression. In this review, we have summar-
ized recent findings that implicate HIF in the regulation of key
steps in tumorigenesis.
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