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Abstract: Tumor progression occurs as a result of the clonal selection of cells in which
somatic mutations have activated oncogenes or inactivated tumor suppressor genes leading
to increased proliferation and/or survival within the hypoxic tumor microenvironment.
Hypoxia-inducible factor 1 (HIF-1) is a transcription factor that mediates adaptive re-
sponsesto reduced O, availahility, including angiogenesis and glycolysis. Expression of the
O,-regulated HIF-1a subunit and HIF-1 transcriptional activity are increased dramatically
in hypoxic cells. Recent studies indicate that many common tumor-specific genetic alter-
ations also lead to increased HIF-1a expression and/or activity. Thus, genetic and physi-
ologic alterations within tumors act synergistically to increase HIF-1 transcriptional activ-
ity, which appears to play a critical role in the development of invasive and metastatic
properties that define the lethal cancer phenotype.

Key Words. angiogenesis, cancer, glycolysis p53; Ras, vascular endothelial growth factor.

|. INTRODUCTION: GENETIC
ALTERATIONS IN TUMOR CELLS

A major focus of oncology research over
the last quarter-century spanning the era of
molecular biology has been the identifica-
tion of genetic alterations arising as aresult
of somatic mutation within tumor cells. A
large body of research data established the
existence of several groups of genes that,
when mutated, contribute to the process of
tumor progression (for review seeVogelstein
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and Kinzler, 1998). Thefirst group that was
identified consists of oncogenes, in which
gain-of-function mutations result in in-
creased expression of agene product and/or
expression of a mutant product with
congtitutive activity that is not responsive
to normal molecular mechanisms of
downregulation. The second group consists
of tumor suppressor genes, in which loss-
of-function mutations eliminate the expres-
sion or activity of a gene product. A third
group consists of mutator genesinvolved in
DNA repair, in which loss-of-function mu-
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tations increase the rate at which mutations
occur within oncogenes and tumor suppres-
SOr genes.

The high frequency of mutationsinvolv-
ing specific geneswithin specific tumor cell
types implies that these genetic alterations
play akey rolein the oncogenic transforma-
tion of that cell type. Tumor-specific muta-
tions do not result from targeted mutagen-
esis, but instead represent the effect of
selection: cells in which a mutation occurs
by chance within a specific genethat results
in an increased rate of survival and/or divi-
sion (that together determine the rate of cell
proliferation) become overrepresented inthe
tumor relative to cells lacking the mutation.
Along with the discovery of oncogenes,
tumor suppressor genes, and mutator genes,
the concept of clonal selection (Nowell,
1976) represented a critical advance in our
understanding of tumor biology.

Because it is much easier to manipulate
tumor cells in plastic dishes than in living
animals, agreat deal of research investigat-
ing the biological function of oncogenes
and tumor suppressor genes has been per-
formed in cultured cells. In this context,
studying the rate at which cells divide is
accomplished easily. For this reason, the
functions attributed to the protein products
of oncogenes and tumor suppressor genes
have primarily related to the control of
cellular proliferation in tissue culture:
oncogenes promote cell proliferation
whereas tumor suppressor genes counteract
this effect. Likewise, the influence of anti-
and proapoptotic proteins, such as members
of the BCL2 family, on tumor cell survival
has been anayzed primarily in the tissue
culture milieu.

The goal of this review is to focus on
adaptive mechanisms by which selected
tumor cells are able to survive the harsh
microenvironmental conditions that they
impose on themselves in vivo. The adapta-
tionsthat are described have in common the
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fact that they are mediated, at least in part,
by the transcriptional activator hypoxia-in-
ducible factor 1 (HIF-1). Important proper-
tiesof HIF-1 and common characteristics of
solid tumors are reviewed first, followed by
a summary of recent data that have delin-
eated specific functional relationships be-
tween genetic aterations, HIF-1, and tumor
progression. Findly, the clinical implica-
tions of these results are considered.

[I. HIF-1 STRUCTURE AND
FUNCTION

HIF-1isaheterodimer composed of HIF-
1a and HIF-1[3 subunits (Wang and Semenza,
1995). Both subunits contain basic-helix-
loop-helix (bHLH)-PAS domains (Wang et
al., 1995a). Whereas the bHLH domain de-
fines a superfamily of eukaryotic transcrip-
tion factors (reviewed by Semenza, 1998),
the PAS domain, which was first identified
in the PER, ARNT, and SIM proteins, de-
fines a subfamily of bHLH proteins that is
unique to metazoans (reviewed by Crews
and Fan, 1999). The HIF-1[3 subunit is also
known as the aryl hydrocarbon nuclear
trandocator (ARNT), asit wasfirst shown to
dimerize with the aryl hydrocarbon receptor
(Hoffman et a., 1991). Recently, proteins
with sequence similarity to HIF-1a (HIF-2a
and HIF-3a) and HIF-13 (ARNT2 and
ARNT3) have been identified, and all HIF-
la-like polypeptides appear ableto dimerize
with all HIF-1[3-like polypeptides, at least in
vitro (reviewed by Semenza, 2000). In knock-
out mice, homozygosity for a targeted loss-
o f - f u n c t i o n
mutation in the Hifla, Epasl, or Arnt gene
encoding HIF-1a, HIF-2a, or HIF-1[3, re-
spectively, resultsin embryoniclethality (lyer
et a., 1998; Kozak et al., 1998; Maltepe et
al., 1997; Tian et a., 1998). The develop-
mental and physiological roles of these fac-
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tors have been reviewed elsewhere recently
(Crewsand Fan, 1999; Semenza, 1999, 2000).

The HLH and PAS domains of HIF-1a
and HIF-1[3 are required for the formation
of a dimer in which conformation of the
basic domains allows their recognition of
specific DNA binding sites containing the
core sequence 5 -RCGTG-3' (Jiang et d.,
1996a; Semenza et a., 1996; Wood et al.,
1996). HIF-1 functions as a sequence-spe-
cific transcriptional activator (Forsythe
et a., 1996; Jiang et al., 1996a; Semenza et
al. 1996). Both the expression of HIF-1a
and its ability to activate transcription
are regulated by the cellular O, concentra-
tion (Huang et al., 1996; Jiang et a., 1996b,
1997b; Pugh et a., 1997; Wang et a.,
1995a). HIF-1a has a half-life of < 5
min under posthypoxic conditions, both in
cultured cellsandinvivo (Wang et al ., 1995g;
Yu et a., 1998). Under nonhypoxic condi-
tions, HIF-1a is subject to ubiquitination
and proteasomal degradation (Huang et al.,
1998; Kallio et al., 1999; Salceda and
Caro, 1997). Under hypoxic conditions,
ubiquitination of HIF-1a isdramaticaly re-
duced (Sutter et al., 2000). Theintroduction
of specific missense mutations and dele-
tions into the HIF-1a sequence results in
decreased ubiquitination and increased
expression of HIF-1a protein
under nonhypoxic conditions (Sutter et al.,
2000). Transactivation domain function is
also under negativeregulation in nonhypoxic
cells and deletions within these domains
also increase their activity in nonhypoxic
cells(Jiang et ., 1997b; Pugh et al., 1997).
Thus, under hypoxic conditions, HIF-1 tran-
scriptional activity increases rapidly due to
synergistic effects on HIF-1a protein ex-
pression and transactivation domain func-
tion. The HIF-1 transactivation domains
have been shown to interact with the
coactivator proteins CBP, p300, SRC-1, and
TIF2, and these interactions are promoted
by the redox regul atory proteinsthioredoxin

and Ref-1 (Arany et al., 1997; Carreroet dl.,
2000; Emaet a., 1999).

To date, approximately 30 target genes
that are transactivated by HIF-1 have been
identified (Table 1 and data not shown).
These genes encode proteins that are re-
quired for angiogenesis, regulation of blood
vessel tone, and vascular remodeling; cell
proliferation and viability; erythropoiesisand
iron metabolism; glucose transport and gly-
colysis. Remarkably, the vast mgjority of
these gene products have been shown to be
overexpressed in human tumor cells. Each
HIF-1 target gene contains a hypoxia re-
sponse element, a cis-acting transcriptional
regulatory sequence. The presence of aHIF-
1 binding siteis necessary but not sufficient
to constitute a functional hypoxia response
element (Forsythe et al., 1996; Semenza et
al., 1996; Semenza and Wang, 1992).

[ll. COMMON BIOCHEMICAL
AND PHYSIOLOGICAL
CHARACTERISTICS OF SOLID
TUMORS

A. The Warburg Effect

Seventy years ago, Warburg demon-
strated that compared with normal cells, tu-
mor cells are characterized by a marked
increase in glycolytic metabolism, even
when cultured in the presence of high O,
concentrations (Warburg, 1930). Glucose
transport into tumor cells is also markedly
increased in order to provide increased
amounts of the substrate that is ultimately
converted to lactate by the glycolytic en-
zymes. Indeed, increased uptake of labeled
glucose derivatives is utilized in clinical
diagnostic tests to identify occult tumorsin
patients. Furthermore, glycolytic metabo-
lism is correlated with disease progression,
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Table 1.

Known HIF-1 Target Genes
Gene product

Adenylate kinase 3

a,g-Adrenergic receptor

Adrenomedullin

Aldolase A

Aldolase C
Endothelin-1 (ET-1)
Enolase 1 (ENO1)
Erythropoietin (EPO)
Glucose transporter 1

Glucose transporter 3

Glyceraldehyde phosphate dehydrogenase
Heme oxygenase 1

Hexokinase 1

Hexokinase 2

Insulin-like growth factor 2 (IGF-2)

IGF binding protein 1

IGF factor binding protein 3

Lactate dehydrogenase A

Nitric oxide synthase 2 (NOS2)
p21

p35sr]

Phosphofructokinase L
Phosphoglycerate kinase 1

Plasminogen activator inhibitor-1

Pyruvate kinase M

Transferrin

Transferrin receptor

Vascular endothelial growth factor (VEGF)

VEGF receptor FLT-1

74

Ref.
Wood et al., 1998
Eckhart et al., 1997
Cormier-Regard et al., 1998
lyer et al., 1998; Ryan et al., 1998;
Semenza et al., 1996
lyer et al., 1998
Hu et al., 1998
Semenza et al., 1996; lyer et al., 1998
Semenza and Wang, 1992; Jiang et al.,1996a
lyer et al., 1998; Ryan et al., 1998;
Wood et al., 1998
lyer et al., 1998
lyer et al., 1998; Ryan et al., 1998
Lee et al., 1997
lyer et al., 1998
lyer et al., 1998
Feldser et al., 1999
Tazuke et al., 1998
Feldser et al., 1999
lyer et al., 1998; Ryan et al., 1998;
Semenza et al., 1996
Melillo et al., 1995; Palmer et al., 1998
Carmeliet et al., 1998
Bhattacharya et al., 1999
lyer et al., 1998
Carmeliet et al., 1998; lyer et al., 1998; Ryan et al.,
1998
Kietzmann et al., 1999
lyer et al., 1998
Rolfs et al., 1997
Lok and Ponka, 1999; Tacchini et al., 1999
Carmeliet et al., 1998; Forsythe et al., 1996;
lyer et al., 1998; Ryan et al., 1998
Gerber et al., 1997

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

because | actate concentrations of > 20 pumol/
g are 6.5-fold more common in primary
cervical cancerswith metastatic spread com-
pared with non-metastasizing primary tu-
mors (Schwickert et al., 1995). A correla-
tion between lactate production and
metastasis was also reported for head and
neck tumors (Walentaet a., 1997). In addi-
tion to aerobic glycolysis (the Warburg ef-
fect), the existence of intratumoral hypoxia
provides an additional stimulusfor glycoly-
Sis, as described below.

Even though the Warburg effect is one
of themost universal characteristics of solid
tumors, only recently hasinsight been gained
into the molecular mechanisms by which
energy metabolism is shifted from oxida-
tive to glycolytic pathways. Quiescent thy-
mocytes cultured in the absence of mito-
gens have been shown to derive > 80% of
their ATP from oxidative phosphorylation,
whereas mitogen-stimulated thymocytes
derive > 80% of their ATP from glycolysis
(Brand and Hermfisse, 1997). It has been
proposed that the switch from oxidative to
glycolytic metabolism occurs in order to
reduce the generation of reactive oxygen
species that might otherwise damage repli-
cating DNA. If this switch is hard-wired
into the program of cellular proliferation,
then it is not surprising that virtually all
tumor cells would manifest the Warburg
effect despite their thorough disregard for
genomic integrity.

Hypoxia response elements have been
identified in the promoters of genes encod-
ing aldolase A (ALDA), enolase 1 (ENO1),
glucose transporter 3 (GLUT3), lactate de-
hydrogenase A (LDHA), phosphoglycerate
kinase 1, and phosphofructokinase L (Ebert
etal., 1995; Firthet a., 1994, 1995; Semenza
et al., 1994, 1996) and HIF-1-dependent
transactivation of the ALDA and ENOL pro-
moters has been demonstrated (Semenza et
a., 1996). A 68-bp fragment of the ENO1
promoter, which is the most powerful hy-

poxia response element identified to date,
containsthree HIF-1 binding sites (Semenza
et al., 1996). Analysis of mouse embryonic
stem cells that are homozygous for a tar-
geted loss-of -function mutationin the Hif Za
gene encoding HIF-1a revealed decreased
expression of 13 different genes encoding
glucosetransportersand glycolytic enzymes
(lyer et a., 1998; Ryan et al., 1998). Thus,
HIF-1 mediates coordinate transcriptional
activation of the entire pathway from glu-
cose uptake to lactate production. Further-
more, expression of HIF-1a isinduced when
tumor cells are cultured under conditions
associated with cellular proliferation such
aslow cell density and growth factor stimu-
lation (Feldser et al., 1999; Zhong et 4.,
1998; Zhong et al., 2000). C-MYC, atran-
scription factor whose primary role is to
stimulate cellular proliferation, also
transactivates several genes encoding gly-
colytic enzymes, including LDHA (Dang
and Semenza, 1999; Shimet al., 1997). HIF-
1 (consensus binding site sequence, 5'-
RCGTG-3') and C-MYC (consensus
binding site sequence, 5 -CACGTG-3') rec-
ognize overlapping binding sites in the
LDHA gene (Dang and Semenza, 1999;
Semenza et al., 1996; Shim et al., 1997).

B. Angiogenesis

A large body of experimenta evidence
indicatesthat primary tumors and metastases
will not grow beyond a volume of severa
mm?3 without establishing a blood supply
(reviewed in Fidler and Ellis, 1994,
Folkman, 1971, 1990, 1992; Hanahan and
Folkman, 1996; Zetter, 1998). In the ab-
sence of vascularization, cell viability islim-
ited by the diffusion of O, and glucose from
host vessals. Under these circumstances, cell
division and cell death occur at equal rates
and no net tumor growth occurs. In
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RIP1Tag2 transgenic mice, every pancre-
atic-islet 3 cell expresses SV40 T antigen,
approximately 50% of theidetsdemonstrate
B cell hyperplasia, but only a
subset of hyperplastic idets demonstrate
neovascularization; an even smaller subset
of idlets progress to carcinoma, but, nota-
bly, al of these manifest neovascularization
(Folkman et al., 1989). The onset of angio-
genesis permits rapid tumor growth, thus
setting the stage for subsequent develop-
ment of the invasive and metastatic proper-
tiesthat define the lethal cancer phenotype.
Indeed, for many tumor types there is a
statistically significant correlation between
tumor angiogenesis (as measured by blood
vessel density) and patient survival (re-
viewed in Fox, 1997; Jekunen and Kairemo,
1997; Zetter, 1998).

Tumor angiogenesis occurs as a result
of increased expression of angiogenic
factors and decreased expression of
antiangiogenic factors. The angiogenic fac-
tor that has been shown to have the most
important role in mediating blood vessel
formation in response to developmental,
physiological, or oncogenic stimuli is vas-
cular endothelial growth factor (VEGF) (re-
viewed in Ferrara and Davis-Smyth, 1997).
Thereisastrong correlation between VEGF
expression and blood vessel density and
clinical outcome in many tumor types
(Ferrara and Davis-Smyth, 1997). Inhibi-
tion of VEGF expression or binding to its
receptor on endothelial cells has a dramatic
effect on tumor growth, invasion, and
metastasis in animal models (Benjamin et
a., 1999; Benjamin and Keshet, 1997
Borgstrom et a., 1996; Cheng et al., 1996;
Grunstein et al., 1999; Im et al., 1999; Jain
etal., 1998; Kimetal., 1993; Millauer et a.,
1994, 1996; Saleh et a., 1996; Shaheen et
al., 1999; Skobe et a., 1997; Yuan et a.,
1996). Somatic mutations resulting in
oncogene activation (e.g., H-Ras and v-Src)
and tumor suppressor geneinactivation (e.g.,
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p53 and VHL) are associated with increased
VEGF geneexpression (reviewed in Ferrara
and Davis-Smyth, 1997). In addition, in sev-
eral tumor types, most notably glioblastoma
multiforme (Shweiki et a., 1992), VEGF
expression is correlated with intratumoral
hypoxia (Ferrara and Davis-Smyth, 1997).

Therole of HIF-1in activating hypoxia-
induced transcription of the VEGF gene is
well established. A hypoxia response ele-
ment islocated approximately 1 kb 5 to the
transcription start site of the human VEGF
gene (Forsytheet al., 1996; Liu et al., 1995)
and isalso present in the mouse and rat Vegf
genes(Levy etdl., 1995; Shimaet al., 1996).
A reporter gene containing a 48-bp VEGF
hypoxia response element upstream of an
SV40 promoter and luciferase coding se-
quencesisexpressed in ahypoxia-inducible
manner. Forced overexpression of HIF-1a
and HIF-1[3 results in reporter gene expres-
sion under nonhypoxic conditions and a su-
perinduction in response to hypoxia
(Forsytheet al., 1996). A 3-bp mutation that
disrupts the HIF-1 binding site in the hy-
poxia response element resulted in aloss of
reporter gene expression in response to hy-
poxia or coexpressed HIF-1a and HIF-1[3
(Forsytheet a., 1996). In mouse embryonic
stem cells homozygous for atargeted muta-
tion in the Hifla gene encoding HIF-1a
there is no induction of VEGF mRNA ex-
pression in response to hypoxia (Carmeliet
et al., 1998; lyer et a., 1998; Ryan et 4d.,
1998), although VEGF expression is till
induced by glucose deprivation (lyer et al.,
1998).

In a series of mouse hepatoma subclones,
thereis a strong correlation between the level
of hypoxia-induced HIF-1 DNA-binding ac-
tivity and VEGF mRNA expression (Forsythe
et al., 1996; Sacedaet d., 1996; Wood et al.,
1996). Furthermore, when these subclonesare
injected into nude mice, there is a strong cor-
relation between thelevel sof hypoxia-induced
HIF-1 and VEGF expression ex vivo and tu-
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mor xenograft growth and angiogenesis in
vivo (Jangetd., 1997a; Maxwell et a., 1997).
In situ hybridization analysis of tumors de-
rived from HIF-lexpressng subclones has
demonstrated that viable cells surrounding
areas of necrosisexpresshigh levelsof VEGF
and GLUT3 mRNA, whereas such expression
is not seen at Smilar locations in tumors de-
rived from HIF-1 nonexpressing subclones
(Maxwel et ., 1997), suggesting that phys-
ologic induction of hypoxiainducible genes
mediated by HIF-1 is important for tumor
growth and vascularization. Vascularization
of teratomas derived from mouse embryonic
stem cdllsisalso dramatically affected by loss
of HIF-1a expression (Carmeliet et ., 1998;
Ryan et al. 1998).

In addition to hypoxia, VEGF expres-
sion is aso induced by exposure of both
transformed and nontransformed cells to a
variety of growth factors, including epider-
mal growth factor, basic fibroblast growth
factor (FGF-2), insulin-like growth factor 1
(IGF-1), interleukin 1p3, platelet-derived
growth factor, and tumor necrosis factor a
(TNF-a) (Jackson et a., 1997; Ryuto et dl.,
1996; Stavri et al., 1995a, 1995b; Warren et
al., 1996). Remarkably, all of these
cytokines/growth factors aso induce HIF-
la protein expression and/or HIF-1 DNA-
binding activity (Feldser et al., 1999;
Hellwig-Burgel et al., 1999; Zelzer et al.,
1998; Zhong et al., 2000).

C. Hypoxia

Given the strong correlation between
angiogenesis and tumor progression de-
scribed above, one might predict that that
there is a positive correlation between tu-
mor oxygenation and tumor progression.
Remarkably, the opposite is true: first, in
the maority of human cancers that have
been analyzed, the mean pO, is markedly

lower than that of normal tissue in the same
organ (reviewed in Brown and Giaccia,
1998; Vaupel, 1996; Vaupel et a., 1989).
Second, clinical studies in which oxygen-
ation of cervical or head and neck tumors
has been measured in situ have demonstrated
that an intratumoral pO, of < 10 mmHg is
associated with a significantly increased
frequency of tumor invasion and metastasis
and of patient death (Brizel et al., 1996;
Hockel et a., 1996). In both cervical and
head and neck cancers, a correlation be-
tween elevated lactate levels and metastasis
has aso been reported (Schwickert et al.,
1995; Walenta et a., 1997).

What is the basis for the apparent para-
dox regarding the effects of tumor hypoxia
and angiogenesis on clinical outcome? The
blood vessels induced by tumors are struc-
turally and functionally abnormal, resulting
in marked regional heterogeneity in tumor
perfusion (reviewed in Brown and Giaccia,
1998; Gillies et al., 1999; Vaupel, 1996;
Vaupd et al., 1989). Analysis of tumor xe-
nografts has reveded that although thereis
an inverse correlation between mean pO,
and distance of atumor cell from the nearest
capillary (reaching amean pO, of 0 at > 200
pum), individual tumor cells with a pO, of 0
can be identified immediately adjacent to a
blood vessel, indicating an absence of blood
flow (Helmlinger et a., 1997). These data
suggest that theinduction of angiogenesisis
necessary but not sufficient to ensure tumor
progression.

Intratumoral hypoxia is also associated
with genetic instability and resistance to
chemotherapy and radiation, thus providing
a basis for tumor recurrence (reviewed by
Brown and Giaccia, 1994, 1998; Y uan and
Glazer, 1998). For chemotherapy, it is has
been hypothesized that hypoperfused tumor
tissue would be deprived both of O, and any
chemotherapeutic agent administered
parenterally; alternatively, cell cycle arrest
under hypoxic conditions may provide pro-
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tection against agents that induce apoptosis
in proliferating cells. For radiation, it has
been hypothesized that decreased O, con-
centrations would result in decreased for-
mation of reactive oxygen species, which
arebelieved to trigger radiation-induced cell
death. Whereas these proposed mechanisms
may indeed contribute to the survival of
hypoxic tumor cells following cancer
therapy, it is also possible that hypoxic tu-
mor cells express survival factors that me-
diate protection against any apoptosis-in-
ducing stimulus. Exposure of cultured
glioma cells to hypoxia results in increased
survival when the cells are subsequently
exposed to chemotherapeutic agents (Liang,
1996), an effect that is obviously indepen-
dent of vascularization/perfusion. Insulin-
like growth factor 2 (IGF-2) represents an
example of a hypoxia-induced survival fac-
tor (Kim et al., 1998), and its expression
appearsto beregulated by HIF-1 (Feldser et
al., 1999).

V. IMMUNOHISTOCHEMICAL
ANALYSIS OF HIF-1a
EXPRESSION IN TUMORS

A. Increased Expression of HIF-
la in Common Human Cancers
and Their Metastases

The analysis of tumor-derived cell lines
either in tissue culture or xenograft assays
provides a means to investigate molecular
mechanisms underlying tumor biology. Y et,
suchinvestigations must rest on afirm foun-
dation of histopathological studies utilizing
clinical material that provide the basis for
generating hypotheses to be tested in model
systems. Although clinical investigation is
often limited by the lack of optimal con-
trols, in the case of cancer, the patient’s
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normal tissue often can be utilized effec-
tively for this purpose. With these principles
in mind, amouse monoclonal antibody spe-
cific for HIF-1a was generated, and a sen-
sitive immunohistochemical assay was de-
veloped to detect HIF-1a expression in
formalin-fixed and paraffin-imbedded hu-
man tumor biopsy specimens (Zhong et al.,
1999). Whereas HIF-1a expression was not
detected in the corresponding normal tissue
(either adjacent to thetumor in the biopsy or
In separate autopsy specimens), HIF-1a ex-
pression was detected in two-thirds of the
primary tumors of the brain, breast, colon,
lung, ovary, and prostate that were analyzed
(Table2). Although HIF-1a expression was
frequently detected in many, but not all,
types of malignant tumors, it was not de-
tected in benign tumors such as breast fi-
broadenomaand uterineleiomyoma (Zhong
etal., 1999). In contrast, HIF-1a expression
was detected in early neoplastic lesions
(breast comedo-type ductal carcinoma
in situ, colon adenoma, and prostatic
intraepithelial neoplasia) detected inciden-
tally in tumor specimens, suggesting that
increased HIF-1a expression can occur early
in tumor progression (Zhong et a., 1999).
In animal models, induction of angiogen-
esis has been demonstrated during the tran-
sition from hyperplasia to neoplasia
(Folkman et al., 1989). HIF-1a expression
in early neoplastic lesions may promote
vascularization mediated by VEGF and
possibly other HIF-1-regulated angiogenic
factors.

B. HIF-1a Expression in Brain
Tumors

Immunohistochemical analysis of brain
tumorswas particularly instructive (Zagzag
et a., 2000). Severa studies have shown
that compared with low-grade gliomas, the
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Table 2

Expression of HIF-1a in Human Cancers Compared with Corresponding Normal Tissue?

Organ Normal Tissue  Benign Tumors
Brain 0/10 —

Breast 0/18 0/10¢°

Colon 0/24 —

Lung 0/10 —

Ovary 0/10 —

Prostate 0/12 —

Uterus 0/3 0/2¢

aData from Zhong et al., 1999.
bFibroadenomas

‘Lymph node metastases
9Bone metastases
eLeiomyomas

high-grade glioblastomamultiforme (GBM)
has significantly
higher levels of VEGF expression and
neovascularization (Leung et al., 1997
Pietsch et a., 1997; Plate et al., 1992; Plate
and Mennel, 1995; Plate and Warnke, 1997,
Takano et al., 1996; Takekawaand Sawada,
1998). Even inlow-grade astrocytomas, pa-
tient survival is inversely correlated with
VEGF expression and vascular density
(Abdulrauf et a., 1998). GBM is aso char-
acterized by extensive areas of necros's, rep-
resenting tumor cells located beyond the
effective diffusion distance of O, from the
nearest blood vessal. VEGF mRNA ishighly

Table 3

Primary Cancers Metastases

5/9 —
25/52 9/13¢
22/22 9/10¢
3/3 —

2/2 —
9/11 5/10¢d

expressed in the pseudopalisading cells sur-
rounding necrotic areas, suggesting that hy-
poxiaisastimulusfor VEGF expression by
thesecells(Plateet a., 1992; Shweiki et al .,
1992). Remarkably, the expression of HIF-
la is correlated with tumor grade and, in
particular, with vascularity (Table 3and Fig-
ure 1). Expression of HIF-13 was also ana-
lyzed by immunohistochemistry, and its ex-
pressionisalso correlated with tumor grade,
although it is more widely expressed than
HIF-1a and is not as strongly correlated
with tumor vascularity. Most striking is the
pattern of HIF-1a protein expression in
GBM which are identical to that described

Vascularity and Expression of HIF-1a and HIF-1B in Human Brain Tumors?

Tumor n

Low grade astrocytoma 2 1.0
Low grade mixed glioma 2 2.5
Anaplastic astrocytoma 2 3.5
Anaplastic oligodendroglioma 3 3.7
Anaplastic mixed gliomad 9 2.4
Glioblastoma multiforme 14 3.9
Hemangioblastoma 10 3.7

aData from Zagzag et al., 2000.

Vascularity® HIF-1a¢  HIF-1p°

15 1.0
2.5 0.5
3.5 2.5
3.0 2.3
2.8 2.4
4.0 3.2
3.2 3.2

bVascularity: 0, vascular hyperplasia not detected; 1, minimal; 2, mild; 3, moderate; 4, marked
increase in tumor vascularity compared with surrounding normal brain tissue

¢HIF-1a or HIF-1B: 0, nuclear staining not detected by immunohistochemistry; 1, staining
in less than 1% of nuclei; 2, 1-10% of nuclei; 3, 10-50%; 4, greater than 50%.

dastrocytoma/oligodendroglioma
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Figure 1. Correlation between brain tumor grade, vascularity, and HIF-1a expression. Based on an
analysis of 42 human brain tumors (Zagzag et al., 2000). See Table 3 for definitions.

for  VEGF mRNA, with high
levels of HIF-1a detected in
pseudopalisading cells surrounding areas of
necrosis (Zagzag et al., 2000). Taken to-
gether, these data are consistent with the
hypothesis that HIF-1 mediates hypoxia-
induced VEGF expression in GBM.
Hemangioblastomaisanother extremely
vascular brain tumor. The vascularity of
hemangioblastomas is so great that, as the
nameimplies, they were originally believed
to be tumors of hemangioblasts, the stem
cells from which hematopoietic and endo-
thelial cells are derived. However, it is now
apparent that the “stromal” cells (as op-
posed to the blood vessels) arein fact tumor
cells that produce extremely high levels of
VEGF (Flamme et al., 1998; Krieg et al.,
1998; Stratmann et a., 1997; Wizigman-
Vooset al., 1995). Unlike GBM, hemangio-
blastomas are so richly vascularized that
areas of necrosisare unusual. Y et, immuno-
histochemistry reveadled that in those he-
mangioblastomas with the greatest degree
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of vascularization, HIF-1a was expressed
in the majority of tumor cells, whereas ex-
pression was not detected in vascular cells
(Zagzag et al., 2000; Zhong et al., 1999).
The detection of high levels of HIF-1a in
tumor cells immediately adjacent to most
blood vessels suggests that such expression
is not hypoxia induced.

A similar pattern of expression was de-
tected in another extremely vascularized
tumor, clear cell rena carcinoma (Zhong et
al., 1999). Hemangioblastomaand clear cell
renal carcinoma share in common inactiva-
tion of the VHL gene encoding the von
Hippel-Lindau tumor suppressor protein
(Gnarra et al., 1994; Herman et al., 1994,
Kanno et a., 1994; Shuin et a., 1994). In
renal carcinoma cell lineslacking VHL ex-
pression, the normal O,-regulated expres-
sion of HIF-1a and HIF-2a is lost; these
proteins are constitutively expressed at high
levels under nonhypoxic conditions and
activate transcription of downstream target
genes, including VEGF (Maxwell et al.,
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1999). Analysisof multiplerenal carcinoma
cell lineswith VHL loss-of-function revealed
that HIF-2a was overexpressed in all,
whereas in severa lines HIF-1a expression
was completely absent. In contrast, HIF-1a
was highly expressed in all of the heman-
gioblastoma (n = 10) and clear cell renal
carcinoma (n = 1) biopsies that were ana-
lyzed by immunohistochemistry (Zagzag et
al., 2000; Zhong et a., 1999), suggesting
that there may be a selection against HIF-
1la overexpression in cultured renal carci-
noma cells that is not relevant to their bio-
logical behavior in vivo. However, primary
clear cell renal carcinomas express an
antisense HIF-1a RNA species (Thrash-
Bingham and Tartof, 1999). Thus, the role
of HIF-1a expression in these tumors re-
quires further analysis.

C. HIF-1a and Tumor Invasion

GBM is one of the most highly inva-
sive forms of human cancer and patients
with this tumor have a life expectancy of
lessthan 1 year regardless of whether they
are treated by chemotherapy, radiation, or
surgery. In addition to expression in
pseudopalisading cells surrounding necrotic
areas, HIF-1a was aso detected within
GBM cedlls infiltrating the brain at tumor
margins (Zagzag et al., 2000). Similar re-
sults were observed in biopsies of colon
cancer (Zhong et a., 1999). In addition,
when GL261 glioma cells were implanted
into mouse brains, HIF-1a expression was
detected within pseudopalisading and in-
filtrating tumor cells as observed in the
human GBM biopsies(Zagzag et a ., 2000).
Among normal developmental and physi-
ological examples of invasion, several are
clearly related to O, homeostasis, such
as the invasion of the uterine wall by pla-
cental trophoblasts and the invasion of
hypoperfused tissue by vascular endothe-

lial cells. The expression of cytoskeletal
and cell surface proteins that are required
for motility and invasion therefore may be
regulated by HIF-1. In this regard, the hy-
poxia-inducible expression of the uroki-
nase-type plasminogen-activated receptor
(Graham et al., 1998) is notable, because
this protein has been implicated in tumor
vascularization, invasion, and metastasis
(Crowley et al., 1993; Evans et al., 1997,
Graham et a., 1999; Min et al., 1996;
Ossowski et al., 1991; reviewed by
Andreasen et al., 1997).

D. HIF-1a and Tumor Cell
Proliferation

Further evidence that HIF-1a expres-
sion is induced in tumor cells by stimuli
other than hypoxia was obtained by an im-
munohistochemical comparison of HIF-1a
and Ki67 staining in human cancer biopsies
(Zhong et al., 1999). Ki67 staining, which
identifies proliferating cells, was highly
correlated with HIF-1a expression (Table
4). Because hypoxia is believed to inhibit
tumor cell proliferation (Brown and Giaccia,
1998), this result is the opposite of what
would be expected if HIF-1a expression in
thesetumorswasinduced solely by hypoxia.
However, several recent studies have re-
vealed increased HIF-1a expression in pro-
liferating and/or growth factor-stimulated
cells. Human prostate cancer cells express
higher levels of HIF-1a when assayed un-
der low-density, as opposed to high-den-
sity, culture conditions (Zhong et a., 1998).
HIF-1a expression is also induced when
tumor cell lines are exposed to any one of a
variety of growth factors, including epider-
mal growth factor, fibroblast growth factor
2, insulin, IGF-1, or IGF-2 (Feldser et d.,
1999; Zelzer et d., 1998; Zhong et al ., 2000).
HIF-1a expression isinduced by insulinin
cellsunder low-density, but not under high-
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Table 4
p53 Mutation, Cell Proliferation, and HIF-1a Overexpression?
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p53°b Ki67 Labeling Index (%)¢
HIF-1ad - + <5 5-15 15-50 >50
0 38 11 38 10 2 6
1-2 3 9 9 8 7 3
34 7 7 0 2 8 33
P <0.01¢ P < 0.001f

aData from Zhong et al., 1999. Number of tumor sections in each category is indicated.
bp53 staining in > 10% of tumor cell nuclei (+) indicates overexpression of mutant p53 protein

°Percentage of tumor cells expressing Ki67 antigen.

dHIF-1a immunohistochemistry: 0, nuclear staining not detected; 1, staining in < 1% of nuclei; 2,
1-10% of nuclei; 3, 10-50%; 4, > 50% of nuclei.

eKruskal-Wallis test
Nonparametric Jonckhere-Terpstra test

density, culture conditions (Feldser et al.,
1999), again suggesting a correlation with
cell proliferation. The mitogen PMA also
induces HIF-1a expression in human pros-
tate cancer cell lines (Zhong et a., 2000).
Asdescribed above, the preferential utiliza-
tion of glycolytic metabolism provides a
rationale for the induction of HIF-1a in
proliferating cells. In addition, because cell
proliferation inevitably results in increased
O, consumption, it is possible that linking
VEGF production to cell proliferation via
induction of HIF-1a may provide a means
to maintain adequate perfusion during de-
velopment.

V. ONCOGENE AND TUMOR
SUPPRESSOR GENE
MUTATIONS THAT INCREASE
HIF-1la EXPRESSION OR
ACTIVITY

Studies described above provide evi-
dence that HIF-1a expression can be in-
duced by signals other than hypoxia. Can-
cer cellsaredistinguished from normal cells
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by the presence of genetic alterations that
cause major derangementsin cellular physi-
ology. Recent studies have reveaded that
mutationsthat activate oncogenes and those
that inactivate tumor suppressor genes re-
sult in increased HIF-1a expression or ac-
tivity in tumor cells, which may contribute
to the selective advantage provided by these
mutations in vivo.

A. V-SRC

Oncogenes were first identified in tum-
origenic avian retroviruses. The prototype
oncogeneis v-src, which encodes the trans-
forming protein of Rous sarcoma virus
(RSV) and which was derived from the cel-
lular protooncogene c-src (Czernilofsky et
al., 1980; Stehelin et al., 1976; Swanstrom
et a., 1983). RSV infection is associated
with increased rates of glucose transport
and glycolysis (Singh et a., 1974; Steck et
al., 1968; Venuta and Rubin, 1973; Weber,
1973). Rat kidney cells infected with RSV
containing atemperature-sensitive mutation
in the v-src gene exhibit atransformed phe-
notype and increased rates of aerobic glyco-
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lysis at the permissive, but not at the
nonpermissive, temperature (Carroll et a.,
1978). Thus, V-SRC expression mediates
both cellular transformation and the Warburg
effect (see above) in RSV-infected cells. In
humans, activating mutations of the C-SRC
gene have been identified in advanced hu-
man colon cancers (Irby et al., 1999). Ex-
pression of C-SRC antisense RNA in HT29
colon cancer cells is associated with de-
creased VEGF mRNA expression both in
culture and in tumor xenografts (Elliset al.,
1998). In transgenic mice with V-SRC ex-
pression targeted to astrocytes, VEGF ex-
pression occurs at an early step in glioma
formation (Theurillat et al., 1999).
Compared with parental cells, v-src-
transformed Rat1 fibroblastsmanifest astrik-
ing increase in the expression of HIF-1a
protein and HIF-1 DNA-binding activity
under nonhypoxic conditions and asuperin-
duction in response to hypoxia (Jiang et al.,
1997a). Similarly, VEGF and ENO1 mRNA
expression are increased in nonhypoxic and
hypoxic v-src-transformed cells. The expres-
sion of reporter genes containing the hy-
poxia response element from the human
VEGF or ENOL1 geneisalso increased in v-
sre-transformed cells, whereas reporters in
which these hypoxiaresponse e ements con-
tain mutations that eliminate HIF-1 binding
areunaffected by v-src transformation, dem-
onstrating a requirement for HIF-1-depen-
dent transcriptional activation (Jiang et al.,
1997a). V-SRC also induces the expression
of the STAT3 transcription factor, which is
required for V-SRC-mediated transforma-
tion (Bromberg et al., 1999; Turkson et al.,
1998). Thus, HIF-1 and STAT3 may repre-
sent two major transcriptiona activators
downstream of V-SRC and, by inference,
mutant C-SRC in human cancers.
V-SRC and activated C-SRC are constitu-
tivelyactive tyrosine kinases. Whereas
STAT3isknown to be directly activated by
tyrosine phosphorylation, the connection

between tyrosine kinase activity and HIF-
1la expression has not been determined, al-
though thetyrosinekinaseinhibitor genistein
blocks hypoxia-induced HIF-1a expression
in Hep3B human hepatoblastoma cells
(Wang et al., 1995b). V-SRC-mediated
transformation is mediated via two of the
major intracellular signal transduction path-
ways, the RAS-RAF-MEK-ERK and PI3K-
AKT-FRAP pathways (Penuel and Martin,
1999), which are described in detail below.

B. PIBK-PTEN-AKT-FRAP

Recently, across tumor types, |oss-of-
function mutations in tumor suppressor
genes or activating mutations in oncogenes
have been shown to dysregulate signal trans-
duction pathways leading from growth fac-
tors (e.g., epidermal growth factor [EGF])
and their cognate receptor tyrosine kinases
(e.g., EGFR) to phosphatidylinositol (PI) 3-
kinase (PI3K), which catalyzes the
conversion of Pl-4-phosphate and PI-4,5-
bi sphosphate to PI-3,4-bisphosphate and PI -
4,5-trisphosphate, respectively (Cantley and
Neel, 1999). These latter compounds func-
tion as allosteric activators of Pl-dependent
kinase 1 (PDK-1), which phosphorylatesand
activates AKT (also known as protein ki-
nase B), a serine-threonine kinase (Figure
2). Targetsof AKT include BAD, aninhibi-
tor of apoptosis, and the mammalian target
of rapamycin (MTOR, also known as
FKBP12/rapamycin-associated protein
[FRAP]), an activator of p70%%, a kinase
that isrequired for trandlation initiation and
cell cycleprogression (Brown and Schreiber,
1996; Cantley and Neel, 1999). These find-
ings have delineated mechanisms by which
the PI3BK-AKT pathway promotes cell pro-
liferation and inhibits cell death. This path-
way isnegatively regulated by PTEN (phos-
phatase and tensin homolog deleted
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Figure 2. Growth factor-mediated signal-transduction pathways that induce HIF-1a expression and

activity.

on chromosome ten), which dephosphory-
lates PI-3,4-bisphosphate and PI-3,4,5-
trisphosphate (Cantley and Neel, 1999).
PTEN is a tumor suppressor that is inacti-
vated in brain, breast, prostate, and other
human cancers (Li et al., 1997). Mutations
of PTEN freguently occur in the progres-
sion from early to advanced prostate cancer
(McMenaminet a., 1999) and correlate with
increased angiogenesis (Giri and Ittmann,
1999).

In the human prostate cancer cell lines
DU-145, PC-3, PPC-1, and TSU, basal-,
EGF-, and mitogen-induced expression of
HIF-1a is blocked by treatment with
LY 294002, or rapamycin (Figure 2), in-
hibitors of PI3K and FRAP, respectively
(Zhong et al., 2000). The transcription of
reporter genes containing a hypoxia re-
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sponse element from the human ENO1 or
VEGF gene is blocked by co-transfection
of an expression vector encoding domi-
nant-negative AKT or PI3K and by wild-
type PTEN, whereas expression is stimu-
lated by constitutivelyactive AKT or
dominant-negative PTEN (Zhong et al.,
2000). Treatment with LY 294002 or
rapamycin inhibits secretion of VEGF, the
product of aknown HIF-1 target gene, thus
linking PI3K-PTEN-AKT-FRAP, HIF-1,
and (viaVEGF) tumor angiogenesis. Thus,
within this pathway oncogene activation
(EGFR, genes encoding other receptor ty-
rosine kinases, PI3K, or AKT) or tumor
suppressor gene inactivation (PTEN) re-
sults in increased HIF-1 transcriptional
activity. These data indicate that pharma-
cological agentsthat target PI3K, AKT, or
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FRAP in tumor cells inhibit HIF-1a ex-
pression, and that such inhibition may con-
tribute to their therapeutic efficacy.

C. RAS

Expression of an activated H-RASor K-
RAS oncogene is associated with increases
in both glycolysis (Racker et al., 1985) and
VEGF-mediated angiogenesis (Feldkamp et
al., 1999; Mazure et al., 1996; Okada et a.,
1998; Rak et al., 1995). The effect of RAS
on VEGF expression is mediated via the
PI3K and MAP kinase pathways (Arbiser et
a., 1997; Grugel et a., 1995; Mazureet al.,
1997), with the relative involvement of the
two pathwaysvarying in different cell lines.
Activated H-RASY*? increases the expres-
sion of a reporter gene containing VEGF
promoter sequences only when the reporter
contains an intact HIF-1 binding site
(Mazureet al., 1997). In NIH 3T3 cells, the
effect of H-RASY? on transcription from
the VEGF promoter can be blocked by ex-
pression of a dominant negative form of
PI3K, whereas dominant negative forms of
ERK1 or ERK2 MAP kinase have no effect
(Mazure et a., 1997). Thus, H-RAS'?? ap-
pears to activate the PISBK-AKT pathway
described above for prostate cancer cells. In
support of this hypothesis, the PI3K inhibi-
tor wortmannin blocked hypoxia-induced
reporter geneexpressionin H-RASY-trans-
formed NIH 3T3 and Rat1 cells (Mazure et
al., 1997). However, rapamycin has no ef-
fect on VEGF reporter gene expression in
NIH 3T3 cels (Mazure et a., 1997), in
striking contrast to the studies described
aboveusing prostate cancer cell lines(Zhong
et al., 2000), suggesting that in NIH 3T3
cells H-RASY?? may induce HIF-1 activity
via a PI3K-dependent, FRAP-independent
pathway. As in the case of V-SRC, RAS
transformation ismediated by multipletran-

scriptional activators in addition to HIF-1,
including CREB (Xing et a., 1996) and
NF-kB (Finco et al., 1997).

D. RAF-MEK-ERK

RAS can transduce signals from growth
factor receptor tyrosine kinases either via
the PI3K pathway or via the RAF1 (MAP
kinase kinase kinase)-MEK1 (MAP kinase
kinase)-ERK (MAP kinase) pathway (Fig-
ure 2). In CCL 39 hamster fibroblasts, VEGF
MRNA and reporter gene expression are
induced by expression of an activated form
of RAS, RAF, or MEK1 (Milanini et al.,
1998). Furthermore, p42 and p44 MAP ki-
nases (ERK 1 and ERK 2) phosphorylate HIF-
lainvitroand expression of activated RAF1
amplifies HIF-1-mediated reporter gene
expression in CCL 39 cells (Richard et dl.,
1999). Whereas the PI3K-AKT pathway
induces increased HIF-1a protein expres-
sion in prostate cancer cells (Zhong et d.,
2000), the activated RAF1-MEK1-ERK
pathway in CCL39 cells appears to stimu-
late HIF-1 transcriptional activity without
affecting HIF-1a protein expression (Rich-
ard et al., 1999), suggesting an effect on
transactivation domain function, which can
be regulated independently of the protein
expression (Jiang et al., 1997b). In PC12 rat
pheochromocytoma cells, transcriptional
activation mediated by HIF-2a (which
shares conserved amino acid sequenceiden-
tity with HIF-1a in the bHLH-PAS and
transactivation domains) is blocked by the
MEK1 inhibitor PD098059 without any
change in HIF-2a protein expression
(Conrad et al., 1999). Taken together, these
studies suggest a synergistic effect of PI3K
and MAPK signalling pathways, with the
former inducing HIF-1a protein expression
and the latter inducing HIF-1a transcrip-
tional activity.
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An dternative hypothesisis that the ef-
fect of PI3K or MAPK signaling on HIF-1
activity isdetermined by the specific stimu-
lusand/or the specific cell typethat receives
the stimulus. The organomercurial com-
pound mersalyl induces HIF-1a protein ex-
pression, HIF-1 DNA-binding activity, HIF-
1-dependent reporter gene transcription, as
well as ENO1 and VEGF mRNA expres-
sion under nonhypoxic conditions (Agani
and Semenza, 1998). Because mersalyl isa
cell-impermeant compound with insulin-
mimetic effects, it was hypothesized to act
via a cell surface receptor. To test this hy-
pothesis, mouse embryo fibroblaststhat were
wild type (W) or homozygous-null for a
targeted mutation in the Igflr gene encod-
ing the IGF-1 receptor (R) were analyzed.
In both W and R cells, expression of HIF-
la protein, HIF-1 DNA-binding activity,
and VEGF mRNA expression are induced
by hypoxia, cobalt chloride, or the iron ch-
elator desferrioxamine. However, mersalyl
inducesthese activitiesin W cellsbut not in
R cells. Furthermore, in W cells the effect
of mersalyl can be blocked by the MEK1
inhibitor PD098059, whereas the PI3K in-
hibitor wortmannin has no effect, indicating
that theinduction of HIF-1a protein expres-
sion by mersalyl is mediated via IGF-1R
signaling to MEK1 (Agani and Semenza,
1998). Thus, it appears that within each cell

IGF-1R
N

'

HIF-1 7

l

— IGF-2

type under investigation it will be necessary
to determine which signalling pathways are
activated by specific stimuli and whether
they mediate HIF-1a protein stabilization
or transactivation or both.

In many human solid tumors, autocrine
growth factor loops are activated in which
the cancer cells express both a growth fac-
tor and its cognate receptor-tyrosine kinase,
such as EGFR or IGF-1R. The involvement
of HIF-1a in the latter case is particularly
striking (Figure 3): HIF-1a expression,
which isinduced by IGF-1R stimulation is
in turn required for maximal 1GF2 gene
expression (Agani and Semenza, 1998;
Feldser et al., 1999). It isinteresting to note
that HIF-1o overexpression appears to rep-
resent a common occurrence in colon can-
cers (Zhong et a., 1999) and that IGF2 is
the most highly upregulated gene in colon
cancer (Zhang et al., 1997).

E. VHL

The Von Hippel-Lindau (VHL) tumor
suppressor gene was identified as the locus
mutated in patientswith the autosomal domi-
nant von Hippel-Lindau syndrome (L atif et
al., 1993). The occurrence of somatic muta-
tions in the wild-type allele results in com-

Cell Proliferation

and Survival

Figure 3. Involvement of HIF-1 in an autocrine growth factor loop in cancer cells.
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plete loss of VHL activity, which predis-
poses affected individuals to the develop-
ment of retinal angioma, cerebellar and spi-
nal hemangiomas, renal cell carcinoma,
pheochromocytoma, pancreatic adenoma
and islet cell tumor, epididymal cystad-
enoma, and endolymphatic sac tumors of
the inner ear (reviewed by Ohh and Kaelin,
1999). Inrenal cell carcinoma lines lacking
VHL activity, GLUT1 and VEGF mRNA
was constitutively expressed at high levels
in nonhypoxic cells, whereas introduction
of a VHL expression vector results in low
levels of GLUT1 and VEGF mRNA in
nonhypoxic cells that increase in response
to hypoxia (Gnarra et a., 1996; Iliopoulos
et al., 1996). Expression of GLUT1 and
VEGF mRNA isregulated by O, concentra-
tion at both the transcriptional (via HIF-1)
and posttranscriptional levels, but these stud-
ies concluded that VHL specifically regu-
lates mRNA stability in nonhypoxic cells.
However, further analysis revealed that
VHL-null renal cell carcinomalines consti-
tutively express HIF-1a and HIF-2a
protein whereas, in VHL-transfected
subclones, expression of these proteins is
hypoxia inducible (Maxwell et al., 1999).
Immunoprecipitation experiments demon-
stratethat VHL isassociated with ubiquitin-
protein ligase activity (Iwa et al., 1999;
Lisztwan et a., 1999) and physically inter-
acts with HIF-1a and HIF-2a (Maxwell et
al., 1999), suggesting that VHL functionsto
target these proteins for ubiquitin-mediated
proteasomal degradation under non-hypoxic
conditions, as previously demonstrated
(Huang et al., 1998; Kallio et a., 1999;
Salceda and Caro, 1997).
Thesedataprovideabasisfor the marked
overexpression of VEGF and the highly
vascular nature of cerebellar hemangioblas-
tomaand renal cell carcinoma, as described
above. What isless clear istherole of VHL
in O,-dependent regulation of HIF-1a pro-
tein stability, because VHL remains associ-

ated with HIF-1a and HIF-2a under hy-
poxic conditions (Maxwell et al., 1999).
Thus, the mechanism by which hypoxiare-
sultsin decreased ubiquitination of HIF-1a
(Sutter et al., 2000) remains obscure. In
contrast, treatment of cellswith cobalt chlo-
ride or iron chelators, two other inducers of
HIF-1a protein expression and HIF-1 DNA-
binding activity (Jiang et al., 1997b; Wang
et a., 1995a; Wang and Semenza, 1993), is
associated with the disruption of the HIF-
1a/VHL complex (Maxwell et al., 1999).
These results support the hypothesis that
loss of VHL binding leads to stabilization
of HIF-1a under non-hypoxic conditions
and demonstrate that cobalt chloride and
iron chelators act via a mechanism distinct
from that by which hypoxia induces HIF-
la expression. A second major unanswered
question involves the number of different
cell typesin which loss of VHL activity is
sufficient for congtitutive expression of HIF-
la and/or HIF-2a. The limited number of
relatively rare tumor types associated with
the VHL syndrome suggests that other
ubiquitin-protein ligases are involved in the
regulation of HIF-1a protein expression in
many cell types. This hypothesis is sup-
ported by recent data regarding the effect of
p53 and MDM2, which are described be-
low.

F. p53

In normal cells, p53 activity induced in
response to DNA damage can lead to either
apoptosis or cell cycle arrest a G, or G,
(reviewed by Giaccia and Kastan, 1998;
Levine, 1997; Semenza, 1998). Somatic
mutations resulting in loss of p53 transcrip-
tional activity occur in approximately 50%
of al human tumors (Hollstein et al., 1991,
Levineetad., 1991). Functional inactivation
of p53 can also occur by overexpression of
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MDMZ2, a ubiquitin-protein ligase that tar-
gets p53 for ubiquitination and proteasomal
degradation (Haupt et al., 1997; Kubbutat et
al., 1997). The E6 protein of human papil-
loma virus (HPV) types 16 and 18
also binds to p53 and targets it for
ubiquitination and degradation (Scheffner
et a., 1990). However, E6 actsindirectly by
recruiting the ubiquitin-protein ligase E6-
AP (Scheffner et al., 1993).

Exposure of cells to hypoxia can aso
induce p53 activity and apoptosis in trans-
formed cells (Graeber et a., 1994, 1996;
Schmaltz et al., 1998). Thereis some debate
as to whether p53 mediates apoptosis of
tumor cellsin response to hypoxia (Gragber
et a., 1996) or hypoxia-induced lactic aci-
dosis (Schmaltz et al., 1998). In either case,
the extremely low O, concentrations within
human tumors in vivo may select for cells
that have lost p53 activity, as such cells
would manifest increased resistance to hy-
poxia-mediated apoptosis (Graeber et a.,
1996). Hifla’~ mouse embryonic stem
cells was resistant to apoptosis induced by
complete O, and/or glucose deprivation
(Carmeliet et al., 1998). Thus, HIF-1a shares
in common with oncogenes, such as C-FOS,
C-MYC, and CYCLIN D,, proapoptotic
properties that are counteracted by tumor-
specific genetic alterations such as aloss of
p53 activity (reviewed by Blagosklonny,
1999). Theinteraction between HIF-1a and
p53 is physical as well as functional, as
these proteins co-immunoprecipitate, and the
binding of HIF-1a to p53 has been pro-
posed to protect the latter from degradation,
thus providing a potential mechanism for
hypoxia-induced accumulation of p53 (An
et a., 1998).

Loss of p53 activity is also associated
with tumor angiogenesis (reviewed by
Bouck, 1996). Vessel counts and VEGF
expression are higher in colon cancers that
express mutant p53 (Takahashi et al., 1998).
Overexpression of p53 results in decreased
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VEGF expressionin somecell lines (Bouvet
et al., 1998; Mukhopadhyay et al., 1995),
although such effects could be interpreted
either as physiologic or an artifact of
overexpression (Agani et al., 1997). p53*
HCT116 human colon carcinoma cells, in
which p53 expression was eliminated by
homologous recombination (Bunz et al.,
1998), demonstrate significantly increased
growth, vessel density, vascular volume, and
vascular permeability of tumor xenografts
when compared with p53+* HCT116 cells
(Ravi et al., 2000). The p53” cells express
increased levels of VEGF mRNA and pro-
tein, aswell asincreased expression of HIF-
la protein, HIF-1 DNA-binding activity,
and increased transcription of areporter gene
containing the VEGF hypoxia response € -
ement, under hypoxic culture conditions
(Ravi et al., 2000). Thus, in addition
to decreasing the expression of the
antiangiogenic factor thrombospondin-1
(Dameron et al., 1994; Van Meir et 4.,
1994), loss of p53 activity also promotes
angiogenesis by increasing expression of
the angiogenic factor VEGF (Ravi et d.,
2000).

HIF-1a mRNA expression is unaffected
by p53 status, whereas the half-life of HIF-
la protein is increased in p53” cells and
HIF-1a protein expression is markedly re-
duced in p537 cells transfected with an ex-
pression vector encoding p53. Expression of
HPV16 E6 protein in PA-1 ovarian terato-
carcinoma cells (that express wild-type p53)
Is associated with decreased p53 protein, in-
creased HIF-1a protein and half-life, in-
creased VEGF reporter gene expression,
and increased VEGF protein levels.
Ubiquitination of HIF-1a is reduced in
p537 cells, whereas transfection with a p53
expression vector isassociated with increased
ubiquitination. MDM2 co-immunoprecipi-
tateswith p53 and HIF-1a and mutant forms
of p53 that cannot interact with MDM2 do
not affect HIF-1a expression. Findly, in p53*/
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* cdlls, expression of mutant formsof MDM2
that can bind to p53 but are deficient in
ubiquitin-protein ligase activity resultsinin-
creased HIF-1a protein levels. These data
indicate that p53 binding to HIF-1a targets
the latter for ubiquitination by MDM2 and
subsequent degradation (Ravi et a., 2000).
Preferential ubiquitination of HIF-1a by
MDM2 in the trimolecular complex may
account for the HIF-1a-mediated stabiliza-
tion of p53 described above. Most impor-
tantly, these data suggest that loss of p53
activity not only protects tumor cells from
hypoxia-mediated apoptosis, but promotes
metabolic adaptation and angiogenesis as a
result of increased HIF-1 activity. Expres-
sion of mutant p53 is correlated with
overexpression of HIF-1a in human
cancers (Table 4). p53 has dso been pro-
posed to interfere with HIF-1-mediated
transactivation by competitive binding to the
coactivator p300 (Blagosklonny et al., 1998).
However, p300 has been implicated in
the MDM2-mediated degradation of p53
(Grossman et al., 1998), and therefore it is
not clear whether there is an effect of p53 on
HIF-1a transcriptional activation indepen-
dent of its effects on protein stabilization.

VI. IMPLICATIONS FOR CANCER
THERAPY

The studiesreviewed above provide con-
Siderable evidence in support of the hypoth-
esis that HIF-1 plays a critical role in the
establishment and progression of common
human cancers (Figure 4). HIF-1 activates
the transcription of genes encoding proteins
that mediate metabolic adaptation (glucose
transporters and glycolytic enzymes), angio-
genesis(VEGF), and cell survival (IGF-2). It
islikely that only afraction of the genes that
are activated by HIF-1 have been identified
thus far. HIF-1-regulated gene products are

likely to play essential rolesin invasion and
metastasis as well as contributing to the in-
creased resistance of hypoxic tumor cellsto
chemotherapy and radiation. Expression of
the HIF-1a subunit, which determines HIF-
1 activity, is markedly increased in human
cancers and their metastases. Increased HIF-
1a can beattributed in part to tumor hypoxia,
but the basal level of HIF-1a expression in
tumor cells is also markedly increased as a
consequence of somatic mutations that acti-
vate oncogene products or inactivate tumor
suppressors. The datasummarized above sug-
gest that a consequence of the clona selec-
tion of cells that contain an increasing num-
ber of mutationsin key oncogenes and tumor
SUPPressor genesisaprogressive increasein
HIF-1a expression during tumor progression.
Indeed, increased HIF-1a expressionislikely
to contribute significantly to the develop-
ment of the lethal cancer phenotype.

The connection between aterations of
key signal-transduction pathways and of
HIF-1a expression underscores the essen-
tial role of HIF-1 in cellular physiology.
Inhibitors of these signal transduction path-
ways, such asfarnesyltransferaseinhibitors,
geldanamycin, rapamycin, wortmannin, and
related compounds, are currently being
evaluated as cancer chemotherapeutics (re-
viewed by Buolamwini, 1999; Cardenas et
al., 1998; Oliff, 1999). It is possible that
inhibition of HIF-1 activity may contribute
significantly to their therapeutic efficacy.
Screening for inhibitors that target HIF-1
directly may aso lead to the development
of novel anti-cancer drugs. The potential
efficacy of combination therapy utilizing an
angiogenesisinhibitor (Bergerset al., 1999;
Boehm et a., 1997; reviewed by Jekunen
and Kairemo, 1997; Keshet and Ben-Sasson,
1999) and a HIF-1 inhibitor is particularly
appealing, because the former would de-
prive the tumor cells of O, and the latter
would deprive them of adaptive mechanisms
that would otherwise enable them to re-
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Figure 4. Expression of HIF-1 in human cancer: mechanisms and consequences.
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spond to the hypoxic stimulus. A gene
therapy strategy utilizing vectors that con-
tain hypoxia response elements in order to
target expression of achemotherapeutic gene
product to HIF-1-overexpressing tumor cells
has al so been proposed (Dachset a., 1997).

Since the purification of HIF-1 protein
(Wang and Semenza, 1995) and cloning of
HIF-1a cDNA sequences (Wang et al.,
19953a) 5 years ago, rapid progress has been
made in elucidating the role of this tran-
scription factor in normal development and
physiology as well as in cancer biology.
The rate of knowledge acquisition in the
field is now exponential and the accelerat-
ing pace of discovery hopefully will pro-
vide sufficient momentum for the transition
from basic scienceto clinical applicationin
the near future.
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