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Hypoxia-inducible factors
tumour physiology
Andrea L. Bacon and Adrian L Harris

Hypoxic up-regulation of hypoxia-inducible factors (HIFs)
during tumourigenesis presents an interesting paradox with
respect to their role in tumour growth. Hypoxia-inducible
factor 1 (HIF-1) plays a key role in the adaptive response to
hypoxia, trans-activating many genes whose protein pro-
ducts are involved in pathways of angiogenesis, glucose
metabolism and cell proliferation, thus facilitating tumour
progression. However, it is also emerging that up-regulation
of HIF-1 trans-activates anti-proliferative and pro-apop-
totic genes (such as BNIP3, NIX and IGFBP3). This makes it
unclear as to whether HIF-1 up-regulation provides a
selective advantage or disadvantage to neoplastic progres-
sion under hypoxia. In addition, vagaries in the hypoxic
microenvironment of the tumour such as pH changes,
presence of reactive oxygen species and energy availability
in the form of adenosine triphosphate (ATP), appear to
influence the function of HIF-1 and up-regulated pathways
and affect susceptibility to undergo hypoxic cell death. It is
apparent that hypoxic cancer cells must be able to select
against HIF-1 mediated cell death signals in order to survive
and progress towards malignancy. Hypoxia-induced HIF-1
may in itself serve to select for increased malignancy by
exerting pressure in the form of anti-proliferative signals
that must be escaped. Understanding the mechanisms by
which HIF-1 induces cell death and the manner in which the
tumour cell can overcome such signals, is critical for our
understanding of cancer progression and the development
of effective therapeutics.
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and hypoxic cell death in

Hypoxia and cancer

The ability of cells to adapt to periods of hypoxia is
important for their survival in both physiological and
pathophysiological states. Regions of hypoxia are
known to exist within many tumours and the extent
of tumour hypoxia is regarded as an important
prognostic factor influencing neoplastic aggression,
resistance to therapy and overall patient survival
(1-4).

Cells undergo a number of adaptive physiological
responses to hypoxia, the earliest being the transition
from aerobic to anaerobic metabolism (5). Glycolytic
energy metabolism results in increased glucose con-
sumption, increased lactic acid production and a
lowered intracellular pH. (6). One of the key factors
in mediating cell survival and tumour progression is
the hypoxically regulated production of growth
factors that induce new blood vessel formation
(angiogenesis). However, in various clinical entities
such as ischemic disease and organ transplantation,
cell death due to hypoxia is well documented (7, 8).
Hypoxic regions of solid tumours are also often
highly necrotic (9,1) suggesting that there is a
dichotomy between cell growth promoting factors
and cell death within hypoxic cells.

Hypoxia-inducible factors mediate the hypoxic
response

At the molecular level, cellular adaptation to hypoxia
is mediated by the hypoxia-inducible factors (HIFS)
which are members of the basic helix loop helix-PAS
family of transcription factors (12). PAS being an
acronym of the first three proteins identified as
containing this polypeptide motif that is approxi-
mately 260 amino acids in length and contains two
direct repeats of 60 amino acids (the period gene
product of fruit flies, the aryl hydrocarbon receptor
nuclear transporter and the single-minded gene
product of fruit flies). HIFs are heterodimers of two
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subunits: an oxygen sensitive alpha subunit (HIF-1a,
HIF-2a and HIF-3a) and a constitutively expressed
B subunit (HIF-1B also known as the aryl hydro-
carbon receptor nuclear translocator, ARNT)
(13-15). Under normoxic conditions, the HIF-a
subunits are rapidly degraded by the proteosome
after being targeted for ubiquitination in a process
that is dependent on the Von Hippel Lindau tumour
suppressor protein (VHL) (16) (Figl). The interaction
between HIF-a0 and VHL is regulated through hy-
droxylation of two proline residues (Pro-402 and Pro-
564 in HIF-1a), by three prolyly hydroxylases, known
as prolyl hydroxylase-domain proteins 1-3 (PHD1-3)
(17, 18). The identification of these prolyl hydrolases
has provided a direct link between the regulation of
HIF-as and molecular oxygen since these enzymes
have an absolute requirement for di-oxygen as a co-
substrate (18). Under hypoxic conditions, the PHD
enzymes are no longer active and the unmodified
prolyl HIF-o0 no longer interacts with VHL and
subsequently accumulates (Fig 1).

HIF heterodimers, have been demonstrated to bind
to a 6bp [5-ACGTG(C/G)-3'] hypoxia-responsive
element (HRE) that is functional as a transcriptional

Key messages

* Hypoxia-inducible factors play a critical role
in the hypoxic response in cancers.

* Hypoxic up-regulation of the HIFs mediates
the transactivation of proteins that can function
to positively and negatively regulate tumour
growth.

* Hypoxic cell death is influenced both by the
up-regulation of cell death and anti-prolifera-
tive factors and also vagaries in the microenvir-
onment including changes in pH, reactive
oxygen species and ATP availability.

enhancer in hypoxia-responsive genes (19). The
hypoxic induction of the HIFs serves to co-ordinately
activate the expression of downstream target genes
(Fig 1). Inactivation of HIF-1a, or HIF-2a for example,
by RNA interference (RNAIi), results in the down
regulation of transcription of such target genes (20).

hypoxia

Dimerisation with HIF- 18 and
translocation to nucleus

VHL dependent degradation regulated by prolyly
hydroxylase enzymes

l —— > Anti-proliferative: eg. CCNG2

Target gene

——_‘

————Angiogenesis: eg. VEGF

" Pro-apoptotic: eg. BNIP3

————————Glycolysis: eg. GLUT1 +
———————pH regulation: eg. CA9

———— »Metastasis: eg. MET

Figure 1. Mechanism of HIF-1 target gene activation under hypoxia. Under normoxia HIF-1o undergoes rapid Von Hippel Lindau protein
(VHL)-dependent proteosomal degradation. The interaction between VHL and the proteosome is regulated through hydroxylation of two
proline residues on HIF-1a by three prolyly hydroxylases (PHD1-3). Under hypoxia, the PHD enzymes are no longer active; the
unmodified prolyl HIF-1a no longer interacts with VHL and accumulates. HIF-1 translocates to the nucleus where it trans-activates target
genes via hypoxia-regulated elements (HREs) located in their promoters. Classes of proteins are up-regulated that have both a positive
(+) and negative (—) effect on cell growth. CCNG2 = cyclin-G2; BNIP3 = BCL2 19 kda interacting protein; VEGF = vascular endothelial
growth factor; GLUT1 = glucose transporter 1 (SLC2A1 = solute carrier family 2, member 1); CA9 = carbonic anhydrase 9; MET = c-met

protooncogene product.
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Differential functions of HIF-1«, HIF-2ae and
HIF-3x

HIF-1o HIF-20, and HIF-3a appear to have different
biological functions and one of the current challenges
is to unravel the specific roles of each in the hypoxia-
mediated response. The HIF RNAi study mentioned
above highlighted some of the functional differences
between HIF-lae and HIF-2a (20). Whereas the
response of hypoxia-inducible genes was critically
dependent on HIF-1a alone in breast epithelial and
endothelial cell lines, in renal carcinoma cells regula-
tion was HIF-2a dependent (20). That HIF-1a and
HIF-2o0 have different biological functions is also
apparent from mice knockout studies (21-25).
Whereas Hif-1o~’~ mice develop both cardiac and
vascular malformations, Hif-2o™’~ mice undergo
vasculogenesis but present remodelling problems later
in development. More recently DNA microarray
analysis of cells expressing HIF-2ot and HIF-1o and
of HEK293 cells over expressing stabilized HIF-1o
and HIF-2a has revealed differential roles in hypoxic
gene regulation. While HIF-2o0 up-regulated more
genes than had been anticipated, it was interesting to
note that HIF-1a but not HIF-2a stimulated glycolytic
gene expression in both endothelial and epithelial
cells. This study indicated for the first time that HIF-
loe and HIF-200 have unique trans-activation targets
(26).

HIF-3a has been reported to comprise 6 splice
variants three of which are hypoxically regulated (13).
In comparison to HIF-1ot and HIF-2a there has been
relatively little study of HIF-3a expression, regulation
and function, nonetheless, of significant interest is
that certain HIF-3a splice variants may be able to
block the HIF mediated hypoxic response. Trans-
fection of HIF-3a-1 into COS cells suppresses HRE
driven gene transactivation when the expression of
ARNT is limited (27). Furthermore, in mice, a splice
variant of HIF-3a called IPAS (inhibitory PAS domain
protein) has been demonstrated to have a dominant
negative effect on HIF mediated gene control (28).

HIF-1«: a pro- or anti-apoptotic factor?

There is controversy surrounding the role of the HIFs,
in particular the HIF-1 mediated hypoxic response in
tumourigenesis. Reports have suggested, that HIF-1
acts as both a positive and negative regulator of
tumour growth (Fig 1).

Many of the target genes trans-activated by HIF-1,
produce proteins that either increase oxygen delivery
or allow metabolic adaptation to reduced oxygen
availability. Such responses are key to cell survival
under hypoxia. HIF-1 has been suggested to mediate
tumour progression via specific target genes that

© 2004 Taylor & Francis. ISSN 0785-3890

encode angiogenic factors (such as erythropoietin and
vascular epidermal growth factor VEGF), glucose
transporters and glycolytic enzymes (such as glucose
transporter 3 GLUT3) (4, 12, 29). More recently, an
angiogenesis independent hypoxia-induced pathway
has been identified that links tumour hypoxia to
increased malignancy. Pennacchietti et al. demon-
strated that hypoxia trans-activates the MET proto-
oncogene via a HIF-1ot dependent HRE element in the
promoter. Hypoxic up regulation of MET was shown
in a cell line panel, cultured in normoxic and hypoxic
conditions and also in hypoxic areas of human cancer
xenografts induced in nude mice (30). MET up-
regulation resulted in sensitivity to hepatocyte growth
factor (HGF) stimulation leading to induction of
invasive growth (30).

Studies of HIF-1a null embryonic stem (ES) cell
derived tumours and H-ras derived fibrosarcomas
have further indicated that HIF-1 acts as a positive
regulator of tumour growth (21, 31). Maxwell et al.
also demonstrated that xenografts derived from the
mouse hepatoma cell line HEPA-1 grew more quickly
than those derived from a mutant strain of HEPA-1
that lacks ARNT and thus does not form HIF-1, again
suggesting that HIF-1 is a necessary factor for tumour
growth (32). Of significant interest is the recent study
by Erez et al. who revealed that ectopic expression of
mouse PHD1 suppresses HIF-1a in a lung carcinoma
cell line. This inhibition of HIF-1a. by PHD1 led to a
reduction in tumour growth that was correlated with
increased necrosis and marked decrease in micro-
vessel density (33).

Mechanistically, it can easily be extrapolated that
the positive regulation by HIF-1a is mediated by
trans-activation of growth promoting genes, most
notably those involved in angiogenesis. In reality it
may not be so simple and there is evidence that HIF-1
mediated tumour expansion can occur independently
of obvious HIF-1 targets such as VEGF (31).

The controversy over the growth-promoting role of
HIF-1 has arisen from a number of studies that
present HIF-1 as a general mediator of cell death
(34, 35). Embryonic stem cells in which the gene
encoding HIF-1a has been disrupted do not undergo
apoptosis in response to hypoxia, as is the case for
their parental counterpart (34) and Chinese hamster
ovary cells lacking proper HIF-1a expression are also
resistant to hypoxia-inducible apoptosis (34). A par-
ticularly relevant study by Mack et al. examined the
effects of VHL inactivation in ES cells. While VHL
loss resulted in constitutive activation of HIF-1a,
VHL ™'~ tumours were smaller than controls sup-
porting the notion that HIF-1a is a negative regulator
of tumour cell growth. However, this growth reduc-
tion was attributed to a proliferation deficiency in
VHL ™~ cells rather than increased apoptosis (36).

Blouw et al. demonstrated that HIF-1 can have
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anti- or pro-proliferative effects on astrocytoma
progression depending on the location of the tumour
(37). HIF-1a knockout tumours injected into mice
subcutaneously, showed decreased proliferation,
decreased tumour growth, decreased vessel density,
increase in necrotic areas and no capacity for invasion
compared to HIF-1ao wild type tumours. However
HIF-1a knockout tumours in the brain showed an
almost opposite phenotype, notably increased prolif-
eration, tumour growth and vessel density and greatly
increased capacity for invasion compared to wild type
astrocytomas injected into the brain. Some of these
differences in phenotype were attributed to the
differences in the vascular microenvironment of the
subcutaneous and intracranial locations. This study
highlights the complexity of the HIF-1 mediated
hypoxia-signalling cascade and indicates that the
microenvironment of the tumour, in addition to
specific up-regulated pathways, may significantly
affect the role of HIF-1 in tumourigenesis.

Pro-apoptotic genes up-regulated by hypoxia

Expression profiling using differential display and
micro-array analyses has been key in identifying
additional genes that are directly trans-activated by
HIF-1 (38—41). Many are pro-apoptotic and anti-
proliferative (Table 1), providing new insight into
mechanisms by which HIFs and in particular HIF-1
may be able to activate cell death and growth arrest
(42).

Stabilisation of P53

Hypoxia is known to induce p53 dependent apoptosis
(43, 44). p53 is a potent transcription factor that can
regulate target genes that activate cell death (e.g.,
BAX, NOXA, PUMA and PERP) or cause growth
arrest (e.g., p21) (45). In addition p53 can be stabilised
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by HIF-1a (46). An et al. demonstrated that p353
stabilisation in hypoxia is dependent on the presence
of HIF-1a. since it is not observed in HIF-1a™'~ cells.
However, p33 stabilisation is not dependent on the
transcriptional activity of HIF-1 since it is still
observed in cells deficient for ARNT (HIF-1B) (46)
The mechanism of stabilisation appears dependent on
the phosphorylation status of HIF-1a (47). Under
prolonged exposure to hypoxia two major forms of
HIF-1a; de-phosphorylated and phosphorylated, are
induced. While phosphorylated HIF-1at binds to
ARNT, the de-phosphorylated HIF-1aa mediates
apoptosis by binding to and stabilizing p53 (47).

Although stabilisation of p33 is observed under
conditions of severe hypoxia, it should be considered
that moderate levels of hypoxia, while still capable of
inducing HIF-1a, do not induce either p53 stabilisa-
tion or p53 gene expression (48).

BNIP3, NIX and NOXA

BNIP3, NIX and NOXA are all BH3-only members of
the BCL2 family of proteins that are directly regulated
by HIF-1 and are capable of inducing cell death.
BNIP3 homodimerises and antagonises the activity of
pro-survival proteins (49, 50). Although it contains a
BH3 domain, it is the C-terminal transmembrane
domain of BNIP3 that is essential for membrane
targeting and promotion of apoptosis. BNIP3 expres-
sion is normally undetectable in most organs includ-
ing the heart, but can be induced by hypoxia in many
cell types (38, 51). BNIP3 mRNA and protein has been
demonstrated to accumulate dramatically in response
to hypoxia in a wide range of cell lines (38, 51). Of
important clinical significance, this up-regulation of
BNIP3 is also detected in clinical material from
human breast tumours where, BNIP3 mRNA is
expressed at higher levels compared to normal breast
(38). This up-regulation of BNIP3 under

tissue

Table 1. Hypoxia-inducible proteins involved in anti-apoptotic and anti-proliferative pathways.

Hypoxia-inducible protein Function Reference
P53 Pro-apoptotic, tumour suppressor (46, 35, 43, 44)
BNIP3 Pro-apoptotic (20, 49-52)
NIX (BNIP3L) Pro-apoptotic homologue of BNIP3 (20)

CCNG2 Cell cycle inhibition (39)

BHLHB (STRA13/DEC1) Growth arrest and terminal differentiation (39)

TGM2 Protection against some apoptotic stimuli (39)

BIK Pro-apoptotic (40)

IGFBP-3 Pro-apoptotic (40, 57)
NOXA Pro-apoptotic (55)

P53 = tumour suppressor protein 53; BNIP3 = BCL2 19 kda interacting protein; NIX = BCL2 19 kda interacting protein like;
CCNG2 = cyclin-G2; BHLHB = Basic helix loop helix containing class B 2; TGM2 = transglutaminase 2; BIK = BCL2 interacting killer;

IGFBP-3 =

© 2004 Taylor & Francis. ISSN 0785-3890

Insulin-like growth factor binding protein 3; NOXA = NADPH oxidase activator.
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hypoxia is mediated by HIF-1 via the HRE element
located in its promoter region (51, 52).

NIX (nip like protein X) is the homologue of
BNIP3 and like BNIP3 is up-regulated in carcinoma
lines under hypoxia and expressed at higher levels in
breast carcinoma compared to normal adjacent breast
material (38). However, while high expression of
BNIP3 in ductal carcinoma in situ (DCIS) of the
breast correlates with high grade necrotic lesions with
invasive potential, no such correlation has been
observed with the expression of NIX (20). This
observation suggests that the downstream effects of
hypoxically up-regulated BNIP3 and NIX are likely to
be different.

More recently a third BH3-only domain family
member has been implicated in the hypoxic response.
NOXA was identified as a hypoxically regulated pro-
apoptotic gene by subtractive hybridization (53).
Hypoxic induction of NOXA is also mediated by
HIF-1 via an HRE element located in its promoter.
Suppression of endogenous NOXA with antisense
oligonucleotides protected cells against hypoxic cell
death supporting the notion that NOXA has a central
role in the apoptotic response to hypoxia.

The challenge now is not only to identify whether
other similarly functioning BH3-only family members
exist, but also to elucidate the functional roles of these
proteins in hypoxic cell death, determine the mech-
anisms by which cell death is signalled and reconcile
these with a model of tumour growth and progres-
sion.

Mechanistic  differences between BNIP3 and
NOXA signalling are already suggested by the fact
that BNIP3 relies on the trans-membrane domain and
not the BH3 domain to exert cell death (54) whereas
the BH3 domain is crucial for cell death by NOXA
(55). Furthermore NOXA facilitates cell death by the
generation of reactive oxygen species (ROS) which
does not appear to be the mechanism of action in
BNIP3 signalling (53).

IGFBP-3

Insulin-like growth factor (IGF) binding protein—3
(IGFBP-3) blocks IGF action and inhibits cell growth
but furthermore it has been shown that IGFBP-3 can
also induce apoptosis independently of p53 and IGF
(42). Tts hypoxic up-regulation has been reported in a
number of expression studies where it is widely
hypoxically inducible in human glioblastoma cells,
HEPG2 cells, normal cervical and dermal keratino-
cytes, normal stromal fibroblasts and transformed
keratinocytes and bladder tumours (40, 41, 56, 57). In
some cases fold induction was greater than that of
VEGF and mediation of up-regulation by HIF-1 has
also been demonstrated (40, 56). Inactivation of

© 2004 Taylor & Francis. ISSN 0785-3890

IGFBP-3 by methylation in non-small cell lung
cancers and association of this phenotype with poor
prognosis suggests one mechanisms to bypass anti-
tumour effects (58).

Effects of the microenvironment on
hypoxically-induced cell death: pH, ROS, ATP
reoxygenation

The most studied of these microenvironmental effects
on cell death include effects from pH, reoxygenation
and the influence of free radicals or reactive oxygen
species (ROS).

pH

Adaptation to hypoxia is accompanied by decreased
intracellular pH as a result of cells switching from
respiration to glycolytic energy metabolism, with
increased glucose consumption and lactic acid pro-
duction. pH change is known to be a major cause of
cell death under hypoxia. The HIF-1 inducible protein
CA9 (carbonic anhydrase 9) has been proposed to
have a role in regulating cellular pH under hypoxia
and consistent with this hypothesis, inactivation of
CA9 results in reduced cell growth (59). In cardiac
myocytes, acidosis is necessary to induce cell death
under hypoxia (8), and this cell death is mediated by
BNIP3 (60). However, while BNIP3 mRNA was up-
regulated in these cells under hypoxia it was clearly
demonstrated that acidosis was required in order to
activate apoptosis (60). Thus the acidity of the cellular
environment under hypoxia likely contributes to the
propensity to undergo cell death. Studies such as this
underscore the notion that up-regulation of a protein
does not necessitate functional activity and stresses
the need to understand downstream roles of hypoxi-
cally regulated proteins in the relevant tumour types
and microenvironments.

Reoxygenation and reactive oxygen species

Hypoxic cell death is also influenced by the presence
of free radicals or reactive oxygen species (ROS). ROS
are well known to accumulate after hypoxic reoxy-
genation leading to extensive cell death (see (61) and
references within). ROS have also been shown to
cause hypoxic cell death in an epithelial cell line by
activation of caspase 9 in a cytochrome C independent
manner (53). A number of insights have emerged
linking HIFS directly with the production of these
ROS. HIF-2a knockout mice suffer from a syndrome,
the prominent sites of pathology being those repre-
senting tissues that are particularly sensitive of
oxidative stress. Interestingly the absence of HIF-2a
is associated with an enhanced generation of ROS in

Annals of Medicine 36



RoLE oF HIF-1 IN HYPOXIC CELL DEATH 535

these mice, leading to the suggestion that HIF-2at may
have a role in protecting against ROS. The HIF-1
inducible pro-apoptotic protein NOXA has also been
demonstrated to signal cell death via the generation of
ROS (53).

Necrosis, apoptosis and aponecrosis

Changes in the microenvironment can also determine
the mechanism of hypoxic cell death in terms of
influencing the relative contribution of apoptosis and
necrosis. It is widely becoming accepted that apopto-
sis and necrosis do not necessarily represent two
distinct mechanisms and that there is a likely grada-
tion through phenotypes of necrosis, aponecrosis to
classical caspase-dependent apoptosis, and that this
may be highly dependent on the prevailing conditions
in the microenvironment in addition to that attributed
to differential gene expression (62).

In a study of rat phaeochromocytoma cells (PC12)
subjected to hypoxic conditions, both apoptosis and
necrosis were detected by electron microscopy (63).
Other cell types also exhibited necrosis and apoptosis
although the relative levels of each varied (63). In-
vitro hypoxia-induced cell death has been reported to
take place by apoptosis in E1A and H-Ras trans-
formed cell lines, several non-glioma tumour cell lines
and non-transformed cells. However, in vivo highly
necrotic regions are frequently observed within solid
tumours and these areas correlate with areas of
hypoxia and HIF-1 expression (9—11).

HIF-1-mediated up regulation of proteins that are
involved in triggering apoptosis or necrosis would be
consistent with hypoxia-dependent apoptotic and
necrotic phenotypes and the relative expression or
selection against such proteins, could go some way to
explain differences in cell death phenotypes observed
under hypoxia. While stabilisation of p53 under
severe hypoxia may contribute to tumour apoptosis
other candidates such as BNIP3 may contribute to a
more necrotic phenotype. Velde et al. demonstrated
that despite being a member of the BCL2 family,
BNIP3-mediated cell death is independent of classical
apoptotic markers (49).

The relative contribution from hypoxically induced
pro-cell death proteins will likely be compounded by
influences from environmental factors. Under condi-
tions of acidosis, hypoxically induced BNIP3 appears
to trigger an apoptotic rather than necrotic mechan-
ism of cell death. In cardiac myocytes, hypoxia
acidosis regulated BNIP3 caused DNA fragmentation
and mitochondrial pore transmembrane permeability
while classical markers of necrosis such as early
plasma membrane permeability and decreased ATP
levels were not observed (60).

One of the most striking examples of direct

© 2004 Taylor & Francis. ISSN 0785-3890

influence of the microenvironment on cell death
mechanisms is demonstrated by the effect from ATP
under hypoxia. A number of studies have observed
that as energy deprivation is increased under hypoxia
the mechanism of cell death switches from apoptosis
to necrosis suggesting that apoptosis and necrosis
represent different outcomes of the same pathway
(64, 65). The dependence of apoptosis on glycolytic
ATP is attributed to energy dependent activation of
caspases. In rat cardiac myocytes, apoptosis progres-
sively replaced necrosis as the major form of cell
death under hypoxia as glucose concentration and
concordantly ATP concentration in the cell media
increased. This switch was independent of cellular
acidification (65). Similar effects from ATP levels on
cell death were also observed in human malignant
glioma cells under hypoxia (64).

Selection against hypoxic cell death

That the induction of HIF-1 results in the up-
regulation of proteins that activate cell death path-
ways as well as those whose function is crucial for cell
survival, seemingly creates a paradox. Does the up-
regulation of HIF-1 during tumour progression
provide a selective advantage or disadvantage? HIF-
1 induction will only be advantageous if cancer cells
can effectively escape any pro-apoptotic signals (Fig
2). Indeed such selective pressure may be the driving
force to select cells that are resistant to cell death and
thus are ultimately more aggressive. In addition to
elucidating the mechanisms of hypoxically induced
cell death signals, it is critically important to deter-
mine those mechanisms by which a cancer cell may
select against them.

At each point in the initiation, promotion and
progression of cancer there is constant selection for
cells bearing particular and changing combinations of
genetic and epigenetic alterations that lead to pro-
gressive dis-regulation of the normal mechanisms
controlling cell growth (29, 66).

The transformed genome contains many mutations
and there will be selection for those that confer a
growth advantage. Hypoxia likely exerts pressure to
select for cells that have mutations in genes con-
tributing to pathways of cell death. Indeed cells
exposed to hypoxia and low pH have a diminished
capacity for DNA repair which may result in genetic
instability (67). p53 mutations occur in more than
50% of all human cancers (68) and the higher
malignancy of hypoxic tumours has been attributed
to the ability of hypoxia to select for cells that are
more resistant to apoptosis by virtue of their
acquisition of p53 mutations (43, 69). However, p53
mutations alone may not be sufficient to overcome all
of the pro-apoptotic signals activated by hypoxia
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Hypoxic induction of anti-
tumourigenic proteins such
as BNIPS

CELL DEATH
Necrosis? Apoptosis?

Selection for cells that have escaped
anti-proliferative and cell death signals

<

000

CELL GROWTH
Clonal selection/tumorigenesis
Resistance to cell death

Figure 2. Selection against hypoxically inducible anti-tumourigenic proteins. Up-regulation of anti-apoptotic and anti-proliferative proteins
under hypoxia will result in cell death and growth arrest. However, the up-regulation of such proteins, which include BNIP3 may provide
selective pressure to overcome such signals. For example BNIP3 must likely be inactivated to allow clonal selection of cancer cells that
are resistant to BNIP3 activated cell death. Successive waves of inactivation of hypoxically induced anti-tumourigenic proteins and
subsequent clonal selection may be envisaged to result in an increasingly aggressive, death resistant, tumour.

especially those that may be able to activate cell death
independently of p33. It will be of significance to
determine whether tumour specific inactivating muta-
tions are detected in other HIF dependent pro-
apoptotic genes. Inactivation of IGFPB3 by methyla-
tion in hepatocellular carcinomas and lung cancers
has already been demonstrated (58,70). Similar
findings for BNIP3, NIX, and NOXA or the identi-
fication of functionally inactivating mutations may
not only suggest their functional importance in such
cancers but also demonstrate the selective mechan-
isms responsible for overcoming the pro-apoptotic
pathways that they activate.

Growth factors are able to provide survival
responses to cells (71,72), and it has recently been
demonstrated that epidermal growth factor (EGF)
and insulin-like growth factor (IGF) can protect
epithelial cells from BNIP3 induced cell death (52).
Adrenomedullin, a hypoxically induced growth fac-
tor, similarly protected cells from hypoxic cell death
(73). Since many tumours express growth factors and
their corresponding receptors, these may serve to
immediately protect cells from hypoxically induced
cell death signals such as BNIP3.

© 2004 Taylor & Francis. ISSN 0785-3890

Summary

In conclusion, the continued increase in HIF-1 trans-
activational targets being identified highlights the
complexity of the cellular hypoxia adaptation
response. It is becoming apparent that HIF-1 cannot
be regarded solely as a promoter of cell survival under
hypoxic conditions. Instead, that it activates a wide
spectrum of molecular pathways that both facilitate
and hinder neoplasia under hypoxic conditions. For
hypoxic cancer cells, the balance between the relative
contributions of proliferative and cell death signals
will ultimately determine survival, and understanding
selective mechanisms by which escape of cell death is
achieved will not only improve our understanding of
tumourigenesis but also highlight areas that are
amenable for therapeutic intervention or offer prog-
nostic value.

In addition, dissection of the relative contributions
from HIF-1, HIF-2, and HIF-3 will be paramount to
fully understanding the complexities of the hypoxic
response in different cell types and with changes to
the microenvironment.

Therapeutic approaches to block growth factor
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pathways such as antagonists of IGF, transforming
growth factor alpha (TGFa) and hepatocyte growth
factor (HGF) may additionally harness the hypoxia-
driven apoptotic pathways to induce cell death.
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