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Abstract

The heterodimeric transcription factor HIF (hypoxia-inducible factor), consisting of a labile a-subunit and a stable b-subunit, is a
master regulator of genes involved in acute or chronic adaptation to low oxygen. Studies performed over the past 5 years revealed that
HIFa-subunits are enzymatically hydroxylated in an oxygen-dependent manner. Hydroxylation of either of two conserved prolyl resi-
dues targets HIFa for destruction by a ubiquitin ligase containing the von Hippel–Lindau tumor suppressor protein whereas hydroxyl-
ation on a C-terminal asparagine affects HIF transactivation function. Pharmacological manipulation of HIF activity might be beneficial
in diseases characterized by abnormal tissue oxygenation including myocardical infarction, cerebrovascular disease, and cancer.
� 2005 Elsevier Inc. All rights reserved.
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Oxygen plays a pivotal role in metazoan biology and
alterations in tissue oxygenation are a hallmark of many
human diseases including myocardial infarction, cerebro-
vascular accidents, peripheral vascular disease, and cancer.
It is therefore important to understand how metazoan cells
sense and respond to changes in oxygen availability. Two
lines of experimentation, one related to the rare hereditary
cancer syndrome called von Hippel–Lindau disease and
one related to a hypoxia-inducible transcription factor
called HIF (hypoxia-inducible factor), converged over the
past 10 years to provide a more complete understanding
of this process. One anticipated dividend of this knowledge
will be the ability to manipulate the hypoxic response for
therapeutic benefit in man with drug-like molecules.

von Hippel–Lindau disease

Patients with what is now called von Hippel–Lindau
(VHL) disease were first described in the medical literature
�100 years ago [1–3]. This disease is characterized by an in-
creased risk of blood vessel tumors called hemangioblasto-
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mas of the central nervous system and retina, clear cell
renal carcinoma, and pheochromocytoma, in addition to
other tumors [4]. The von Hippel–Lindau susceptibility
gene, VHL, resides on chromosome 3p25 and acts as a
tumor suppressor [5,6]. Individuals with VHL disease are
VHL heterozygotes, harboring one wild-type allele and
one defective allele [6]. Pathological changes arise when
the remaining wild-type VHL allele is inactivated or lost
in susceptible cell. Biallelic VHL inactivation is also
common in sporadic (non-hereditary) hemangioblastomas
and clear cell renal cancers [7].

The VHL gene encodes two proteins due to alternative
translation initiation [8–10]. For simplicity both proteins
are generically referred to as �pVHL� since their functions
appear, at the present time, to be similar. Restoring wild-
type pVHL function in VHL�/� human renal carcinoma
cells is sufficient to suppress their ability to form tumors
in nude mice assays [11,12]. This activity is tightly correlat-
ed with pVHL�s ability to form stable complexes with elon-
gin B, elongin C, Cul2, and Rbx1, which resemble so called
SCF ubiquitin ligases (Skp1, Cdc53 or Cullin, F-box pro-
tein) [13–19]. The idea that pVHL might play a role in
polyubiquitination was supported by the demonstration
that anti-pVHL immunoprecipitates contain ubiquitin
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ligase activity [20,21] and by the crystal structure of pVHL
bound to elongin B and C [22]. This structure confirmed
the predication of Elledge and co-workers [23] that elongin
C would structurally resemble Skp1 and that pVHL would
be similar to an F-box protein. Moreover, it made clear
that VHL-associated mutations cluster in two discrete
areas of the protein called the a-domain and the b-domain
[22]. The former had been shown earlier to bind to the elon-
gins (and hence nucleate the complex) [13,17,24] whereas
the latter had features of a substrate docking site. Identifi-
cation of a potential substrate was aided tremendously by
consideration of the clinical features of VHL-associated
neoplasms.

Hemangioblastomas, clear cell renal carcinomas, and
pheochromocytomas sometimes secrete erythropoietin,
leading to excessive production of red blood cells (polycy-
themia) [25]. In addition, hemangioblastomas and clear cell
renal carcinomas are highly vascular tumors, due at least
partly to VEGF overproduction [26–30]. Erythropoietin
and VEGF are normally induced by hypoxia (the former
to increase blood oxygen carrying capacity and the latter
to increase blood delivery). In short, VHL-associated neo-
plasms behave as though they are constitutively hypoxic.
This led to the hypothesis that the VHL gene product,
pVHL, might be involved in the mammalian oxygen sens-
ing pathway [11,31]. This idea was strengthened by the
observation that pVHL-defective tumor cells, in contrast
to their wild-type counterparts, exhibit hypoxia-inducible
mRNA levels (such as for the mRNA encoding VEGF)
that are appropriate for hypoxic cells irrespective of actual
oxygen availability [12,31–33]. In short, the uncoupling of
hypoxia-inducible gene expression from oxygen availability
is a molecular signature of pVHL inactivation.

HIF

Many such hypoxia-inducible mRNAs are under the
control of a sequence-specific DNA-binding transcription
factor that is generically referred to as HIF (hypoxia-induc-
ible factor) [34,35]. HIF is a heterodimer consisting of a la-
bile a-subunit and a stable b-subunit. There are three HIFa
genes (HIF1a, HIF2a, and HIF3a) in the human genome.
HIF1a and HIF2a have been more thoroughly investigated
with respect to activation of HIF target genes. HIF3a is
less well studied and encodes at least one splice variant that
is dominant-inhibitory to HIF called IPAS [36,37]. HIF1a
is ubiquituously expressed whereas HIF2a expression is
more restricted (nonetheless, HIF2a is frequently detected
in tumor cells along with HIF1a) [38,39]. There are three
HIFb genes (also called Aryl Hydrocarbon Nuclear Trans-
locators or ARNTs). HIF1a bound to HIF1b represents
the canonical form of HIF.

Both HIFa and HIFb proteins belong to the basic helix–
loop–helix PAS family of transcription factors. HIF1a and
HIF2a contain, in addition to dedicated DNA and dimer-
ization binding domains, two transactivation domains re-
ferred to as the NTAD (N-terminal transactivation
domain) and CTAD (C-terminal transactivation domain).
Consequently, these two proteins can activate transcription
when bound to DNA in a complex with a HIFb family
member. HIF activates a battery of genes involved in acute
or chronic adaptation to hypoxia including genes involved
in glucose uptake and metabolism, extracellular pH con-
trol, angiogenesis, erythropoiesis, mitogenesis, and apopto-
sis [40]. A recently identified HIF target, Redd1 (also called
RTP801), appears to shut down protein translation as a
means of conserving ATP [41,42]. There is increasing evi-
dence that the sets of genes regulated by HIF1a and HIF2a
are overlapping but non-identical. For example, HIF1a ap-
pears to be particularly important for activating genes
important for anaerobic glycolysis [43–45].

Earlier studies showed that the hypoxic induction of
HIF was due primarily to stabilization of the HIFa moiety
under low oxygen conditions and mapped this oxygen
dependence to a region overlapping with the NTAD some-
times referred to as the ODD or ODDD (oxygen-depen-
dent degradation domain) [46–50]. In 1999, Maxwell
et al. [51] documented that HIFa was not degraded in
VHL�/� tumor cells and that HIFa and pVHL could bind
to one another. Subsequently, it was shown that pVHL
binds directly to the ODD via its b-domain and directs
the polyubiqutination of HIFa, which earmarks it for
destruction by the proteasome (Fig. 1) [52–55]. These stud-
ies therefore provided a mechanistic explanation for the
overproduction of hypoxia-inducible mRNAs in pVHL
defective tumors.

Oxygen-dependent prolyl hydroxylation of HIF

The interaction between pVHL and HIFa is oxygen
dependent because the latter must be hydroxylated on
one of two conserved prolyl residues within the ODDD
in order to be recognized by pVHL (hydroxylation of either
residue is sufficient to create a pVHL-binding site) [56–62]
(Fig. 1). This reaction is intrinsically oxygen dependent (the
oxygen atom of the hydroxyl group is derived from molec-
ular oxygen) and is catalyzed by members of the EglN fam-
ily (also called PHD or HPH family), which belong to a
superfamily of iron and 2-oxoglutarate dependent dioxy-
genases [63–68]. Under normal circumstances EglN1 (also
called PHD2) appears to be the primary HIFa hydroxy-
lase, although other members of the family likely become
important after prolonged periods of hypoxia [69–73].
The oxygen Km for the EglNs is approximately �200 lM
[68]. Accordingly, hydroxylation of HIFa by EglN1 is sen-
sitive to changes in oxygen over a physiologically relevant
range [63,68]. Therefore, EglN1 is poised to act as an oxy-
gen sensor. Hydroxylation by EglN requires several cofac-
tors including Fe2+, 2-oxoglutarate, and ascorbate, in
addition to oxygen. Recent studies suggest that hypoxia
causes a paradoxical burst of reactive oxygen species
(ROS), which inhibit EglN activity (possibly due to chang-
es in iron redox status) [74–76]. This suggests that hypoxia
has both direct and indirect effects on EglN function. Cer-



Fig. 1. Oxygen-dependent hydroxylation of HIF. In the presence of oxygen HIFa is hydroxylated on a conserved asparagine residue located with its
C-terminal transactivation domain (CTAD) by FIH-1 and one (or both) of two prolyl residues located within the HIF N-terminal transactivation domain
(NTAD) by EglN family members (especially EglN1). The former prevents the interaction of HIFa with the coactivators p300 and CBP (the HIFaNTAD
is presumed to be remain active under these conditions). The latter targets HIFa for recognition and polyubiqutination by a complex containing pVHL.
The oxygen Kms for these enzymes suggest that FIH-1 is less dependent upon oxygen than EglN. El B, elongin B. El C, elongin C.
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tain oncogenes also lead to increased ROS generation and
HIF stabilization [77,78].

Nitric oxide can also affect prolyl hydroxylation at mul-
tiple levels. In particular, NO can affect intracellular oxy-
gen concentrations (through changes in mitochondrial
oxygen utilization), alter intracellular ROS, and directly
interact with dioxgenases [79]. NO has been reported to
stabilize HIF under normoxic conditions while blunting
the induction of HIF under hypoxic conditions [80–88].

Other HIF modifications

Several other posttranslational modifications have been
reported to alter HIF function. For example, the ability of
the HIFa CTAD to activate transcription is intrinsically
oxygen-dependent over and above the effects of oxygen on
HIF stability [89–93]. In the presence of oxygen, a conserved
asparagine residue within the CTAD is hydroxylated by
another iron and 2-oxoglutarate-dependent dioxygenase
called FIH1 (factor inhibiting HIF) [94–99] (Fig. 1).
Hydroxylation of this residue prevents the recruitment of
the coactivator proteins p300 and CBP, thereby attenuating
HIF-dependent transcription [100,101]. The oxygen Km for
FIH1 is �100 lM [98], suggesting that HIF might
accumulate in an asparagine hydroxylated form at interme-
diate levels of hypoxia. Improved oxygenation would lead
to HIF destruction whereas worsening hypoxia would
enhance HIF function by blunting the action of FIH1.

A recent report suggested that acetylation of HIFa ly-
sine 532 by ARD1 (arrest defective 1) enhances the interac-
tion of pVHL with HIFa and thereby promotes HIFa
polyubiquitination [102]. However, this conclusion has
now been challenged by two other groups [103,104]. It
has also recently been suggested that sumoylation of HIFa
prevents its degradation and enhances HIF-dependent
transcription [105,106].

Development of HIF antagonists

HIF can have both protumorigenic or antitumorigenic
in a context-dependent manner, although the weight of evi-
dence suggests that HIF usually promotes tumor progres-
sion, presumably due to cell autonomous (for example,
metabolic) and non-autonomous (for example, angiogenic)
actions that facilitate the expansion of tumors in a hypoxic
environment [107–110]. The case for a role for HIF is most
compelling in tumors linked to pVHL inactivation. Hema-
ngioblastomas are characterized by marked proliferation of
blood vessels and hence endothelial cells and pericytes
[111]. These two cell types are stimulated by the HIF-re-
sponsive growth factors VEGF and PDGF, respectively.
Overproduction of specific VEGF isoforms is capable of
inducing hemangioblastomas in models systems [112,113].
The hemangioblastoma tumor cells also overproduce
HIF-responsive growth factors such as TGFa, erythropoi-
etin, and SDF-1, which are suspected of establishing auto-
crine loops through their cognate receptors [114–117]. In
addition, HIF regulates other genes suspected of playing
a role in tumorigenesis including c-Met [118], TGFb
[119], CXCR4 (the receptor for SDF-1) [117,120], and ma-
trix metalloproteinases [121,122] (Fig. 2).

HIF, especially HIF2a, also appears to play a critical
role in clear cell renal carcinoma. These tumors typically
overproduce both HIF1a and HIF2a or exclusively HIF2a
[51]. The appearance of HIF2a in preneoplastic renal le-
sions in VHL kidneys coincides with histological features
indicative of malignant progression (such as increased
atypia) [123]. Elimination of HIF2a is sufficient to suppress



Fig. 2. pVHL targets. The best understood function of pVHL relates to its ability to polyubiquitinate HIFa-subunits. Loss of pVHL leads to
overproduction of various HIF-responsive genes, examples of which are shown. Also shown are various other proteins that have been reported to interact
with pVHL. The functional significance of many of these interactions is still being investigated.
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tumor formation by VHL�/� renal carcinoma cells (at least
those producing HIF2a alone) while a HIF2a variant that
cannot be hydroxylated by EglN (but not the correspond-
ing HIF1a variant) can override tumor suppression by
pVHL [45,124–126]. Many of the HIF target genes listed
above also likely play roles in renal carcinogenesis. For
example, renal epithelial cells appear to be particularly sen-
sitive to the mitogenic effects of TGFa [127,128]. Another
HIF target implicated in renal carcinogenesis is cyclin D1
(whether the regulation of cyclin D1 by HIF is direct or
indirect is still not clear) [129–132]. Induction of cyclin
D1 by HIF appears to be a peculiar feature of renal epithe-
lial cells, perhaps offering one insight into why inactivation
of VHL, which is ubiquitously expressed, is tightly linked
to renal cancer and not other epithelial malignancies.

These considerations suggest that drugs that inhibit
HIF, or its downstream targets, might be useful for the
treatment of pVHL-defective hemangioblastomas and re-
nal cell carcinomas (recent studies suggest that HIF is
not the driving force in pheochromocytomas-see below).
Unfortunately, DNA-binding transcription factors have
not proven to be highly tractable as drug targets with the
exception of the steroid hormone receptors. Livingston
and co-workers [133,134] did identify a small organic mol-
ecule that blocked the association of p300 with HIF and
suppressed tumor growth. However, this compound was
too toxic to allow further development. Dervan and co-
workers [135] designed a polyamide that bound to the
HRE in the VEGF promoter and blocked VEGF produc-
tion in cell culture experiments. Whether such a compound
would be efficacious in animals is not known. Attempts to
disrupt the binding of HIFa to HIFb would need to con-
sider the size of the dimerization interface as well as the fact
that HIFb has HIF-independent functions related to its
other dimerization partners (such as AhR and AhRR).
A number of drugs have, however, been identified that
at least indirectly downregulate HIF including mTOR
inhibitors [136–138], HSP90 inhibitors [139,140], HDAC
inhibitors [141,142], thioredoxin-1 inhibitors [143,144],
and some (but not all) agents that inhibit microtubules
[145,146]. In addition, a number of HIF-responsive genes
encode activities that are amenable to pharmacological at-
tack. There is already anectodal evidence that drugs that
inhibit the VEGF receptor KDR can alter the natural his-
tory of hemangioblastoma and multiple agents that inhibit
VEGF or KDR are exhibiting activity against renal cell
carcinoma (many of the newer KDR inhibitors currently
being tested fortuitously inhibit the PDGF receptor as
well) [147–151]. It is anticipated that at least two of these
agents, SU11248 and BAY43-9006, will be approved by
the FDA for the treatment of metastatic renal cancer this
year.

Development of HIF agonists

Metazoan genomes contain HIF as a failsafe mechanism
against hypoxia, not as a means of inducing tumors. In the-
ory, HIF stabilization might be useful in diseases charac-
terized by acute or chronic hypoxia or as a means of
increasing RBC production in erythropoietin-sensitive ane-
mias. It has already been established that it is possible to
inhibit HIF prolyl hydroxylation and activate HIF-depen-
dent transcription with organic small molecules that inter-
fere with the utilization of iron and/or 2-oxoglutarate by
EglN [57,65,152–154]. It should be noted that loss of
pVHL (or mutation of HIF�s prolyl hydroxylation sites)
is sufficient to activate HIF target genes, implying it is
not necessary to simultaneously inhibit FIH1 to (at least
partly) mimic a hypoxic response [31,44,45,51,124,125].
With time, however, it might be desirable to have agents
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that, for example, specifically inhibit individual EglN
family members or that do or do not inhibit FIH1 in
addition to their actions on EglN. In this regard, Schofield
and co-workers [155] recently reported a compound that
specifically inhibits FIH1 while sparing the EglN family
members.

There is evidence that prior exposure to hypoxia or
hypoxia mimetics (ischemic preconditioning) can have ben-
eficial effects mediated by HIF (and downstream HIF tar-
gets such as erythropoietin) in ischemic diseases such as
myocardial infarction and stroke as well as certain forms
of renal failure [156–161]. In addition, Nwogu et al. [162]
showed that administration of FG0041, an orally available
prolyl hydroxylase inhibitor, to rats for 4 weeks beginning
48 h after experimental myocardial infarction preserved left
ventricular function. This agent, although originally devel-
oped as a collagen prolyl hydroxylase inhibitor, was later
shown to inhibit the HIF prolyl hydroxylase [65]. The ben-
eficial effects of FG0041 were too rapid to invoke an anti-
fibrotic mechanism, raising the possibility that they were
due instead to superinduction of HIF in the infarct and
periinfarct zone. In another preclinical model, direct inoc-
ulation of a plasmid encoding a constitutively active ver-
sion of HIF1a (HIF1a-VP16) into an evolving infarct led
to reduction in infarct size and VEGF-dependent neoan-
giogenesis [163].

The safety of chronically administering HIF prolyl
hydroxylase inhibitors to human remains an important
question, especially given the potential links between HIF
and cancer outlined above. Although caution seems war-
ranted, there are a number of reasons why prolonged use
of HIF agonists might not lead to an increase in cancer risk
(for example, an increased risk of hemangioblastoma or re-
nal carcinoma).

First of all, pVHL has functions in addition to its role in
regulating HIF (Fig. 2). pVHL physically interacts with
other proteins including aPKC family members (see also
below), Sp1, fibronectin, certain RNA polymerase sub-
units, and VDU1 and 2 (reviewed in [164]). Although the
functional significance of some of these interactions is un-
clear, there is strong evidence that pVHL plays HIF-inde-
pendent roles in extracellular matrix control [165,166]
and cell survival (see below). Genotype-phenotype correla-
tions in VHL disease also suggest that HIF-independent
Fig. 3. HIF deregulation after pVHL inactivation. In renal carcinoma, a rare su
(left) compared to normal kidney (center) as a result of homozygous VHL muta
kidney (light blue) are characterized by a smaller increase in HIF levels (right
being reached and/or to loss of HIF-independent pVHL functions, together w
pVHL functions modulate tumor risk [167]. For example,
VHL alleles linked to Type 2A VHL disease (high risk of
pheochromocytoma and hemangioblastoma, low risk of re-
nal carcinoma) are, like Type 2B VHL alleles (high risk of
all three tumors), defective with respect to HIF regulation
[24,52,168]. Conceivably these alleles differentially alter
another pVHL target that conspires with HIF to promote
renal tumor formation. It is also worth noting that forced
activation of HIF target genes in mice and rabbits has, at
least in the tissues tested so far, induced normal appearing
blood vessels without the development of hemangioblasto-
mas or renal carcinomas [169,170] (W.R. Kim, W.G.K.
unpublished data). Finally, VHL inactivation in the human
kidney causes preneoplastic renal cysts [123,171,172] and it
is assumed that mutations at other loci must occur to con-
vert these lesions to frank carcinomas. Thus, there is pres-
ently no evidence that HIF dysregulation is sufficient to
initiate tumors and some evidence that it is not. Whether
a HIF agonist would have a tumor promoting effect on pre-
existing tumors is not known.

Studies of polycythemic syndromes also bear on the po-
tential safety of HIF agonists. In particular, individuals
with secondary (HIF-induced) polycythemia as a result of
chronic hypoxemia do not phenocopy VHL disease with
respect to tumor development. In this setting one can pre-
sume that the HIF prolyl hydroxylase is chronically inhib-
ited. Similarly, individuals with Chuvash polycythemia do
not appear to be tumor prone [173,174]. These patients
are homozygous for a hypomorphic VHL allele that dis-
plays a quantitative defect in HIF regulation [173]. In this
situation every cell in the body capable of producing eryth-
ropoietin is presumably characterized by a slight increase in
HIF (Fig. 3). This is in contrast to the VHL�/� renal car-
cinoma situation wherein an isolated renal epithelial clone
is characterized by a profound HIF defect as well other
alterations in other pVHL functions. Therefore, quantita-
tive differences with respect to HIF and qualitative differ-
ences with respect to HIF-independent pVHL functions
probably account for the low renal cancer risk associated
with Chuvash polycythemia and the high renal carcinoma
risk associated with VHL nullizygous renal cells. One could
argue that the systemic administration of a titratable HIF
prolyl hydroxylase inhibitor would more closely mimic
the former than the latter.
bclone (blue circle) is characterized by a profound defect in HIF regulation
tions. In Chuvash polycythemia or with chronic hypoxia, many cells in the
). Carcinogenesis in the former might be due to a �threshold� level of HIF
ith cooperating mutations at other genetic loci.



Fig. 4. EglN3 and neuronal apoptosis. See text for details.
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HIF-independent role of EglN3 in pheochromocytoma and

paraganglioma

Pheochromocytomas are neuroendocrine tumors of the
adrenal medulla (similar tumors arising in extradrenal sites
are called paragangliomas). Although typically benign,
these tumors cause symptoms due to their ability to secrete
catecholamines. Pheochromocytomas and paragangliomas
are derived from the same embryological precursors that
give rise to the sympathetic nervous system.

Some germline VHL mutations cause familial pheochro-
mocytoma without the other stigmata of VHL disease (so
called Type 2C VHL disease) [175]. The products of Type
2C VHL alleles are seemingly normal with respect to HIF
polyubiquitination [166,168]. This, together with the fact
that VHL-associated pheochromocytomas exhibit loss of
heterozygosity at the VHL locus [176–179], implies that
these tumors are caused by the loss of a HIF-independent
pVHL function. Interestingly, virtually all germline VHL

mutations linked to pheochromocytoma are missense muta-
tions and individuals with truly null VHL alleles are at low
risk of pheochromocytoma [175]. This raised the possibility
(among several) that complete loss of pVHL function was
incompatible with pheochromocytoma development.

Somatic VHL mutations are uncommon in sporadic
pheochromocytomas in the absence of occult germline
VHL mutations [7]. This is in contrast to sporadic heman-
gioblastoma and clear cell renal carcinomas, where VHL

inactivation is common [7]. Familial pheochromocytoma
has also been linked to germline mutations of NF1, c-
RET, and the genes for succinate dehydrogenase subunits
B, C, and D [180,181].

Sympathetic neuronal precursors compete during
embryological development for growth factors such as
NGF. Loss of NGF-dependent survival signals leads to c-
Jun dependent apoptosis [182–185]. NF1 acts as a Ras-
GAP for the NGF receptor TrkA and thereby attenuates
its ability to promote survival. Parada and co-workers
[186] showed earlier that inactivation of NF1 promotes
neuronal survival after NGF withdrawal. It had also been
shown previously that TrkA could activate c-RET, suggest-
ing the possibility of crosstalk between these two receptors
[187,188]. We recently found that pVHL mutants, including
those linked to Type 2C disease, lead to increased levels of
JunB [189]. This appears to be due at least partly to the pre-
viously described ability of pVHL to inhibit aPKC [190–
192], which acts upstream of JunB [193]. JunB often antag-
onizes c-Jun and we found that pVHL loss (increased
JunB), like NF1 loss, promotes survival after NGF with-
drawal [189]. In addition, we found that activated version
of c-RET, as suspected, could activate TrkA [189].

Another gene implicated in neuronal apoptosis is SM-

20, which is now appreciated to be the rat ortholog of
EglN3 [194–196]. We found that EglN3 is unique among
the EglN family members with respect to its ability to in-
duce neuronal apotosis and acts downstream of c-Jun
[189]. This activity is linked to EglN3 hydroxylase activity,
which can be feedback inhibited by succinate [189]. De-
creased SDH activity, such as might occur with disease-as-
sociated SDH mutations, blunts EglN3-induced neuronal
apoptosis [189]. Collectively, these results place the familial
pheochromocytoma/paraganglioma genes on a common
pathway important for the normal culling of sympathogo-
nia during development (Fig. 4). It is hypothesized that
cells that have escaped this apoptotic program are at in-
creased risk of malignant transformation.

Conclusions

The VHL protein (pVHL), the heterodimeric transcrip-
tion factor HIF, and the HIF prolyl hydroxylases (especial-
ly EglN1/PHD2) are central components of the pathway
used by cells to sense and respond to changes in oxygen.
Many other signals, including those generated by changes
in ROS and NO, likely impinge upon this pathway as well.
Increased HIF plays a pathogenic role in pVHL-defective
hemangioblastomas and clear cell renal carcinomas. In
addition, many solid tumors contain regions that are hyp-
oxic. The accumulation of HIF in such tumors is likely to
enhance survival and tumor growth. However, there is cur-
rently no evidence that activation of HIF per se is capable
of inducing tumor growth and some evidence that it is not.
It has already been established that HIF target genes can
be induced with small organic molecules that inhibit HIF
hydroxylation. Preclinical studies suggest that such agents
might be useful in the treatment of ischemic diseases and
anemia.
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