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THE VHL TUMOR SUPPRESSOR GENE:
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ABSTRACT

Mammalian cells sense changes in oxygen and transduce that informa-
tion into adaptive changes in gene expression using a conserved pathway
that converges on the heterodimeric transcription factor called hypoxia-
inducible factor (HIF), which contains a labile alpha subunit and a stable
beta subunit. In the presence of oxygen, the alpha subunit is hydroxylated
on one (or both) of two highly conserved prolyl residues by an Egg-Laying
Defective Nine (EgIN) [also called Prolyl Hydroxylase Domain (PHD)]
dioxygenase, which recruits an ubiquitin ligase complex containing the
VHL tumor suppressor gene product. Germline VHL mutations cause von
Hippel-Lindau (VHL) disease, which manifest as angiogenic tumors such
as hemangioblastomas and kidney cancers. Somatic VHL inactivation and
deregulation of HIF (especially HIF2a) drives sporadic kidney cancers
and an HIF2q inhibitor is showing promise for this disease. VHL, EgIN1,
and HIF20 polymorphisms have been linked to familial polycythemia and
adaptation to high altitude. Orally available EgIN inhibitors are being
developed for the treatment of anemia and ischemic diseases.

INTRODUCTION

In 1894, the British geneticist Treacher Collins reported the cases
of a brother and a sister who both had retinal vascular proliferations
that would now be called retinal hemangioblastomas (1). In hindsight,
this is now believed to be the first description of individuals with what
is now called von Hippel-Lindau (VHL) disease. The familial occur-
rence of retinal hemangioblastomas was again described in 1904 by the
German ophthalmologist Eugen von Hippel (2). It was the Swedish
neuropathologist Arvid Lindau who appreciated that these familial
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retinal lesions were a marker for a systemic disease that was associ-
ated with an increased risk of hemangioblastomas of the brain (espe-
cially the cerebellum) and spinal cord, as well as an increased risk of
kidney cancers and paragangliomas (3).

Clinically, VHL disease appears to be transmitted in autosomal domi-
nant fashion with high penetrance (4). The VHL gene was isolated in
1993 using a positional cloning strategy by a group at the National Can-
cer Institute led by Marston Linehan, Michael Lerman, and Bert Zbar
in collaboration with Eamon Maher, who was then at the University of
Birmingham in England, based upon earlier linkage studies that had
correctly localized the VHL susceptibility locus to chromosome 3p25 (5).
At the molecular level, patients with VHL disease have inherited a defec-
tive VHL allele from one of their parents (4). Pathology develops when
the remaining wild-type VHL allele is mutated, silenced, or lost. Impor-
tantly, biallelic VHL inactivation due to somatic mutations or, less com-
monly, hypermethylation, is very common in nonhereditary (sporadic)
kidney cancer and hemangioblastomas (6). In fact, VHL inactivation is
typically the first, or “truncal,” mutation in the pathogenesis of clear cell
renal carcinoma, which is the most common form of kidney cancer (7-9).

The VHL gene product, pVHL, is a multifunctional protein that
shuttles between the nucleus and cytoplasm (10). Its best-documented
function, and the one most firmly linked to the pathogenesis of VHL
disease, relates to its ability to form an ubiquitin ligase complex that
also contains Elongin B, Elongin C, Cullin 2 (Cul2), and Ring Box 1
(RBX1) (11). In this complex, pVHL serves as the substrate recognition
unit. pVHL contains two mutational hotspots: the alpha domain and
the beta domain (12). The alpha domain recruits the Elongins, Cul2,
and RBX1, while the beta domain is a substrate-binding domain (11).

The search for pVHLs substrates was aided tremendously by the
appreciation that the neoplasms caused by VHL inactivation are highly
vascular due to overproduction of vascular endothelial growth factor
(VEGF) and sometimes cause erythrocytosis by elaborating erythropoi-
etin (EPO) (13-17). VEGF and EPO are the products of hypoxia (low
oxygen) —inducible mRNAs and are controlled by the hypoxia-inducible
factor (HIF) transcription factor (18). HIF contains a labile alpha subunit
(such as HIF1o or HIF20) that is normally degraded if oxygen is present
(hence is hypoxia-inducible) and a stable beta subunit [HIF1j or Aryl
Hydrocarbon Receptor Nuclear Translocator (ARNT)]. In the presence of
oxygen, HIFo becomes hydroxylated on one (or both) of two prolyl resi-
dues by members of the Egg-Laying Defective Nine (EgIN) [also called
Prolyl Hydroxylase Domain (PHD)] 2-oxoglutarate-dependent dioxy-
genase family (19—24). Once prolyl hydroxylated, HIFa is recognized by
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pVHL, polyubiquitylated, and destroyed by the proteasome (Figure 1).
Under low oxygen conditions, or in cells functional pVHL, HIF« is sta-
bilized, dimerizes with ARNT, and activates hundreds of genes, many of
which (such as the above mentioned VEGF and EPO) normally serve to
promote acute or chronic adaptation to hypoxia (25). In pVHL-defective
renal cancers the HIF program is co-opted to promote tumorigenesis.

In preclinical models, downregulation of HIF, and particularly HIF2,
appears to be both necessary and sufficient for pVHL to suppress ectopic
blood vessel formation and clear cell renal carcinoma (26-33). Amongst
solid tumors, clear cell renal carcinomas have the highest VEGF levels,
presumably because of loss of pVHL and deregulation of HIF2, and are
the most sensitive to single agents directed against VEGF, such as beva-
cizumab, or its receptor Kinase Insert Domain Receptor (KDR), such as
sunitinib, sorafenib, axitininb, pazopabib, and cabozantinib (34). HIF2q,
itself would classically have been viewed as “undruggable.” However,
Rick Bruick and Kevin Gardner identified a potentially druggable pocket
in the HIF2a Per-Arnt-Sim B (PAS B) domain and identified chemicals
that can bind to this pocket and prevent HIF2¢ from dimerizing with
ARNT (35-37). These initial chemical scaffolds formed the basis for sub-
sequent medicinal chemistry efforts at Peloton Therapeutics, resulting
in the first-in-class HIF2a inhibitor PT-2385 and the closely related tool
compound PT-2399 (Figure 1) (38—40). PT-2399 displays on-target anti-
tumor activity against a significant percentage of pVHL-defective clear
cell renal carcinoma lines and patient-derived xenografts in preclinical
models and early clinical data for PT-2385 in heavily pretreated patients
with metastatic clear cell renal carcinoma are encouraging (38—40).

HIF deregulation plays an important role in pVHL-defective renal
carcinogenesis. Nonetheless, there is no evidence that HIF deregula-
tion is sufficient to cause cancer and some evidence that it is not suf-
ficient. For example, even ignoring pVHL's HIF-independent functions,
it is notable that biallelic VHL inactivation in mice and man causes
preneoplastic renal cysts and HIF deregulation, but not cancer (41,42).
Additional cooperating genetic events, such as loss of PBRM 1 or BAP1,
gain of chromosome 5q, and loss of chromosome 14q, are required to
cause human clear cell renal carcinomas (43). Moreover, there are many
conditions that are associated with adaptive increases in erythrocy-
tosis, such as cardiac and lung diseases that impair oxygen delivery,
where the erythrocytosis is presumably caused by chronic HIF activa-
tion and yet not linked to the usual stigmata of VHL disease (44). Rare
cases of carotid body paragangliomas have been reported in individu-
als living at extremely high altitude (Andeas mountain dwellers) (45),
but there is some evidence that the pathogenesis of paragangliomas is
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Fic. 1. Pharmacological manipulation of the oxygen-sensing pathway. When oxygen is
available an EglIN (also called PHD) prolyl hydroxylase, such as EgIN1 (also called PHD2),
hydroxylates HIFo subunits on one of two prolyl residues, which then generates a binding
site for an ubiquitin ligase containing the VHL gene product, pVHL. Once bound, pVHL ear-
marks the alpha subunit for proteasomal degradation. When oxygen levels are low, or pVHL
is defective, HIFo becomes stable, dimerizes with HIF, and transcriptionally activates
HIF-responsive genes such as EPO and VEGF. EPO is an example of a HIF-responsive
gene that is exclusively regulated by HIF2 and HIF2 also appears to be the primary driver
of pVHL-defective kidney cancers. Note that pVHL also has HIF-independent functions
(not shown for simplicity) and that pVHL loss is not sufficient to cause kidney cancer (this
requires additional cooperating genetic events). The small molecule PT-2385 (and related
tool compound PT-2399) is being developed for the treatment of kidney cancer, while mul-
tiple EgIN inhibitors, such as Roxadustat, Vadadustat, Molidustat, and Daprodustat, are
undergoing clinical trials for anemia linked to chronic renal failure. Abbreviations: Eg1N,
Egg-Laying Defective Nine; PHD, Prolyl Hydroxylase Domain; HIF, hypoxia-induced factor;
VHL, von Hippel Lindau; EPO, erthropoeitin; VEGF, vascular endothelial growth factor.

linked to abnormal sculpting of the sympathetic nervous system dur-
ing embryogenesis and so might not translate into a risk associated
with increased HIF activity in adults (46).

Also notable in this regard is the fact some cases of familial polythe-
mia in man are caused by homozygous (or compound heterozygous)
hypomorphic VHL alleles, hypermorphic HIF2a alleles, or hypomorphic
EgIN1 alleles (47). This suggests that subtle, quantitative defects in
the pVHL-EgIN1-HIF20 can cause polycythemia without dramatically
increasing the risk of neoplasia. Similarly, EgIN1 inactivation in mice
causes polycythemia (48,49). Such mice die of cardiac failure before
developing any signs of cancer (48,50).
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Although the kidney is the major source of EPO in adult mammals,
the liver is the primary source during fetal life. Genetic inactivation
of EgIN1 causes a transient spike in hepatic EPO production that is
then dampened, presumably by HIF-dependent induction of EgIN3
(51,52). In contrast, inactivation of all three EgIN paralogs causes sus-
tained, high-level, hepatic EPO production and can correct anemia in
anephric rodents (51,53,54). The EgINs can be inhibited with drug-like
molecules in vitro and in vivo (24,54-59). First-generation, orally avail-
able EgIN inhibitors have now advanced to Phase 3 clinical testing in
man for anemia caused by chronic renal disease based on promising
Phase 2 data (Figure 1) (59-61). Inhibition of EgIN, using genetic and
pharmacological tools, is also beneficial in rodent models of myocar-
dial infarction and stroke (48,62—69). It remains to be seen, however, if
these benefits will also be observed in large animal models.

In summary, clinical clues stemming from studies of VHL disease,
coupled with fundamental studies related to the HIF transcription fac-
tor, led to our current understanding of the pathway used by metazo-
ans to sense and transcriptionally adapt to hypoxia. This pathway is
coopted by certain cancers, notably kidney cancer, and also plays an
important role in many diseases linked to abnormal oxygen delivery.
This knowledge has led to first-in-class molecules being tested for the
treatment of kidney cancer, anemia, and ischemic diseases.
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DISCUSSION

Rubin, Chapel Hill: There’s a young researcher at UNC named Qing Zhang who
works on EgIN1. He has shown that EgIN1 is regulated by estrogen, at least in breast
tumors, and I wonder if any of this has gender specificity.

Kaelin, Boston: That’s a great question. Qing Zhang actually trained in my lab as
a post doc and you are correctly pointing out that there are actually three members of
this prolyl hydroxylase family — the work horse member of which I refer to as EgIN1
because it does most of the work on a day-to-day basis. The other two family members
are EgIN2 and EgIN3, which we think of as sort of the spare tires. But it’s becoming clear
that they have some other jobs unrelated to HIF. It is actually EgIN2 that is induced
by estrogen and Qing’s work strongly suggests that EgIN2 plays a role in estrogen-de-
pendent proliferation of breast cancer cells. We're still frankly trying to understand the
mechanism underlying that, but I think that it is sort of a moonlighting job reflecting a
HIF-independent function of EgIN2.

Tweardy, Houston: Very exciting talk. I was wondering if you could comment just
in terms of the potential utility to prolyl hydroxylase inhibitors and ischemic injuries.
When can they be given in terms of the timing of the insult?

Kaelin, Boston: As you might imagine, it works better if you give the inhibitor prior
to the insult. Of course, at first, you would say that’s cheating, Bill, because most people
don’t walk around saying I think I'll have a heart attack in another 4 hours. Having said
that, there are certainly situations where we know people are at significant risk of hav-
ing an ischemic attack, such as people with unstable angina or undergoing an elective
cardiac surgery procedure. Here you can imagine prophylaxis or prevention would work.
But, fortunately, there is a benefit even if these inhibitors are given a few hours after the
insult. It’s just simply not as great.

Ziegelstein, Baltimore: Thanks for your great talk, Bill. My question relates to
high altitudes. Can you talk a little bit about HIF signaling and chronic adaptation to
high altitudes? I know, for example, that Tibetan people don’t get erythrocytosis at high
altitudes.

Kaelin, Boston: Terrific question. I am often asked, “aren’t these HIF agonists going
to cause VHL disease or kidney cancer?” So, the first answer to that is that we know
that in VHL-associated cancers such as kidney cancers, VHL is lost, but many other
mutations had to occur as well, sort of like tumblers on a lock falling in place. There is
no evidence that VHL loss or HIF activation is sufficient to cause cancer. And then there
is lots of indirect evidence that it’s probably going to be okay, meaning possibly safe,
to pharmacologically activate HIF. People living at high altitudes have been very well
studied. Many of them do have slightly increased red blood cell production. However
epidemiologically, if anything, they have better survival than people living at sea level.
I understand there can be many confounders there but they certainly don’t get VHL
disease and with a few exceptions they are not at increased risk of cancer. Now, you bring
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up an interesting point, which is at extremely high altitude — if anything the erythro-
cytic response is blunted in some populations such as the Tibetans. We now know that
some of these populations have polymorphisms in this pathway that further fine tune
the response. Because you can imagine you don’t want to overshoot and have so many
red blood cells that you're getting into hyperviscosity problems. So, it’s becoming clear
that some populations, as a form of adaptation, have modified this pathway to optimize
their response to high altitude.

Spivak, Baltimore: Thank you for a wonderful talk. You mentioned in addition to
2-oxoglutarate and oxygen, iron as a regulator of HIF in anemia of cancer. I think part of
it is you accumulate iron in cells and suppress erythropoietin production. So, in terms of
treating anemia with PHD inhibitors, what do you think about the importance of iron?

Kaelin, Boston: That’s a great question, and I alluded to this in passing. I think there
are a lot of advantages of turning on the entire erythrocytic response and not just giving
EPO by itself. As part of that erythrocytic response, you do, as you know better than I do,
change the way you absorb and utilize iron. And so, for example, these PHD inhibitors
work in the anemia of chronic disease and it’s at least associated with changes in hepci-
din and other genes linked to iron utilization. And so, you're effectively correcting part of
the pathogenesis, at least I understand it, of the anemia of chronic disease.

Crowley, Boston: Just a quick comment which is the throw away. A friend of mine in
the School of Public Health has been interested in the Sherpas in the Himalayas because
of their physiology. He had a post-doc fellow who went up there who lived with these
people for some time. And it’s an interesting thing that the way they heat their tents in-
volves the fire going through and underneath the beds before the smoke gets out. These
people live with carbon monoxide levels that are out of sight! Everybody has high carbon
monoxide levels without any consequence. So, this is an interesting observation. It may
very well have an activation to the system and would merit some studying because the
genetic polymorphisms you are talking about may very well be a clue to how they adapt
to that.

Kaelin, Boston: Yes, there’s no question, and I think that carbon monoxide can
potentially affect these enzymes, so it’s very, very interesting.

Feldman, Philadelphia: Bill, one last quick question: there’ve been some papers
that have shown an association between HIF-1 expression and BAG3 expression in some
cancers. Have you looked at that?

Kaelin, Boston: I haven’t looked at that one. So, I'll do a medical student trick and
answer a related question: There is a lot of literature pointing to the role of HIF-1, and
HIF-1 target genes, in cancer, whether it’s BAG3 or whatever. But you know, part of this
is guilt by association, because aggressive tumors outgrow their blood supplies, become
hypoxic and upregulate HIF. So, there may be cases where HIF is driving the bad be-
havior. But I am sure in many cases HIF is simply a marker for the bad behavior. So,
I think we have to be very careful of thinking about the actual causal role of HIF in
cancer progression.





