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Clear cell carcinoma of the kidney is a major cause of mortality in patients with von Hippel-Lindau
(VHL) disease, which is caused by germ line mutations that inactivate the VHL tumor suppressor gene.
Biallelic VHL inactivation, due to mutations or hypermethylation, is also common in sporadic clear cell
renal carcinomas. The VHL gene product, pVYHL, is part of a ubiquitin ligase complex that targets the
alpha subunits of the heterodimeric transcription factor hypoxia-inducible factor (HIF) for destruction
under well-oxygenated conditions. All VHL mutations linked to classical VHL disease compromise this
pVHL function although some missense mutations result in a low risk of kidney cancer (type 2A VHL
disease) while others result in a high risk (type 2B VHL disease). We found that type 2A mutants were less
defective than type 2B mutants when reintroduced into VHL ™'~ renal carcinoma cells with respect to HIF
regulation. A stabilized version of HIF2« promoted tumor growth by VHL ™'~ cells engineered to produce
type 2A mutants, while knock-down of HIF2« in cells producing type 2B mutants had the opposite effect.
Therefore, quantitative differences with respect to HIF deregulation are sufficient to account for the
differential risks of kidney cancer linked to VHL mutations.

von Hippel-Lindau (VHL) disease is an autosomal dominant
hereditary cancer syndrome caused by germ line mutations of the
VHL tumor suppressor gene and is characterized by an increased
risk of tumor development in multiple organs, such as hemangio-
blastoma of the central nervous system, pheochromocytoma of
the adrenal glands, and clear cell carcinoma of the kidneys (36).
Tumor development occurs when the remaining wild-type allele is
inactivated. Kidney cancer develops in ~75% of VHL patients by
age 60 and is a leading cause of death in this population (70). In
keeping with the Knudson two-hit model, somatic VHL mutations
leading to VHL inactivation are also common in sporadic clear
cell renal cell carcinomas (RCC) and restoration of VHL function
in VHL '~ RCC is sufficient to suppress tumor formation in vivo
(21, 30).

The VHL gene product, pVHL, is the substrate recognition
component of an E3 ubiquitin ligase complex that also contains
elongin B, elongin C, Cul2, and Rbx1 (15, 16, 33, 39-42, 52,
64). pVHL has two functional domains, the o domain and
the B domain, which are involved in the direct binding to
elongin C and pVHL substrates, respectively (42, 45, 52, 62,
76). The a domain is also important for pVHL stability since
pVHL mutants defective in elongin C binding are unstable
and rapidly degraded (71). The best characterized pVHL
target is the alpha subunit of hypoxia-inducible factor
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(HIF). HIF is a heterodimeric transcription factor consist-
ing of an oxygen-sensitive a subunit and a stable 8 subunit.
In the presence of oxygen, one (or both) of two conserved
prolyl residues in the oxygen-dependent degradation do-
main of HIFa is hydroxylated by members of the EgIN
family of iron-dependent dioxygenases (5, 17, 27, 31, 32, 34,
56, 58, 77). Prolyl-hydroxylated HIFa is recognized by
pVHL, polyubiquitinated, and thereby targeted for protea-
somal degradation (35, 37). Accordingly, wild-type cells ex-
press low levels of HIFa in the presence of oxygen but
accumulate high levels of HIFa under low-oxygen condi-
tions (57). Cells lacking pVHL contain high levels of HIFa
regardless of oxygen tension.

HIF is a master regulator of the transcriptional activation of
hypoxia-inducible genes involved in angiogenesis, glucose up-
take, erythropoiesis, cell proliferation, and apoptosis (24, 35,
37,72). A number of these target genes are implicated in renal
carcinogenesis including TGFA (transforming growth factor
alpha), PDGF (platelet-derived growth factor), VEGF (vascu-
lar endothelial growth factor), CXCL12 (SDF-1x), and CXCR4
(18, 36, 49, 75, 78). Emerging evidence suggests that HIF2a,
among the three mammalian HIFa family members (HIF1e,
HIF2q, and HIF3a), is the critical oncogenic pVHL substrate
in renal carcinogenesis. First, VHL '~ RCC cell lines express
either high levels of both HIFla and HIF2a or exclusively
HIF2a (54, 57). Second, stabilization of HIF2«, but not
HIFla, overcomes the tumor suppressor function of pVHL
(48, 55). Third, eliminating HIF2« is sufficient to suppress
VHL ™'~ tumor growth in vivo (47, 79). Finally, overexpression
of HIF2a promotes tumor growth, whereas overexpression of
HIFla delays tumor development (69).
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VHL disease is clinically divided into two types based on the
presence (type 2) or the absence (type 1) of pheochromocy-
toma. Type 2 disease is further subdivided into three subtypes:
type 2A (low risk of RCC), type 2B (high risk of RCC), and
type 2C (pheochromocytoma only). VHL disease shows clear
genotype-phenotype correlations (36, 43). Type 1 disease is
associated with large deletions or protein-truncating mutations
that grossly compromise pVHL’s functions, including its ability
to regulate HIFa. In contrast, type 2 disease is almost always
linked to VHL missense mutations. Interestingly, both type 2A
and type 2B VHL mutations measurably compromise pVHL’s
ability to regulate HIF (7, 61, 62, 68). Therefore, it is still not
fully understood why type 2A and type 2B VHL mutations are
associated with markedly different risks of developing renal
carcinoma. In this regard, a number of HIF-independent func-
tions have been ascribed to pVHL, some of which might con-
ceivably be linked to renal tumorigenesis (10, 36). On the other
hand, a recent report suggested that type 2A mutants bind to
HIFo with higher affinity than do type 2B mutants, at least in
vitro, raising the possibility that quantitative differences be-
tween type 2A and type 2B mutants with respect to HIF bind-
ing translate into different risks of renal carcinoma in humans
(46).

In the present study, we introduced selected type 2A and
type 2B pVHL mutants into a VHL '~ RCC cell line and
characterized them for their ability to regulate HIFa as well as
their ability to suppress RCC tumor growth in nude mice. We
found that type 2A and 2B pVHL mutants differ quantitatively
with respect to the regulation of HIF2a and HIF target genes,
with type 2A being less compromised than type 2B mutants.
Furthermore, the increased levels of HIF2a and its down-
stream targets in cells producing type 2B mutants correlated
with increased tumor formation in subcutaneous and ortho-
topic xenograft assays in nude mice. A causal role for HIF in
these assays was supported by experiments in which HIF2«a
levels were artificially increased in type 2A cells or decreased
in type 2 B cells, leading to increased or decreased tumorigen-
esis, respectively. Our results further strengthen the notion
that HIF2« is a critical component in renal carcinogenesis in
the setting of VHL inactivation.

MATERIALS AND METHODS

Plasmids. pBabe-puro-HA-VHL (where HA is hemagglutinin) was described
previously (60). To make pBabe-puro-HA-VHL carrying residues 1 to 115 of
VHL [pBabe-puro-HA-VHL(1-115)], pRc-CMV-HA-VHL (where CMV is cy-
tomegalovirus) (30) was PCR amplified with the primers 5'-CGACTCACTAT
AGGGAGACCC-3" and 5'-TTCAGAATTCTCAGTGACCTCGGTAGCTGT
GG-3', digested with BamHI and EcoRI, and ligated into pBabe-Puro-HA (48)
cut with these two enzymes. To make pBabe-puro-HA-VHL(Y98H) and pBabe-
puro-HA-VHL(L118V), the BamHI-EcoRI fragments from pRc-CMV-HA-
VHL with the mutation Y98H (61) and pRc-CMV-HA-VHL with the mutation
L188V (62), respectively, were ligated into pBabe-Puro-HA cut with these two
enzymes. The pBabe-puro-HA-VHL expression plasmids for all other the pVHL
mutants used in this paper were generated by site-directed mutagenesis using
pBabe-puro-HA-VHL as the template (primer sequences are available upon
request) and confirmed by DNA sequencing.

pBabe-Hygro-HIF2a P405A/P531A (HIF2a dPA) was made by ligating the
BamHI-Mfel fragment of pcDNA3.0-HA-HIF2a P405A/P531A (48) into pBabe-
Hygro cut with BamHI and EcoRI.

Expression plasmids for short hairpin RNAs (shRNAs) targeting HIF2o were
constructed by inserting the EcoRI-HindIII fragments from pRS-2 and pRS-9
(47) into pSUPER-retro-GFP/Neo (OligoEngine) to create shHIF2o(#2) and
shHIF2a(#3), respectively. Oligonucleotides for shRNAs targeting luciferase
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(5'-GATCCCCCGTACGCGGAATACTTCGATTCAAGAGATCGAAGTAT
TCCGCGTACGTTTTTA-3" and 5'-AGCTTAAAAACGTACGCGGAATAC
TTCGATCTCTTGAATCGAAGTATTCCGCGTACGGGG-3") were annealed
and ligated into pSUPER-retro-GFP/Neo using unique HindIII and BglII sites
within its polylinker.

pGL3-3XHRE-Luc (3XHRE-Luc) (a kind gift from Andrew Kung, Dana-
Farber Cancer Institute) was created by inserting three copies of the canonical
hypoxia-response element (HRE) and a minimal thymidine kinase promoter into
pGL3-Basic (Promega).

Cell culture. 786-O cells (obtained from ATCC) and Phoenix cells (a generous
gift from Gary Nolan, Department of Molecular Pharmacology, Stanford Uni-
versity) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum or fetal clone I, respectively. 786-O cells
stably infected with retroviruses were selected and maintained in the presence of
2 pg/ml puromycin (for pBabe-puro retroviruses) or 0.5 mg/ml hygromycin (for
pBabe-Hygro retroviruses). 786-O cells stably infected with sShRNA retroviruses
were selected in the presence of 1.5 mg/ml of neomycin and subsequently main-
tained in the presence of 1 mg/ml of neomycin.

Hypoxia treatment was carried out in a hypoxic chamber containing 1% oxy-
gen (Laboratory Products, Inc).

Retroviruses. Retrovial plasmids were transfected into the Phoenix packaging
cell line using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Tissue culture medium was collected 48 h after transfection, passed
through a 0.45-um-pore-size filter, and added to cells in the presence of 8 pg/ml
polybrene.

Immunoblotting analysis. Cells were lysed in EBC buffer (50 mM Tris [pH
8.0], 120 mM NaCl, 0.5% NP-40) supplemented with complete protease inhibitor
cocktail (Roche Molecular Biochemicals). Protein concentration was determined
by the Bradford method (Bio-Rad). Lysates were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose
membranes (Bio-Rad). After membranes were blocked in Tris-buffered saline
with 5% nonfat dry milk, they were probed with the following primary antibodies:
anti-HA mouse monoclonal antibody (HA-11; Covance Research Product), anti-
HIF1a rabbit polyclonal antibody (A & G Pharmaceutical), anti-HIF2a mouse
monoclonal antibody (NB100-122; Novus Biologicals), anti-Glut1 rabbit poly-
clonal antibody (GT111-A; Alpha Diagnostic), anti-EgIN3 mouse monoclonal
antibody (a generous gift from Peter Ratcliffe) (2), antitubulin mouse monoclo-
nal antibody (B-512; Sigma), anti-cyclin D1 rabbit polyclonal antibody (Ab-3;
Lab Vision), or anti-cyclin A rabbit polyclonal antibody (C-19; Santa Cruz).
Bound antibody was detected with horseradish peroxidase-conjugated goat anti-
rabbit or goat anti-mouse antibody (Pierce) and SuperSignal West Pico or Dura
chemiluminescent substrate (Pierce).

Microarray experiments. Total RNA was isolated using an RNeasy Mini Kit
with on-column DNase digestion (QIAGEN). The method for processing total
RNA for hybridization to microarrays containing approximately 25,000 oligonu-
cleotides has been previously described in detail (29). Ratio hybridizations were
generated by performing a fluorescent label reversal of the RNA to eliminate dye
bias. RNA from cells expressing mutated pVHL was hybridized against RNA
from cells expressing wild-type pVHL or empty vector controls. The microarrays
used in the experiments were purchased from Agilent Technologies. The error
models for data processing have been previously described (29). Data were
analyzed using Rosetta Resolver, version 6.0, software.

We clustered experiments by a rank order and clustered a subset of ~270
consensus pVHL-regulated genes (significantly regulated [P value of 0.01] in two
of three experiments comparing cells infected with retrovirus encoding wild-type
pVHL with cells infected with empty vector) using an agglomerative method. We
then compared the regulation of these genes by pVHL with the mutation YOSH
or Y112H [yielding pVHL(Y98H) or pVHL(Y112H), respectively] relative to
wild-type pVHL to their regulation by the corresponding asparagine mutants. A
Wilcoxon signed-rank test was used to determine the significance of the differ-
ences between histidine and asparagine mutants in their regulation of this cluster
of genes.

Luciferase reporter assays. Cells grown in 12-well tissue culture plates were
transfected with 0.4 wg of 3XHRE-Luc and 4 ng of pRL-CMV-Renilla (Pro-
mega) using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Six hours later cells were incubated under normoxic or hypoxic
conditions for 18 h, and luciferase values were measured with a Dual Luciferase
Assay System (Promega) according to the manufacturer’s instructions using a
luminometer (Berthold Technologies). Firefly luciferase values were normalized
to Renilla luciferase.

In vitro proliferation assays. In vitro cell proliferation assays were performed
using a Cell Proliferation Kit II (XTT) (Roche Diagnostics) according to the
manufacturer’s instructions. Briefly, approximately 1,000 cells were seeded per
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well in 96-well plates and grown under the cell culture conditions described
above. At the indicated time points, XTT labeling reagent/electron coupling
reagent was added to the cells. Four hours later the spectrophotometrical ab-
sorbance at 450 nm was measured using a microtiter plate reader (Perkin Elmer
Life and Analytical Science).

Three-dimensional multicellular spheroid culture. Multicellular spheroids
were prepared as previously described (51). Briefly, 10° cells were seeded per
well in 24-well tissue culture plates that were precoated with 250 wl of 1%
SeaPlaque agarose (Cambrex Bio Science Rockland, Inc.) in DMEM. The plates
were gently swirled 30 times before they were returned to the tissue incubator.
Half of the medium was replaced with fresh medium after 3 to 4 days. Pictures
of spheroids were taken using a phase-contrast microscope (X 100 magnification)
after 7 days of growth.

Fluorescence-activated cell sorter analysis. Cells were plated at low density
(2 X 10° cells per 15-cm plate) and incubated overnight. Cells were either grown
for another 48 h before bromodeoxyuridine (BrdU) labeling or were washed with
phosphate-buffered saline and incubated in DMEM supplemented with 1%
insulin-transferin-selenium (Gibco) for 72 h. The cells were incubated with 10
M BrdU (Sigma) for 2 h, trypsinized, washed, and fixed in 75% ethanol. Fixed
cells were then stained with a fluorescein isothiocyanate- or a phycoerythrin-
conjugated anti-BrdU antibody (BD Bioscience) according to the manufacturer’s
instructions. Stained cells were suspended in phosphate-buffered saline contain-
ing 5 pg/ml of propidium iodide (for samples stained with fluorescein isothio-
cyanate-conjugated anti-BrdU; Roche), or 0.25 pg/ml of 7-aminoactinomycin D
for samples stained with phycoerythrin-conjugated anti-BrdU; BD Bioscience).
Cells were analyzed on a fluorescence-activated cell sorter (FACScan; Becton
Dickinson) using CellQuest software.

Nude mouse xenograft assays. Subcutaneous nude mice xenograft assays were
performed as previously described (30). Briefly, 107 viable cells, as determined by
trypan blue staining, were injected subcutaneously into the flanks of nude mice.
The mice were sacrificed 7 to 8 weeks postinjection, and tumors were excised and
weighed. Results are presented as mean * standard error of the mean. Results
were evaluated statistically using a two-sided Mann-Whitney Wilcoxon test.

Orthotopic xenograft was performed essentially as described previously (1, 20,
59). Mice were anesthetized with ketamine hydrochloride and xylazine (Xyla-
Ject). A 1-cm incision was made along the right flank of the mouse. After the
right kidney was exposed, 2 X 10° viable cells were injected near the lower pole
into the renal parenchyma. Wounds were closed with absorbable suture, and
subsequent renal tumors were monitored by palpation. The mice were sacri-
ficed 9 to 11 weeks after injection as specified in figure legends. Tumor mass
was calculated by subtracting the mass of the left kidney (normal) from the
mass of the right kidney (implanted with tumor). If the tumor xenograft mass
was small and the left kidney was slightly heavier than the right, the mass of
the tumor was recorded as zero. The presence or absence of tumors was
confirmed histologically after hematoxylin and eosin staining. Results are
presented as mean * standard error of the mean. Results were evaluated
statistically using a ¢ test.

RESULTS

Type 2A and 2B pVHL mutants differentially regulate HIF .
We infected 786-O and RCC4 VHL '~ human renal carci-
noma cells with retroviral vectors encoding selected type 2A
and type 2B pVHL mutants in an effort to understand the
differential risk of RCC linked to type 2A and type 2B germ
line VHL mutations. As controls, cells were infected with a
vector encoding wild-type pVHL (VHL), an empty retrovirus
(vector), or a retrovirus encoding a truncated, presumably null,
pVHL mutant encompassing residues 1 to 115 [pVHL(1-115)].
For some experiments we also infected 786-O cells to produce
pVHL(L188V), which is a canonical type 2C pVHL mutant (7,
25, 26). Type 2C mutants are associated with an increased risk
of pheochromocytoma but a low risk of RCC and a low risk of
hemangioblastomas. All the mutants were tagged at their N
termini with an influenza HA epitope, and the retroviruses
contained a puromycin resistance cassette. Successfully in-
fected cells were selected in puromycin-containing medium
and maintained as polyclonal pools.
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786-O cells produce exclusive HIF2a whereas RCC4 cells
produce both HIFla and HIF2a (57). As expected, HIFa
protein levels were suppressed by wild-type pVHL but not
by pVHL(1-115) under normoxic conditions (Fig. 1A and B).
pVHL(1-115) lacks an intact alpha and beta domain and also
accumulated to much lower levels than did wild-type pVHL,
probably because it is unstable (71). Notably, type 2A pVHL
mutants also suppressed the levels of HIFa and the HIF-
responsive gene products Glutl and cyclin D1, nearly as well as
wild-type pVHL (Fig. 1A to C; see also Fig. S1 in the supple-
mental material). The pVHL levels achieved by retroviral in-
fection were ~10-fold higher than the levels of endogenous
pVHL observed in a variety of human cell lines (data not
shown), and it is therefore possible that the type 2A defect with
respect to HIF regulation would be more pronounced at phys-
iological pVHL concentrations. Nonetheless, type 2A and type
2B mutants demonstrably differed in these assays because
HIF«a and its targets were clearly elevated in cells producing
type 2B mutants, despite their overproduction, relative to wild-
type pVHL controls.

These results suggested that type 2A and type 2B mutants
differ quantitatively with respect to HIFa regulation. To ex-
plore this further, 786-O cells producing different pVHL mu-
tants were transfected with a firefly luciferase reporter plasmid
containing three HREs upstream of a minimal thymidine ki-
nase promoter along with a Renilla luciferase control plasmid.
Firefly luciferase values, normalized to Renilla luciferase, were
determined 18 h later after growth in 1% (hypoxia) or 21%
(normoxia) oxygen (Fig. 1D). As expected, normalized lucif-
erase values were suppressed by wild-type pVHL and pVHL
(L188V), especially under normoxic conditions, compared to
cells infected with an empty retrovirus or the virus encoding
pVHL(1-115). In keeping with the immunoblotting data, type
2A mutants more effectively suppressed HIF-dependent tran-
scription than did type 2B mutants.

Type 2B pVHL mutants, unlike type 2A mutants, fail to
promote cell cycle exit by VHL ™'~ renal carcinoma cells upon
serum withdrawal. Restoration of wild-type pVHL function in
VHL ™'~ human renal carcinoma cells does not affect prolifer-
ation in serum-rich medium but does promote cell cycle exit
under low-serum conditions and promotes differentiation in
spheroid growth assays (12, 14, 22, 51, 63, 74). In keeping with
the former, none of the mutants tested here affected 786-O
cell proliferation under standard culture conditions (Fig.
2A). Under low-serum conditions, however, cells producing
type 2B pVHL mutants were more defective than cells pro-
ducing type 2A pVHL mutants with respect to their ability
to exit the cell cycle, with type 2A cells more closely resem-
bling cells producing wild-type pVHL (Fig. 2B). Failure of
type 2B cells to exit the cell cycle correlated with increased
levels of cyclin D1 and cyclin A (Fig. 2C). Likewise, cyclin
D1 levels in RCC4 cells grown under low-serum conditions
were higher in cells producing type 2B mutants than in cells
producing type 2A mutants (see Fig. S2 in the supplemental
material).

Type 2A and type 2B pVHL mutants differ in spheroid
growth assays. VHL '~ RCC cells form compact, featureless,
spheroids when grown under conditions that foster three-di-
mensional growth. In contrast, VHL '~ RCC cells ectopically
producing wild-type pVHL form looser aggregates when
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FIG. 1. Differential regulation of HIFa and HIF target genes by type 2A and type 2B pVHL mutants. (A to C) Immunoblot analysis of 786-O
(A and C) and RCC4 (B) renal carcinoma cells infected with retroviruses encoding the indicated HA-tagged pVHL variants or with the empty
vector. For panel C cells were grown under hypoxic (H; 1% oxygen) or normoxic (N; 21% oxygen) conditions. (D) Firefly luciferase values,
normalized to Renilla luciferase values, for 786-O cells infected with retroviruses encoding the indicated VHL proteins or with empty vector. Cells
were transiently transfected with an HIF-responsive firefly luciferase reporter plasmid and a Renilla luciferase control plasmid and grown in the
presence of 21% or 1% O, for 24 h prior to analysis. RLU, relative light units; IB, immunoblot.

grown under such conditions and assume epithelial character-
istics (51). We repeated these assays with cells producing
type 2A or type 2B pVHL mutants (Fig. 2D; see also Fig. S3
in the supplemental material). The spheroids producing the
type 2A pVHL mutants more closely resembled the sphe-
roids formed by cells infected to produce wild-type pVHL
than did the spheroids formed by cells producing type 2B
pVHL mutants. Therefore, type 2A and type 2B mutants
differ in two in vitro assays of pVHL functions that probably
contribute to pVHL’s ability to suppress tumor growth in
vivo (51, 63).

Global gene expression profiles of type 2A and 2B pVHL
mutants reveal quantitative differences. Replacement of
pVHL residues Y98 or Y112 with histidine creates a type 2A
mutant while replacement of Y98 or Y112 with asparagine
creates a type 2B mutant (25). We reasoned that paired mu-
tants affecting the same pVHL residue should be particularly
informative with respect to understanding the differential risk
of renal carcinoma linked to type 2A and type 2B VHL muta-
tions. Toward this end, mRNA was harvested from 786-O cells
infected with an empty retrovirus or the retroviruses encoding
wild-type pVHL, pVHL(Y98H), pVHL(Y98N), pVHL(Y112H),
or pVHL(Y112N) and subjected to microarray analysis. The
genes regulated by pVHL(Y98H) were highly similar to those
regulated by pVHL(Y98N) and therefore fall along the diagonal
in Fig. 3A. pVHL(Y98H), as expected, more closely resembled
wild-type pVHL than did pVHL(Y98N) (Fig. 3B). In particular,
a subset of HIF target gene mRNAs, such as EGLN3, VEGF, and
SLC241 (GLUTI) mRNAs, were increased in cells producing

pVHL(Y98N) relative to cells producing pVHL(Y98H) (Fig. 3A,
B, and E). Similar results were obtained when pVHL(Y112H)
was compared to pVHL(Y112N) (Fig. 3C to E). The increased
expression of pVHL target genes in cells producing pVHL
(Y98N) or pVHL(Y112N) (relative to cells producing wild-type
pVHL) was significantly greater (P < 1077 and P < 1078, re-
spectively) than observed in cells producing the corresponding
histidine mutants. These results strengthen the contention that
type 2A pVHL mutants are less defective with respect to the
regulation of HIF and HIF-responsive genes than type 2B pVHL
mutants.

Type 2A pVHL mutants suppress renal carcinoma growth in
vivo more effectively than do type 2B pVHL mutants. Next,
786-0O cells producing either pVHL(Y98H) or pVHL(Y98N)
were injected subcutaneously into the opposite flanks of nude
mice to determine their ability to form tumors in vivo. Eight
weeks later the animals were sacrificed, and the resulting tu-
mors were excised and weighed. Similar experiments were con-
ducted with cells producing pVHL(Y112H) or pVHL(Y112N).
Although biological assays of this type are subject to varia-
tion, cells producing the type 2B mutants formed tumors
that were significantly larger (P < 0.05) than their type 2A
counterparts (Fig. 4A and B). Therefore, the differential
risk of renal carcinoma linked to these mutations in humans
is reflected, at least qualitatively, in nude mouse xenograft
assays.

The differences observed in the nude mouse assays between
type 2A and type 2B mutants, although statistically significant,
were not as striking as the different risks of renal carcinoma
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FIG. 2. Proliferation of 786-O cells expressing type 2A or type 2B pVHL mutants in vitro. (A) Optical density (OD) at 450 nm, which reflects viable
cell number, of 786-O cells stably infected with retroviruses encoding the indicated pVHL variants and maintained in 10% fetal bovine serum. Standard
deviation is <0.2 for all data points. (B and C) BrdU incorporation and immunoblot (IB) analysis of 786-O cells stably infected with retroviruses encoding
the indicated pVHL variants and maintained in DMEM containing 10% fetal bovine serum (10% FBS) or in DMEM supplemented with 1%
insulin-transferrin-selenium (1% ITS) for 72 h prior to BrdU pulse for 2 h. Error bars in panel B indicate the standard deviations. (D) Multicellular
spheroids formed by 786-O cells stably infected with retroviruses encoding the indicated pVHL variants. Spheroids were photographed (magnification,
X100) after 7 days of growth. Note that cells producing type 2B mutants form dense cell spheroids similar to those formed by the vector control cells
or the cells expressing pVHL(1-115), a type I mutant. Cells producing wild-type pVHL or type 2A mutants form loose spheroids.

observed in humans bearing these mutations. This might,
among several possibilities, reflect the fact that the subcutane-
ous space in nude mouse does not recapitulate the microenvi-
ronment in which pVHL-defective renal carcinoma cells arise
in humans. In an attempt to more faithfully model human
renal carcinogenesis, 786-O cells producing the different Y98

and Y112 mutants were grown orthotopically in the kidneys of
nude mice. Tumors were examined at necropsy approximately
11 weeks later. YO8N- and Y112N-producing cells formed
large tumors that were approximately fourfold larger, by mass,
than the tumors formed by cells producing the corresponding
type 2A mutants (Fig. 4C and D). It therefore appears that the
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FIG. 4. Type 2B pVHL mutants display higher tumorigenic potential
in nude mice than type 2A mutants. (A and B) Masses of tumors formed
by 786-O cells stably infected with retroviruses encoding the indicated
pVHL variants 8 weeks after subcutaneous injection in nude mice. Each
mouse was injected with cells producing a type 2A mutant or the corre-
sponding type 2B mutant on opposite flanks. The number of tumors
analyzed is indicated in parentheses. Error bars are 1 standard error of the
mean (P < 0.05). (C) Calculated masses of tumors formed by 786-O cells
stably infected with retroviruses encoding the indicated pVHL variants 11
weeks after intraparenchymal renal injection in nude mice. The presence
of tumor cells was confirmed by hematoxylin and eosin staining. The
tumor mass was calculated by subtracting the mass of the left kidney
(normal) from the mass of the right kidney (implanted with tumor).
Numbers in parentheses indicate the number of animals with tumors
divided by number of animals injected. Error bars are 1 standard error of
the mean (P < 0.05). (D) Representative photographs of injected and
control kidneys from panel C.
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orthotopic model is a more powerful model for discriminating
between pVHL mutants associated with different risks of renal
cancer in humans.

Differences in HIF2« levels observed in cells producing type
2A versus type 2B pVHL mutants play a causal role in tumor-
igenesis. We previously showed that inhibition of HIF2a is
both necessary and sufficient for pVHL-mediated suppression
of renal carcinoma growth in nude mouse assays (47, 48).
Therefore, it is likely that the observed differences between the
type 2A and type 2B mutants with respect to HIF regulation
are responsible for the differences we observed in the nude
mouse assays. Nonetheless, one could still argue that HIF is a
marker for the relative structural integrity of the type 2A and
type 2B mutants and that an HIF-independent pVHL function
contributes to the differential risk of renal carcinoma ascribed
to type 2A and type 2B mutants. To begin to address this we
experimentally manipulated HIF2a levels in cells producing
the Y98 and Y112 pVHL mutants.

First, we infected 786-O cells producing pVHL Y98H or
Y112H with a retrovirus encoding a HIF2« variant lacking
both prolyl hydroxylation sites (HIF2a dPA, lacking Pro405
and Pro531). This mutant escapes recognition by pVHL but
retains the ability to activate HIF target genes (47, 48). As
expected, HIF2a levels in the infected cells now exceeded
those observed in cells producing Y98N or Y112N and led to
increased accumulation of HIF-responsive gene products such
as cyclin D1 and EgIN3 (Fig. 5A) (3, 13, 65, 69). HIF2a dPA
did not affect cell proliferation under serum-rich conditions in
vitro (Fig. 5B) but did interfere with cell cycle exit upon serum
starvation, such that the type 2A cells producing HIF2a dPA
more closely resembled cells producing the corresponding type
2B pVHL mutant (Fig. 5C). Likewise, type 2A cells producing
HIF2o dPA now more closely resembled type 2B cells with
respect to their ability to form tumors in subcutaneous (Fig. 5D
and E) and orthotopic (Fig. 5F and G) xenograft assays in nude
mouse.

In a reciprocal set of experiments, HIF2a levels were de-
creased in 786-O cells producing pVHL(Y98N) or pVHL
(Y112N) using shRNA technology (47). Infection of cells with
either of two retroviruses encoding different siRNAs targeting
HIF2a [shHIF2a(#2)and shHIF2«(#3)], but not a control
virus targeting luciferase, led to decreased HIF2a levels and
decreased expression of the canonical HIF target EgIN3 (Fig.
6A). Downregulation of HIF2a did not affect cell growth un-
der serum-rich conditions (Fig. 6B). In contrast, downregula-
tion of HIF2a promoted the cell cycle exit upon serum with-

FIG. 3. Type 2B mutants have decreased ability to regulate VHL-regulated genes relative to type 2A mutants. (A and B) Comparison of genes
regulated by Y98N versus empty vector (y axis) to genes regulated by YO8H versus empty vector (x axis) in 786-O cells (A). Y98N and Y98H have
similar effects (hence, most genes lie along diagonal). However, some genes (examples in red font) are repressed more effectively by YO8H than
Y98N (therefore, above the diagonal in the lower-left quadrant). This is easier to see in panel B, where YO8H and Y98N are compared to wild-type
pVHL to accentuate differences between these two mutants. Genes represented by green plus signs are deregulated in YO8N much more than in
YO98H cells. Data shown are representative of two independent experiments. (C and D) Analysis of genes regulated by pVHL(Y112H) or pVHL
(Y112N) as in panels A and B. (E) One-dimensional clustering of 786-O cells expressing wild-type pVHL compared to 786-O empty vector cells
(top row) or compared to cells producing VHL2A (Y98H and Y112H) or VHL2B (Y98N and Y112N) mutants (bottom four rows) using Rosetta
Resolver software. A gene set of consensus pVHL-regulated genes (approximately 270 genes) was used to perform the analysis. The gene set was
compiled by requiring a gene to be significantly regulated (P value of <0.01) in two of three experiments comparing 786-O cells expressing
wild-type pVHL to empty vector cells. In the upper rows of both panels, genes repressed by pVHL are in blue. These genes are more upregulated
(yellow) in cells producing 2B mutants than in cells producing 2A mutants when 2A and 2B mutants are compared to wild-type pVHL.
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FIG. 5. Stabilizing HIF2a promotes tumor growth by 786-O cells producing type 2A pVHL mutants in vivo. (A) Immunoblot (IB) analysis of
786-0 renal carcinoma cells infected with retroviruses encoding the indicated HA-tagged pVHL proteins or with the empty vector (Vector). Where
indicated, cells were also infected with a second virus encoding HIF2a dPA (P405A/P531A) or with the corresponding empty virus (Vector*).
(B) Optical density (OD) at 450 nm, which reflects viable cell number, of 786-O cells studied in panel A and maintained in 10% fetal bovine serum.
The standard deviation is <0.2 for all data points. (C) BrdU incorporation of 786-O cells stably infected with retroviruses as in panel A and
maintained in serum-free DMEM supplemented with 1% insulin-transferrin-selenium (1% ITS) for 72 h prior to BrdU pulse for 2 h. Error bars
indicate standard deviations. (D and E) Masses of tumors formed by 786-O cells stably infected with retroviruses as in panel A 8 weeks after
subcutaneous injection in nude mice. Each mouse was injected with the corresponding empty virus (Vector*) or HIF2a dPA cells on opposite
flanks. The number of tumors analyzed is indicated in parentheses. Error bars are 1 standard error of the mean (P < 0.05). (F and G) Calculated
masses of tumors formed by 786-O cells stably infected with retroviruses as in panel A 10 weeks (Y98H) or 9 weeks (Y112H) after intraparen-
chymal renal injection in nude mice. The presence of tumor cells was confirmed by hematoxylin and eosin staining. The tumor mass was calculated
by subtracting the mass of the left kidney (normal) from the mass of the right kidney (implanted with tumor). Numbers in parentheses indicate
the number of animals with tumors divided by number of animals injected. Error bars are 1 standard error of the mean (P < 0.05).
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FIG. 6. HIF2a downregulation in 786-O cells producing type 2B mutants results in decreased tumorigenicity in vivo. (A) Immunoblot (IB)
analysis of 786-O cells producing the indicated pVHL variants (or infected with empty vector) and subsequently infected with retroviruses
encoding shRNAs targeting HIF2«a [shHIF2a(#2) and shHIF2a(#3)] or luciferase (shLuc). (B) Optical density (OD) at 450 nm, which
reflects viable cell number, of 786-O cells studied in panel A and maintained in 10% fetal bovine serum. Standard deviation is <0.2 for all
data points. (C) BrdU incorporation of 786-O cells stably infected with retroviruses as in panel A and maintained in serum-free DMEM
supplemented with 1% insulin-transferrin-selenium (1% ITS) for 72 h prior to BrdU pulse for 2 h. Error bars indicate standard deviations.
(D and E) Masses of tumors formed by 786-O cells stably infected with retroviruses as in panel A 8 weeks after subcutaneous injection in
nude mice. Each mouse was injected with cells expressing luciferase shRNA or HIF2a shRNA on opposite flanks. The number of tumors
analyzed is indicated in parentheses. Error bars indicate 1 standard error of the mean (P < 0.05). (F) Calculated masses of tumors formed
by 786-0O cells stably infected with a retrovirus encoding pVHL(Y112N) and the indicated shRNA retrovirus 10 weeks after intraparenchymal
renal injection in nude mice. The presence of tumor cells was confirmed by hematoxylin and eosin staining. The tumor mass was calculated
by subtracting the mass of the left kidney (normal) from the mass of the right kidney (implanted with tumor). Numbers in parentheses
indicate the number of animals with tumors divided by the number of animals injected. Error bars indicate 1 standard error of the mean (P <
0.05).

drawal (Fig. 6C), such that the type 2B cells now behaved of HIF2a in Y112N cells diminished tumor growth in ortho-
similarly to the cells producing the corresponding type 2A topic assays (Fig. 6F). Therefore, differences in HIF regulation
mutants, and downregulation of HIF2a suppressed tumor for- cause, and do not merely correlate with, the observed differ-
mation in vivo when cells were planted subcutaneously in the ences between cells producing type 2A and type 2B pVHL
flanks of nude mice (Fig. 6D and E). Likewise, downregulation mutants with respect to tumor formation in vivo.
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DISCUSSION

Genotype-phenotype correlations have emerged with re-
spect to the organ-specific risk of tumor development in VHL
disease. In the present study we focused on potential explana-
tions for the different phenotypes that define type 2A and type
2B VHL disease. Type 2A disease is characterized by a low risk
of renal carcinoma, and type 2B disease is characterized by a
high risk of renal carcinoma. We found that type 2A mutants
are less defective than type 2B pVHL mutants with respect to
downregulation of the canonical pVHL target HIFa when
reintroduced into VHL ™/~ cells, in keeping with the recent
report that type 2A mutants bind to HIFa with higher affinity
than type 2B mutants in vitro (46). VHL '~ renal carcinoma
cells engineered to produce type 2B mutants produced larger
tumors than cells producing type 2A mutants. Downregulation
of HIF2« in the former reduced tumor growth while a stabi-
lized version of HIF2a promoted tumor growth by the latter.
Gene expression profiling confirmed quantitative differences
between type 2A mutants and type 2B mutants related to the
regulation of HIF target genes and did not reveal substantial
qualitative differences. Collectively, these results suggest that
quantitative differences with respect to HIF deregulation are
the basis of the differential risk of renal carcinoma linked to
type 2A and type 2B mutants. While type 2A and type 2B
mutants might also differ with respect to HIF-independent
functions, one need not invoke such differences to explain their
different risks of renal carcinoma in humans.

Over 50% of sporadic clear cell renal carcinomas are char-
acterized by pVHL inactivation (43). The present study adds to
the mounting evidence implicating deregulation of HIF in the
development of pVHL-defective renal carcinoma. Stabilized
versions of HIF2«, such as the one used here, can prevent
pVHL from suppressing the growth of VHL ™'~ renal carci-
noma cells in vivo, as can peptides that bind to the pVHL
HIF-binding domain (47, 48, 55). Conversely, elimination of
HIF2a using shRNA technology is sufficient to suppress
VHL ™'~ tumor growth (47, 79). HIF activates a number of
genes implicated in renal carcinogenesis including VEGF,
PDGF, and TGFA (38). In addition, increased HIF indirectly
downregulates molecules such as E-cadherin, thereby promot-
ing an epithelial to mesenchymal transition (18, 19, 49). Nota-
bly, agents that indirectly downregulate HIF, such as the mam-
malian target of rapamycin inhibitor CCI-779, or that interfere
with signaling by VEGF and PDGF, such as the drugs sor-
afenib and sunitinib, have been proven to delay tumor progres-
sion in phase III kidney cancer trials (8, 28).

A critical role for HIF in pVHL-defective tumor develop-
ment is also supported by mouse models. VHL™*'~ mice, in
contrast to their human counterparts, spontaneously develop
liver pathology and not kidney cancer (23, 53). In a recent
study, expressing stabilized versions of HIFla and HIF2« in
mouse liver induced changes that were indistinguishable from
those observed following conditional inactivation of VHL (44).
At the same time, elimination of the HIFa heterodimeric part-
ner HIF1B prevented the development of pathology after VHL
inactivation in the mouse liver (67).

Given the above, why do patients with type 2A mutations,
like those with type 2B mutations, display an increased risk of
both hemangioblastoma and pheochromocytoma? In the case

MoL. CELL. BIOL.

TABLE 1. Characteristics of different types of VHL disease

Type of VHL o ion type Tumor type Relative amt
disease HB RCC Pheo of HIF
1 Deletion, nonsense,  + + - T 17
missense
2B Missense + + + T 1
2A Missense + - + 1
2C Missense - - + ~Normal

“ HB, hemangioblastomas; Pheo, pheochromocytoma.

of hemangioblastoma, deregulation of HIF almost certainly
plays a contributory role in tumorigenesis (36, 43). These are
highly vascular tumors that characteristically overproduce
VEGF, and deregulated VEGF expression in mouse models
cause the development of hemangioblastoma-like lesions (4).
We hypothesize that lower levels of HIF are required to pro-
mote hemangioblastoma development than are required to
promote renal tumorigenesis. In this model, HIF levels asso-
ciated with type 2A mutants exceed the threshold required for
hemangioblastoma development but not the threshold re-
quired for kidney cancer development. It should be noted that
cells producing type 2A pVHL mutants at physiological levels
would probably display even higher levels of HIF than docu-
mented here since overproducing these mutants would poten-
tially compensate for their decreased binding affinity for HIF.

Pheochromocytomas (intra-adrenal paragangliomas) and
extra-adrenal paragangliomas are derived from the same pre-
cursors that give rise to the sympathetic nervous system and
also display increased levels of HIF (11, 66, 73). However,
some VHL families present as familial pheochromocytoma
without the other stigmata of VHL disease (type 2C disease).
When tested, the VHL alleles linked to type 2C disease, such as
L188V, are seemingly wild type with respect to HIF deregula-
tion (7, 26). This suggests that even very subtle HIF defects are
sufficient to promote pheochromocytoma or that pheochromo-
cytoma development is a manifestation of a HIF-independent
pVHL function. In this regard, we recently showed that type
2C pVHL mutants are defective with respect to HIF-indepen-
dent regulation of atypical protein kinase C and JunB, which is
capable of blocking neuronal apoptosis when growth factors
such as nerve growth factor become limiting (50). Moreover,
this process would predictably be altered by the other genes
linked to familial paraganglioma syndromes (50). In addition,
we found that the HIF-responsive gene product EgIN3 pro-
motes neuronal apoptosis, perhaps accounting for the low risk
of pheochromocytoma in patients with null VHL alleles (type
1) (50).

Based on these findings and previous work, we suggest that
quantitative differences with respect to HIF regulation are the
major determinant of the genotype-phenotype correlations in
VHL disease. Mutations that measurably deregulate HIF
cause hemangioblastoma (as seen in type 1, 2A, and 2B dis-
ease) (Table 1). A higher amount of HIF is required for renal
carcinoma (as seen in type 1 and 2B disease) than for heman-
gioblastoma. Pheochromocytoma (a feature of type 2 disease)
is largely caused by deregulation of atypical protein kinase C
and JunB, perhaps with a modest contributory role for HIF in
the case of type 2A and type 2B mutations. However, exceed-
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ingly high levels of HIF, such as occur with null VHL alleles,
would prevent pheochromocytoma development (type 1). This
would explain why over 90% of VHL mutations linked to
pheochromocytoma are missense mutations, whereas gross de-
letions and truncations are linked to type 1 disease (6, 9).
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