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ABSTRACT Inactivation of the von Hippel-Lindau pro-
tein (pVHL) has been implicated in the pathogenesis of renal
carcinomas and central nervous system hemangioblastomas.
These are highly vascular tumors which overproduce angio-
genic peptides such as vascular endothelial growth factor/
vascular permeability factor (VEGF/VPF). Renal carcinoma
cells lacking wild-type pVYHL were found to produce mRNAs
encoding VEGF/VPF, the glucose transporter GLUT1, and
the platelet-derived growth factor B chain under both nor-
moxic and hypoxic conditions. Reintroduction of wild-type,
but not mutant, pVHL into these cells specifically inhibited the
production of these mRNAs under normoxic conditions, thus
restoring their previously described hypoxia-inducible profile.
Thus, pVHL appears to play a critical role in the transduction
of signals generated by changes in ambient oxygen tension.

Germ-line mutations of the von Hippel-Lindau (VHL) gene
produce a hereditary cancer syndrome characterized by the
development of renal carcinomas, retinal angiomas, central
nervous system hemangioblastomas, and pheochromocytomas
(1, 2). Tumor development in this setting is associated with
inactivation or loss of the remaining wild-type VHL allele (2).
In keeping with Knudson's model, mutation or transcriptional
silencing of both VHL alleles appears to be a common event
in sporadic renal carcinomas and cerebellar hemangioblasto-
mas (3-7).

Renal carcinomas and central nervous system hemangio-
blastomas are highly vascular tumors which overproduce an-
giogenic peptides such as vascular endothelial growth factor/
vascular permeability factor (VEGF/VPF) (8-10). Further-
more, these tumors, and pheochromocytomas, may cause
paraneoplastic erythrocytosis due to ectopic erythropoietin
production (11). These observations suggested that the VHL-
encoded protein (pVHL) might regulate the expression of
hypoxia-inducible genes such as VEGF/VPF (12, 13) and
erythropoietin (14, 15).

MATERIALS AND METHODS
Cell Culture. 786-0 renal carcinoma cells and Hep3B

human hepatoma cells were grown in Dulbecco's modified
Eagle's medium (DMEM) containing 10% defined/supple-
mented bovine calf serum (HyClone). Renal carcinoma 786-0
subclones stably transfected with pRc/CMV, pRc/CMV-
VHL(wt), and pRc/CMV-VHL(1-115) plasmids were grown
as described previously (16). Cells were grown in 100-mm
dishes in 10 ml of medium unless otherwise indicated. Cells
cultured under hypoxic conditions (5% C02/1% 02/94% N2)
were grown in an ESPEC triple gas incubator (Tabai-Espec
Corp, Osaka, Japan). All experiments were performed when
cells reached =70-90% confluence.

Northern Blot Analysis. Northern blot analysis was per-
formed essentially as described previously (12). Total RNA
was prepared using RNA STAT-60 (Tel-Test "B", Friends-
wood, TX) and isolated according to the supplier's protocol.
Total RNA (15 jig per lane) was denatured in formaldehyde,
electrophoresed in a 1% agarose gel containing 2.2 M form-
aldehyde and a trace amount of ethidium bromide, and
transferred to a GeneScreenPlus nylon filter (New England
Nuclear) using lOx standard saline citrate (1 x = 1.5 M NaCl,
0.15 M sodium citrate, pH 7.0). Human VEGF cDNA was a
gift of Judith Abraham at Scios Nova (Mountain View, CA),
human platelet-derived growth factor (PDGF) B chain cDNA
was a gift of Chuck Stiles (Dana-Farber Cancer Institue,
Boston), human GLUT1 cDNA was a gift of Barbara Kahn
(Beth Israel Hospital, Boston), human c-myc cDNA was a gift
of Chi Van Dang (Johns Hopkins Hospital, Baltimore), and
the cyclophilin cDNA was a gift of Ursula Kaiser (Brigham and
Women's Hospital, Boston).

Metabolic Labeling and Immunoprecipitation. Equal num-
bers of viable cells, as determined by trypan blue exclusion,
were plated in 100-mm dishes. Forty-eight hours later, cells
were washed twice with phosphate-buffered saline (PBS) and
once with methionine-free medium, and then grown in 4 ml of
medium containing [35S]methionine [500 ,tCi ml-1 (1 ,uCi =
37 kBq); EXPRE35S35S, New England Nuclear] for 3 or 6 hr.
Aliquots (1 ml) of supernatant were precleared by serial
passage over protein A-Sepharose. Aliquots of precleared
tissue culture supernatant containing -5 x 106 trichloroacetic
acid-precipitable cpm were incubated with 0.5 ,tg of anti-
VEGF (Santa Cruz Biotechnology) or control [anti-VHL
(R98)] affinity-purified polyclonal antibody for 1 hr with
rocking at 4°C. Immunoprecipitation with protein A-
Sepharose was as described previously (17).
VEGF/VPF Radioimmunoassay. A 1-ml sample of medium

was removed from each 100-mm dish at 1, 2, and 6 hr and
frozen at -20°C for later analysis. At the conclusion of the
experiment, all the medium was removed, the plates were
washed with PBS, and the adherent cells were scraped, pel-
leted, and frozen at -20°C. VEGF ELISA was performed on
each sample, in duplicate, using a commercially available kit
(R & D Systems) according to the manufacturer's protocol.
Error bars represent 1 SEM (three independent samples).
Protein content of the cell pellets was determined in duplicate
by using the Bradford protein assay (Bio-Rad).
VEGF Promoter Assay. VEGF promoter assays were per-

formed essentially as described previously (18). Briefly, -4 x
106 cells were electroporated with 20 ,g of a reporter plasmid
containing 1.7 kb of rat VEGF 5' flanking sequence fused
upstream of the luciferase gene. Cells from a single cuvette
were then split and grown on plastic dishes in 1% or 21%
oxygen for 18 hr prior to the determination of luciferase
activity.

Abbreviations: pVHL, von Hippel-Lindau protein; VEGF/VPF, vas-
cular endothelial growth factor/vascular permeability factor; PDGF,
platelet-derived growth factor.
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VEGF/VPF RNase Protection Assay. Cells were grown to
50% confluency and all measurements were done in triplicate
from three separate flasks. Actinomycin D (Sigma) was added
to cultures to a final concentration of 5 gg/ml. Total RNA was
isolated by the modified acid/phenol method of Chomczynski
using RNAzol (Tel-Test). Ten micrograms of RNA from each
sample was analyzed by RNase protection assay using a
VEGF165 isoform-specific riboprobe (19) and a riboprobe for
18S rRNA (Ambion) for normalization. The RNase protection
assay was performed as described previously (19) and quan-
titated by PhosphorImager (Molecular Dynamics) analysis and
IMAGE-QUANT software.

RESULTS
Renal carcinoma 786-0 cells contain a frameshift VIIL mu-
tation and fail to produce endogenous, wild-type, pVHL (16).
In a previous study, we generated multiple stable, indepen-
dent, 786-0 subclones producing hemagglutinin-tagged wild-
type pVHL [HA-pVHL(wt)] or HA-pVHL(1-115) (16). The
latter is a C-terminal truncation mutant lacking residues which
are frequently altered or deleted by tumor-derived VIL
mutations. The introduction of HA-VHL(wt) into 786-0 cells
had no apparent effect on their growth in vitro but dramatically
inhibited their growth as tumors in nude mice (16).
The 786-0 cells, as well as 786-0 cells producing HA-

pVHL(1-115), produced high levels of VEGF/VPF mRNA
under both hypoxic (1% 02) and normoxic (21% 02) condi-
tions as determined by Northern blot analysis (Fig. 1). In
contrast, the presence of HA-VHL(wt) inhibited VEGF
mRNA production under normoxic, but not hypoxic, condi-
tions (Fig. 1). Comparable loading of RNA in each lane was
confirmed by ethidium bromide staining. Wild-type pVHL had
similar effects on the abundance of mRNAs encoded by the
hypoxia-inducible GLUT1 glucose transporter (20-22) and
PDGF B-chain genes (23) (Fig. 1). Thus, reintroduction of
wild-type pVHL restored the hypoxia-inducible pattern de-
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scribed previously for these mRNAs in a variety of cell types,
such as the Hep3B cells used as a control in this experiment
(Fig. 1) (14, 15). In contrast, the presence or absence of
wild-type pVHL had no apparent effect on the expression of
constitutively transcribed mRNAs, such as cyclophilin and
actin mRNAs, or on the expression of the cell-growth-
regulated c-mycmRNA (Fig: 1). As is typical of many mRNAs,
the abundance of the cyclophilin mRNA was somewhat di-
minished under hypoxic conditions in a VHL-independent
manner (Fig. 1 and C.J., A.P.L., and M.A.G., unpublished
data). Erythropoietin mRNA was not detected in 786-0 cells,
under either normoxic or hypoxic conditions, by Northern
blotting and RNase protection assays (C.J., A.P.L., and
M.A.G., unpublished data). Paraneoplastic erythrocytosis oc-
curs in only 1-5% of renal carcinomas (11).
To ask whether the differences in VEGF/VPF mRNA

abundance observed under normoxic conditions were manifest
at the protein level,. 786-0 subclones producing wild-type or
mutant HA-pVHL were metabolically labeled with [35S]me-
thionine under normoxic conditions. Newly synthesized
VEGF/VPF was assayed by immunoprecipitation of tissue
culture supernatants followed by gel electrophoresis and au-
toradiography (Fig. 2). The presence of wild-type HA-pVHL
inhibited VEGF/VPF secretion in this assay, although it did
not have a global effect on protein secretion as determined by
the amount of trichloroacetic acid-precipitable 35S present in
the tissue culture supernatants (Fig. 2 and O.I., C. Corless, A.
Kibel, and W.G.K., unpublished data). In parallel, VEGF/
VPF secretion by unlabeled 786-0 subclones was measured by
ELISA (Fig. 3). This assay also showed that the decrease in
VEGF/VPF mRNA abundance in the presence of wild-type
pVHL under normoxic conditions was associated with a
decrease in VEGF/VPF secretion.
Hypoxia regulates the production of VEGF mRNA at both

the transcriptional and posttranscriptional levels. Specifically,
hypoxia activates the HIFi transcription factor, leading to a 2-
to 5-fold increase in VEGF/VPF transcription (18, 25, 26). In
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FIG. 1. Regulation of hypoxia-inducible gene expression by pVHL. Hep3B human hepatoma cells, 786-0 renal carcinoma cells, and 786-0
subclones stably transfected with mammalian expression plasmids encoding pVHL(wt) (cell lines WT-2, WT-7, and WT- 8) or pVHL(1-115) (cell
line ARZ-1) (16), or with the backbone expression plasmid pRc-CMV (cell line pRC-9) (16), were grown in the presence of 1% or 21% oxygen.
Total RNA was isolated 24 (A) or 37 (B) hr later and analyzed by Northern blotting using the indicated probes. Comparable loading of RNA was
confirmed by ethidium bromide staining.
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FIG. 2. Detection of newly synthesized VEGF protein in renal
carcinoma cell culture supernatants. Renal carcinoma 786-0 clonal
cell lines stably transfected with mammalian expression plasmids
encoding pVHL(wt) or pVHL(1-115) (WT-8 and ARZ-4, respec-
tively) (16) or with the backbone expression plasmid pRc-CMV
(pRC-9) (16) were grown in the presence of 21% oxygen and meta-
bolically labeled with [35S]methionine. Three (lanes 1, 2, 5, 6, 9, and
10) and 6 (lanes 3, 4, 7, 8, 11, and 12) hr later, aliquots of tissue culture
supernatant were removed and immunoprecipitated with affinity-
purified polyclonal anti-VEGF or anti-VHL (control) sera. Immuno-
precipitates were analyzed by SDS/15%PAGE and were detected by
autoradiography. Secreted VEGF/VPF migrates as a family of
polypeptides due to alternative splicing and posttranslational modifi-
cation (24).

addition, the half life of the VEGF/VPF mRNA, which under
normoxic conditions is 30-45 min, is increased 3- to 10-fold by
hypoxia (22, 25, 27-29). To determine whether the effect of
pVHL on VEGF mRNA abundance was transcriptional, post-
transcriptional, or both, additional experiments were per-
formed. In the first set of experiments, 786-0 clones which did
or did not produce exogenous wild-type pVHL were trans-
fected with a reporter plasmid containing approximately 1.7 kb
of VEGF/VPF 5' flanking sequence fused to a luciferase
cDNA (18). The reporter plasmid used in these studies con-
tains the hypoxia-responsive 5' regulatory elements, including
the HIF1 binding site, which have been identified to date in the
VEGF/VPF gene (18). Following transfection the cell cultures
were split and cultured under normoxic or hypoxic conditions.
The presence ofwild-type pVHL had no apparent effect on the
induction of luciferase activity by hypoxia (Fig. 4A4). In addition,
nuclear run-on experiments performed to date have failed to
detect an effect of wild-type pVHL on VEGF/VPF transcription
under normoxic conditions (ref. 30 and O.I., C. Corless, A. Kibel,
and W.G.K., unpublished data). These observations, taken to-
gether, suggested that the effect of pVHL on VEGF/VPF
mRNA abundance might be posttranscriptional.
To address this possibility, parental 786-0 cells and a 786-0

subclone producing wild-type, exogenous, pVHL (WT-8) were

grown under normoxic conditions. VEGF mRNA abundance
was determined by RNase protection assay at various times
following the addition of actinomycin D. At time 0, the VEGF
mRNA/18S rRNA ratio was -5-fold greater in the parental

1 hr 2 hr 6 hr

FIG. 3. Measurement of VEGF protein in renal carcinoma cell
culture supernatants. The 786-0 renal carcinoma clonal cell lines
stably transfected with a mammalian expression plasmid encoding
pVHL(wt) (WT-2, WT-7, and WT-8) (16) or with the backbone
expression plasmid pRc-CMV (pRC-9) (16) were plated in triplicate
and grown in the presence of 21% oxygen. Aliquots of tissue culture
supernatant were removed at the indicated times after media change
and VEGF concentration was determined by ELISA. At the conclu-
sion of the experiment the cells were washed, pelleted, and analyzed
for total protein content. Values shown are VEGF concentration
normalized for the amount of protein in the cell pellet.

786-0 cells than in the WT-8 cells, in keeping with the
Northern blot data shown in Fig. 1. The half-life of the VEGF
mRNA in the parental cells was -4 hr, whereas it was 1 hr
in the WT-8 cells (Fig. 4B). Thus, the effect ofpVHL on VEGF
mRNA abundance under normoxic conditions can be largely,
if not exclusively, accounted for by changes in the apparent
stability of the VEGF mRNA. In particular, the VEGFmRNA
in VHL -/- cells appears to be inappropriately stable under
normoxic conditions, with a half-life which would be typical for
hypoxic cells.

DISCUSSION
VEGF/VPF has been implicated in tumor angiogenesis and, in
model systems, inhibition of VEGF/VPF can inhibit tumori-
genesis (31-34). Our data suggest a model wherein the devel-
opment of tumors in von Hippel-Lindau disease is due, at least
in part, to loss ofpVHL function and consequent deregulation
of hypoxia-inducible genes such as those encoding VEGF/
VPF and PDGF B chain. An antiangiogenic effect of pVHL
may account for the earlier observation that pVHL inhibits
786-0 cell growth in vivo but not in vitro (16). As a corollary,
these data raise the possibility that inhibition of angiogenic
peptides such as VEGF/VPF might mimic the ability ofpVHL
to suppress tumor formation in vivo.
A frequently mutated region of pVHL (residues 157-172)

binds to elongin B and C and prevents their association with
elongin A, thus inhibiting the activity of the elongin/SIII tran-
scripitional elongation complex (35-37). How might elongin
binding play a role in the regulation of hypoxia-inducible genes
described here? One possibility is that elongin/SIlI regulates the
transcription of a gene encoding a protein which regulates the
stability of hypoxia-inducible mRNAs. Asecond possibility is that
the presence or absence of elongin/SIlI during the elongation of
hypoxia-inducible mRNAs influences their subsequent stability.
Alternatively, it is possible that the elongins directly influence
mRNA stability independent of their role in elongation. Such a
view might account for the observation that pVHL, elongin C,
and pVHL/elongin complexes are detected primarily in the
cytoplasm (ref. 16 and O.I., C. Corless, A. Kibel, and W.G.K,
unpublished data). Finally, it is possible that the regulation of
hypoxia-inducible mRNA stability by pVHL represents a previ-
ously unrecognized function unrelated to its ability to bind to
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FIG. 4. Evidence for posttranscriptional control of VEGF mRNA
abundance by pVHL. (A) Parental 786-0 renal carcinoma cells or

786-0 subclones stably transfected with a mammalian expression
plasmid encoding pVHL(wt) (WT-8) (16) or with the backbone
expression plasmid pRc-CMV (pRC-9) (16) were electroporated with
a reporter plasmid containing 1.7 kb of rat VEGF 5' flanking sequence
subcloned upstream of the luciferase gene. Cells from a single cuvette
were then split into two portions and grown on plastic dishes in 1% or

21% oxygen for 18 hr. Data shown are luciferase values for cells grown
in the presence of 1% oxygen relative to cells grown in 21% oxygen.
(B) Parental 786-0 cells or 786-0 cells stably producing wild-type
pVHL (WT-8) were grown under normoxic conditions. VEGF mRNA
and 18S rRNA levels were measured by RNase protection assay in
triplicate at the indicated times following the addition of actinomycin
D. The abundance of the VEGF mRNA at time = 0 was set to 100%
for both the 786-0 cells and WT-8 cells. Error bars indicate SEM.
Linear regression analysis was used to plot the decay in VEGF mRNA
abundance over time.

elongin B and C. If so, this observation might account for the
observation that some tumor-derived, loss of function, pVHL
mutants retain the ability, at least when overproduced, to bind to
elongin B and C (38).
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