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Mutations of the VHL tumor suppressor gene occur in patients with
VHL disease and in the majority of sporadic clear cell renal carci-
nomas (VHL2/2 RCC). Loss of VHL protein function is associated
with constitutive expression of mRNAs encoding hypoxia-induc-
ible proteins, such as vascular endothelial growth factor. Overpro-
duction of angiogenic factors might explain why VHL2/2 RCC
tumors are so highly vascularized, but whether this overproduction
is sufficient for oncogenesis still remains unknown. In this report,
we examined the activity of transforming growth factor-a (TGF-a),
another VHL-regulated growth factor. We show that TGF-a mRNA
and protein are hypoxia-inducible in VHL2/2 RCC cells expressing
reintroduced VHL. In addition to its overexpression by VHL2/2 RCC
cells, TGF-a can also act as a specific growth-stimulatory factor for
VHL2/2 RCC cells expressing reintroduced wild-type VHL, as well as
primary renal proximal tubule epithelial cells, the likely site of
origin of RCC. This role is in contrast to those of other growth
factors overexpressed by VHL2/2 RCC cells, such as vascular endo-
thelial growth factor and TGF-b1, which do not stimulate RCC cell
proliferation. A TGF-a-specific antisense oligodeoxynucleotide
blocked TGF-a production in VHL2/2 RCC cells, which led to the
dependence of those cells on exogenous growth factors to sustain
growth in culture. Growth of VHL2/2 RCC cells was also signifi-
cantly reduced by a drug that specifically inhibits the epidermal
growth factor receptor, the receptor through which TGF-a stimu-
lates proliferation. These results suggest that the generation of a
TGF-a autocrine loop as a consequence of VHL inactivation in renal
proximal tubule epithelial cells may provide the uncontrolled
growth stimulus necessary for the initiation of tumorigenesis.

VHL disease is an autosomal dominantly inherited cancer
syndrome. Inheritance of a mutated form of the VHL tumor

suppressor predisposes individuals to development of a wide
variety of tumors in target tissues such as the kidneys, central
nervous system, and retinas (1–3). Tumors arise from cells in
which the remaining wild-type copy of VHL acquires a somatic
inactivating mutation. Biallelic inactivating mutations of the
VHL gene are also found in most sporadic clear cell renal cell
carcinoma (RCC; hereafter referred to as VHL2/2 RCC cells)
(1–3), the most common malignancy of the kidney. Reintroduc-
tion of wild-type VHL protein in VHL2/2 RCC cell lines
(hereafter referred to as VHL-positive RCC cells) results in
growth suppression of tumors in nude mice (4), consistent with
the putative gatekeeper tumor suppressor function of VHL (5).

VHL is a 213-aa protein that forms a stable complex with four
other proteins, elongin B, elongin C, cullin-2, and rbx-1, a
complex that displays E3-ubiquitin ligase activity in vitro (6–9).

The a subunits of hypoxia-inducible transcription factors-1 and
-2 a (referred to as HIFa) are substrates for VHL-directed
ubiquitination and degradation (10–14). It is suggested that the
VHL complex mediates the degradation of HIFa at normal
oxygen levels (normoxia), whereas HIFa degradation is inhib-
ited in hypoxia, leading to an induction of a hypoxic response. In
VHL2/2 RCC, HIFa accumulates to high levels regardless of
oxygen concentration, causing a constitutive overexpression of
HIFa-regulated target genes such as VEGF and other angio-
genic factors. Angiogenic factors play a physiological role in the
recruitment of blood vessels, and their overexpression may well
explain why VHL2/2 RCC tumors are highly vascularized.
However, overexpression of molecules exclusively involved in
angiogenesis is unlikely to fully account for the tumorigenesis
that follows the loss of VHL function. It was recently shown that
the well-characterized VHL2/2 human RCC cell line 786-0
showed increased expression of another secreted growth and
angiogenic factor, transforming growth factor-a (TGF-a). On
reintroduction of wild-type VHL, TGF-a levels decreased, in-
dicating that TGF-a is also negatively regulated by VHL (15). An
interesting characteristic of TGF-a is that aside from its estab-
lished role in angiogenesis (16), it can also act as a specific
growth-stimulatory factor for primary renal proximal tubule
epithelial cells (RPTECs; refs. 17 and 18), which are thought to
give rise to RCC. In situ hybridization studies have revealed that
RCC tumors overexpress TGF-a mRNA compared with adja-
cent normal tissue (19–20), supporting a role for TGF-a in RCC
proliferation in vivo (21–24). We recently found that VHL2/2

RCC cells, like most cancer cells, grow even under serum-
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deprived conditions, whereas reintroduction of wild-type VHL
restored their serum-dependent growth and ability to properly
exit the cell cycle on serum withdrawal (25). However, both
VHL-positive and VHL-negative RCC cells cease to proliferate
under conditions of contact inhibition (25). These results suggest
that the overexpression of a secreted factor may be responsible
for the altered growth characteristics of VHL2/2 RCC cells.
Therefore, we hypothesized that VHL inactivation and resulting
TGF-a overproduction may be the event that confers growth
advantage on RCC cells.

To test this hypothesis, we used VHL2/2 and VHL-positive
RCC cells and tested their growth characteristics in culture and
dependence on TGF-a for proliferation. We found that TGF-a
mRNA is hypoxia-inducible in VHL-positive cells, in a manner
reminiscent of VEGF. VHL2/2 RCC cells were able to prolif-
erate in the absence of exogenous growth factors, whereas
VHL-positive RCC cells were dependent on exogenous TGF-a
for growth. VHL2/2 RCC cells grew in the absence of exogenous
growth factors but displayed a reduced ability to proliferate
when treated with an antisense oligodeoxynucleotide against
TGF-a. Growth of VHL2/2 RCC cells was also significantly
reduced by a drug that inhibits the epidermal growth factor
receptor (EGFR), the receptor through which TGF-a stimulates
growth. These results indicate that loss of VHL function and
subsequent TGF-a overexpression cause the establishment of an
autocrine TGF-ayEGFR stimulatory system leading to the
formation of RCC, providing the first link between VHL and
growth control.

Materials and Methods
Cells and Cell Culture. The human sporadic RCC cell line 786-0
contains a single mutated VHL allele predicted to encode a
truncated VHL protein (amino acids 1–104; ref. 4). 786-0 cells
were transfected with a cytomegalovirus-based expression vector
containing wild-type VHL (WT8 cells) as described elsewhere
(4). These cell lines as well as A498, another VHL2/2 RCC cell
line, were maintained in DMEM containing 10% FBS. Growth
factors (Calbiochem) were added to cell cultures at the indicated
concentrations. Primary cultures of human RPTECs (Clonetics,
San Diego) were maintained in defined medium recommended
by the supplier.

Flow Cytometry and BrdUrd Labeling. Cells were plated at low
density and incubated for at least 16 h in DMEM plus 10% FBS,
or for the primary cultures in defined growth media. Cells were
washed in PBS and incubated under various growth conditions,
as indicated. For flow cytometry, cells were incubated with 10
mM BrdUrd for the indicated time, trypsinized, washed, and
fixed in 70% ethanol at 220°C. Cells were then washed in PBS,
incubated with a solution containing an anti-BrdUrd antibody
(Roche Molecular Biochemicals) for 30 min at 37°C, washed, and
incubated with an anti-mouse secondary FITC-conjugated an-
tibody. Cells were then incubated in the presence of 50 mgyml
RNase A for 30 min at 4°C followed by incubation for 30 min with
2 mgyml propidium iodide at 4°C. Cells were analyzed with the
use of a fluorescence-activated cell sorter (FACScan) and CELL
QUEST software. In some experiments, cells were grown on
coverslips and incubated for the indicated time in the presence
of 10 mM BrdUrd. Cells were fixed in 70% ethanol in 50 mM
glycine (pH 2.0) for at least 30 min at 220°C. Cells were washed
and incubated with a solution containing an anti-BrdUrd anti-
body for 30 min at 37°C and washed and incubated with an
anti-mouse FITC-conjugated secondary antibody. Cells were
counterstained with Hoechst reagent to identify all nuclei and
the percentage of BrdUrd-labeled cells (FITC-stained cellsy
Hoechst-stained cells) was determined with a Zeiss f luorescence
microscope and digital imaging.

Antisense Oligonucleotide Experiments. Phosphorothioate-
modified 23-mer antisense oligodeoxynucleotide (59-TCCAGC-
CGAGGGGACCATTTTAC-39), targeted against the initiation
(AUG) codon of TGF-a mRNA, was as described previously
(26). A random oligodeoxynucleotide of the same base compo-
sition as the antisense (59-GATGAATTACGTAACTGGC-
CCGCCC-39) was used as a control (26). Oligodeoxynucleotides
were added at a final concentration of 12.5 mM.

Cell Hypoxia Treatment and Reverse Transcription–PCR. RCC cells
were grown on 100-mm tissue culture dishes in DMEM plus 10%
FBS in a humidified 10% CO2yroom air atmosphere. When
cultures reached '60–75% confluence, the medium was replen-
ished, and parallel cultures were either maintained in 10%
CO2yroom air or transferred to a chamber connected to a 10%
CO2y1% O2 supply tank. Cultures were maintained for an
additional 16 h, and total RNA was harvested. Total RNA (1 mg)
was used for reverse transcription with random primers and a
first-strand cDNA kit (Life Technologies, Grand Island, NY).
PCR was performed with 1 ml of the first-strand cDNA product
in a reaction volume of 50 ml. PCR reactions contained 13 PCR
buffer; 2.5 units Taq polymerase (Perkin–Elmer); 200 mM each
of dGTP, dATP, dCTP, and TTP; and 10 pmol of each primer.
TGF-a primers used to amplify a 533-bp fragment were as
follows: sense, 59-CTGCTGCCCGCCCGCCCGGTAAAAT-
GGT-39; antisense, 59-CACCTGGCCAAACTCCTCCTCT-
GGGCT-39. Amplification conditions were 95°C, 2 min; 22
cycles of 95°C, 30 s, 68°C, 1 min, 72°C, 1 min; and a final
extension of 72°C, 10 min. Primers for b-actin amplification and
reaction conditions were described previously (27). These con-
ditions were within the linear range of TGF-a and b-actin
amplification (data not shown). Products were analyzed on a 3%
NuSieve 3:1 agarose gel (FMC) and photographed on a Bio-Rad
gel documentation system.

Measurement of TGF-a Expression in Cell Lysates. VHL2/2 and
VHL-positive RCC cells were plated approaching confluence, in
DMEM and 10% FCS. After 24 h cells were washed with PBS
and maintained in DMEM and ITS (insulin, transferrin, and
selenium) for 24 h. Cells were then transferred to hypoxic
conditions (1% O2y10% CO2) or remained in normoxic condi-
tions (10% CO2 plus room air) for 24 h before harvesting
supernatants. Or VHL2/2 cells were treated with antisense or
random oligodeoxynucleotide before supernatants were har-
vested. Cells were washed, trypsinized, counted, and lysed
according to ELISA kit instructions (Calbiochem). ELISA was
performed on 100,000 cells per assay, as described in the
manufacturer’s protocol.

Tyrosine Kinase Inhibition Experiments. PD153035 (Calbiochem),
an EGFR tyrosine kinase inhibitor (28), and AG1296 (Calbio-
chem), a platelet-derived growth factor receptor and FGF
receptor tyrosine kinase inhibitor (29), were resuspended in
DMSO and added to VHL2/2 RCC cells maintained in DMEM
and ITS to achieve concentrations of 1 mM (PD153035) and 50
mM (AG1296).

Western Blot Analysis. Cells were washed with PBS and lysed in 4%
SDS in PBS, and the DNA was sheared with a 20-gauge needle.
Protein concentration was quantified with a bicinchoninic acid
assay (Pierce), and 200 mg of protein was analyzed on an
SDSy8% polyacrylamide gel. Proteins were transferred to a
poly(vinylidene difluoride) membrane (NEN). Before immuno-
detection the membrane was blocked in 3% (wtyvol) skim milk
powder (Carnation, Glendale, CA) in a 0.2% Tween PBS
solution for 1 h. Subsequently, membranes were incubated with
a polyclonal anti-HIF2 a antibody (1:1000; Novus, Littleton,
CO). After washing with 0.2% Tween PBS solution, membranes
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were incubated for 1 h with an anti-rabbit secondary anti-
body conjugated to horseradish peroxidase (1:5,000; Jackson
ImmunoResearch) and detected by enhanced chemilumines-
cence (Pierce).

Fibronectin Deposition. Detection of fibronectin deposition was
essentially as described (30). Briefly, cells were placed on
coverslips and maintained at confluency in stated conditions for
6 days. Cells were washed with PBS and fixed in 95% EtOH for
30 min at 280°C. Coverslips were air-dried at 4°C and then
bathed in PBS. The coverslips were incubated in a solution (1%
Triton, 10% FCS in PBS) containing the anti-fibronectin anti-
body (1:400; Dako) for 1 h. After washing with PBS coverslips
were incubated with anti-rabbit secondary antibody labeled with
cy3 (Jackson ImmunoResearch). Coverslips were counter-
stained with Hoecsht to identify all nuclei, and fibronectin
deposition was assessed with a fluorescence microscope.

Results
VHL acts as a negative regulator of TGF-a mRNA (15) as well
as hypoxia-inducible mRNAs such as VEGF in normoxic con-
ditions (31–33). We determined whether TGF-a mRNA and
protein could also be induced by hypoxia in VHL2/2 RCC cells
that express reintroduced wild-type VHL. TGF-a mRNA ex-
pression was evaluated by reverse transcription–PCR with RNA
isolated from 786-0 RCC cells expressing either wild type or a
mutated, nonfunctional form of VHL. Cells were grown under
either normoxic or hypoxic (1% O2) conditions for 16 h, as
described previously (32). VHL2/2 RCC cells overexpressed
TGF-a mRNA relative to VHL-positive cells in normoxic
growth conditions (Fig. 1A). TGF-a mRNA levels were elevated
in VHL-positive cells grown under hypoxic conditions to levels
similar to those of VHL2/2 RCC cells. There was a concomitant
change in TGF-a protein levels, as determined by ELISA (Fig.
1B). Therefore, TGF-a mRNA can be added to the list of
hypoxia-inducible mRNA regulated by VHL.

Exogenous TGF-a stimulates growth of RPTECs (17), which
are believed to give rise to RCC. We attempted to determine
whether the reintroduction of VHL in VHL2/2 RCC cells

restored their requirement for exogenous TGF-a for growth in
culture. VHL2/2 and VHL-positive RCC cells were grown at low
density for 24 h in media supplemented with 10% FBS, and the
cultures were washed and incubated for 0, 48, or 72 h in the
presence of medium supplemented with ITS only. Growth rates
and cell cycle profiles were measured with the use of either a
BrdUrd incorporation assay or a double labeling method that
consisted of BrdUrd incorporation and propidium iodine stain-
ing followed by flow cytometry. VHL2/2 and VHL-positive RCC
cells proliferated at similar rates when cultured in 10% FBS.
However, when incubated in ITS (insulin, transferrin, and sele-
nium) alone, VHL-positive RCC cells ceased to proliferate and
became quiescent, whereas VHL2/2 RCC cells continued to
incorporate BrdUrd and showed DNA content greater than 2N

Fig. 1. TGF-a mRNA and protein is hypoxia-inducible in VHL-positive RCC
cells. (A) Semiquantitative reverse transcription–PCR was performed with
primers specific for TGF-a or b-actin. RNA was prepared from VHL2/2 RCC cells
expressing wild-type VHL (VHL-positive) or mutated forms of VHL (VHL2/2).
Cells were grown under either normoxic conditions (10% CO2 plus room air)
or subjected to hypoxia (1% O2y10% CO2) for 16 h before harvesting of total
cellular RNA. (B) TGF-a protein production as measured by ELISA (Calbio-
chem). VHL2/2 and VHL-positive RCC cells were maintained in ITS for 24 h. Cells
were then transferred to hypoxic conditions or remained in normoxic condi-
tions for 24 h before supernatants were harvested. Cells were washed,
trypsinized, counted, and lysed according to ELISA kit instructions. Protein
concentration per 100,000 cells was then assayed. Shown is the mean of three
independent experiments; the SEM is indicated. The white box indicates that
TGF-a levels were below the detection limit. Fig. 2. Reintroduction of wild-type VHL in VHL2/2 RCC cells restores their

dependency on specific growth factors to proliferate in culture. (A) Serum
requirement for proliferation in culture of VHL2/2 and VHL-positive RCC cells
analyzed by two-dimensional flow cytometry. Cells were plated overnight in
DMEM containing 10% FBS, washed, and then incubated in DMEM supple-
mented with 0.1% FBS for 48 or 72 h. Cells were then incubated for 2 h in the
presence of 10 mM BrdUrd before fixation. Cells were prepared for two-
dimensional flow cytometry by incubation with an anti-BrdUrd antibody and
propidium iodine. Boxes indicate cell populations in S phase, and the percent-
ages of cells in S phase are indicated. Similar results were seen after ITS was
substituted for 0.1% FBS (data not shown). (B) Effects of addition of various
growth factors on quiescent VHL-positive cells. VHL-positive cells were incu-
bated for 72 h in the presence of ITS. Cells were washed and incubated for 24 h
in the presence of DMEM supplemented with ITS, ITS 1 10% FBS, and ITS with
different growth factors: TGF-a (2.0 nM; 10 ngyml), acidic FGF (0.5 nM; 10
ngyml), basic FGF (0.5 nM; 10 ngyml), EGF (2 nM; 10 ngyml), insulin-like growth
factor-1 (3 nM; 20 ngyml), platelet-derived growth factor-AB (0.5 nM; 25
ngyml), and TGF-b1 (0.5 nM; 5 ngyml), as suggested by the manufacturer
(Calbiochem). BrdUrd was added to the media 16 h before cells were analyzed
by flow cytometry. Experiments were performed two times under the condi-
tions described and one time with 5-fold higher growth factor concentrations,
which did not significantly affect the relative growth-stimulatory activity
shown here. (C) Dependence on TGF-a or EGF for RPTEC proliferation. RPTECs
were grown in reconstituted media as described by the manufacturer (Clo-
netics). Cells were grown for 48 h in the presence of EGF as provided by the
manufacturer, or EGF was replaced by TGF-a (2.0 nM; 10 ngyml) or VEGF (1 nM;
50 ngyml). A minus sign indicates cells that were grown in the absence of
exogenous growth factors. Cells were incubated for 3–4 h in the presence of
BrdUrd before fixing and staining. Error bars represent SEM.
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(Fig. 2A). We then investigated which growth factors would be
able to stimulate quiescent VHL-positive RCC cells to reenter
the cell cycle. VHL-positive RCC cells were incubated for 72 h
in media supplemented with ITS, washed, and then incubated in
medium containing ITS alone, medium supplemented with 10%
FBS, or medium supplemented with various recombinant growth
factors for an additional 24 h. ITS alone was insufficient to
stimulate quiescent VHL-positive RCC cells to incorporate
BrdUrd, whereas a maximal stimulation was observed with 10%
FBS, with approximately 80% of VHL-positive RCC cells in-
corporating BrdUrd (Fig. 2B). After 24 h of stimulation with
TGF-a approximately 60% of quiescent VHL-positive RCC cells
showed BrdUrd incorporation, representing about 75% of the
effect seen with 10% FBS. Acidic or basic FGF, as well as EGF,
was also able to stimulate proliferation of quiescent VHL-
positive RCC cells. Growth factors such as platelet-derived
growth factor-AB, insulin-like growth factor, TGF-b1, or VEGF
exhibited no detectable growth-stimulatory effect on quiescent
VHL-positive RCC cells (Fig. 2B and data not shown). The
growth factor dependence of primary RPTEC cultures was also
examined in these studies. Similar to our findings for VHL-
positive RCC cells, TGF-a and EGF, but not VEGF, stimulated
proliferation of RPTECs (Fig. 2C). No difference were observed
when dose responses were determined with the use of up to
10-fold greater levels of growth factor (data not shown). These
results demonstrate that reintroduction of wild-type VHL into
VHL2/2 RCC cells restored not only the dependence on serum
for growth in tissue culture, but also their requirement for
specific growth factors, including TGF-a.

Results presented in Fig. 2 suggest that VHL-positive RCC
cells require exogenous growth factors, including TGF-a, to
grow in culture. Because VHL2/2 RCC cells overproduce
TGF-a (but not EGF or FGF), we asked whether this overpro-
duction might explain why these cells are able to grow in culture
in the absence of serum or exogenous growth factors. Two
VHL2/2 RCC cell lines (786-0 and A-498) were grown in ITS or
10% FBS in the presence of an antisense oligodeoxynucleotide
to TGF-a, or a control, random oligodeoxynucleotide (26).
ELISA experiments revealed that treatment with the antisense
TGF-a oligodeoxynucleotide reduced levels of TGF-a overpro-
duced by VHL2/2 786-0 RCC cells to levels comparable to those
of VHL-positive cells, whereas the control oligodeoxynucleotide
had no effect (Fig. 3A). VHL2/2 786-0 and A-498 RCC cells
grown in ITS in the presence of the antisense TGF-a oligode-
oxynucleotide showed approximately a 2.2-fold and 1.8-fold
repression of proliferation after 48 h, respectively, as compared
with VHL2/2 RCC cells grown in ITS, but without addition of
oligodeoxynucleotide (Fig. 3B). A stronger growth-inhibitory
effect was observed after 72 h of incubation in ITS in the
presence of the antisense oligodeoxynucleotide. The control
oligodeoxynucleotide had no effect on the proliferation of the
VHL2/2 RCC cells grown in either ITS. Expectedly, VHL2/2

RCC cells incubated with the antisense TGF-a oligodeoxynucle-
otide in the presence of 10% FBS or purified TGF-a continued
to proliferate in a manner similar to that of cells treated with the
control oligodeoxynucleotide or untreated cells. Therefore, an-
tisense TGF-a oligodeoxynucleotide treatment induced a spe-
cific inhibition of the proliferation of VHL2/2 RCC cells when
they were grown in culture in the absence of exogenous growth
factors, an effect that was abolished on the addition of serum or
purified TGF-a (Fig. 3B). We also noticed several other striking
effects of the antisense TGF-a oligodeoxynucleotide on VHL2/2

RCC cells grown in ITS. These cells showed a flatter morphology
and survived longer than those cells incubated with the control
oligodeoxynucleotide or untreated cells (data not shown). The
most likely explanation for these findings is that the VHL2/2

RCC cells that were treated with antisense TGF-a oligode-
oxynucleotide entered quiescence and survived, whereas the

untreated or control RCC cells continued to proliferate to a
point where the growth medium was exhausted and the cells
eventually died. These observations are similar to those previ-
ously reported for VHL2/2 RCC cells expressing wild-type VHL,
which showed longer survival times in the absence of serum
compared with VHL2/2 786-0 or A-498 RCC cells (25).

TGF-a binds to the epidermal growth factor receptor (EGFR)
and subsequently stimulates growth through the activation of the
EGFR tyrosine kinase activity. Consequently, drugs that spe-
cifically inhibit EGFR tyrosine kinase activity would be pre-
dicted to have a growth-inhibitory effect on VHL2/2 RCC cells
similar to those observed with the antisense oligodeoxynucle-
otide to TGF-a. VHL2/2 786-0 and A-498 RCC cells showed
about a 2.5- to 3-fold reduction of growth in ITS in the presence
of an EGFR inhibitor compared with untreated cells (Fig. 4A).
In contrast, growth of VHL2/2 RCC cells in ITS was unaffected

Fig. 3. Effects of TGF-a antisense oligodeoxynucleotide treatment on the
growth of VHL2/2 RCC cells. (A) Effect of antisense oligonucleotide on TGF-a
protein production as measured by ELISA (Calbiochem). VHL2/2 RCC cells were
incubated for 48 h in ITS with 12.5 mM antisense oligodeoxynucleotide to
TGF-a or 12.5 mM random control oligodeoxynucleotide, as described in
Materials and Methods. Cells were washed, trypsinized, counted, and lysed
according to ELISA kit instructions. TGF-a protein concentration per 100,000
cells was then assayed. Shown is the mean of three independent experiments;
the SEM is indicated. Data for untreated VHL-positive and VHL2/2 RCC cells
incubated in ITS for 48 h are also shown. The white box indicates that TGF-a
levels were below the detection limit of the assay. (B) VHL2/2 RCC cells were
incubated for 48 or 72 h in ITS or 10% FBS with 12.5 mM antisense oligode-
oxynucleotide to TGF-a or 12.5 mM random control oligodeoxynucleotide, as
described in Materials and Methods. BrdUrd was added during the last 3 h
before analysis. Cells were then fixed and stained with anti-BrdUrd and
Hoescht reagent. Ratios of BrdUrd-positive nucleiyHoescht-stained nuclei
were compared with VHL2/2 RCC cells incubated for 48 h in ITS, but without
any oligodeoxynucleotide. Notice that the 72-h data obtained for 786-0 cells
with the antisense to TGF-a oligodeoxynucleotide (indicated with an asterisk)
are compared with 48-h untreated 786-0 cells, because there was significant
cell death for untreated 786-0 cells at 72 h. Error bars represent the SEM of
three to nine independent assays.
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by an inhibitor of platelet-derived growth factor receptor and
FGF receptor tyrosine kinase activity. VHL2/2 RCC cells
overproduce HIFa and are unable to assemble an extracellular
fibronectin matrix (30). We asked whether blocking the TGF-
ayEGFR autocrine loop with the EGFR inhibitor, which has an
effect on the growth of VHL2/2 RCC cells in ITS, would also
have an effect on these defects of VHL2/2 RCC cells. Western
blot analysis revealed that the EGFR tyrosine kinase inhibitor
did not have a significant effect on levels of HIFa in VHL2/2

786-0 RCC cells (Fig. 4B). Furthermore, the EGFR inhibitor
failed to restore the ability of these cells to produce an extra-
cellular fibronectin matrix (Fig. 4C). These results suggest that
blocking the TGF-ayEGFR growth stimulatory activity specif-
ically corrected the loss of growth control of VHL2/2 RCC cells
in low serum without correcting other defects associated with the
loss of VHL function.

Discussion
Gatekeeper tumor suppressor proteins are thought to be directly
involved in the control of cell growth or death and are likely to
be central to the tumor initiation process (5). It has been
hypothesized that VHL may exert gatekeeper function in RPT-
ECs, the cells believed to give rise to RCC (25). Progress has
been made in the understanding of VHL cellular function and its
role in the control of hypoxia-inducible factors and angiogenesis.
Although the overexpression of hypoxia-inducible genes such as
VEGF may explain the high degree of vascularization of
VHL2/2 RCC tumors, VEGF itself does not stimulate RPTEC
or RCC cell growth. Results presented here identify TGF-a as
a bona fide growth factor that confers growth advantage on RCC

cells on the loss of VHL function. Dependence on TGF-a by
primary RPTEC proliferation in culture has previously been
demonstrated (17), as has regulation of TGF-a expression by
VHL (15). We have shown here that TGF-a mRNA is hypoxia-
inducible in RCC cells reexpressing wild-type VHL, in a manner
similar to that of VEGF (31–33). It is likely that loss of normal
regulatory controls for TGF-a or VEGF expression in VHL2/2

RCC cells occurs through a common mechanism and may not
require the loss of two independent functional pathways. There-
fore, we propose a mechanism by which the loss of VHL function
causes RCC cells to undergo a constitutive hypoxia-like re-
sponse, most likely the consequence of stabilization of HIFa
(Fig. 5). This stabilization of HIFa causes the accumulation of
factors, such as VEGF and TGF-a, that would otherwise only be
induced on hypoxic conditions. Because RPTECs are sensitive
to TGF-a for proliferation, we suggest that overproduction of
TGF-a might be the event that promotes growth of RCC cells
through an autocrine TGF-ayEGFR circuit. Reintroduction of
VHL into VHL2/2 RCC cells serves to restore the requirement
for exogenous growth factors for proliferation in culture by
negatively regulating levels of TGF-a in normoxia. This effect
appears to be specific, inasmuch as TGF-a but not other growth
factors that are also regulated by VHL (e.g., VEGF, TGF-b1)
stimulated proliferation of VHL-positive RCC cells. These re-
sults also suggest that the loss of VHL function does not cause
an intrinsic cellular defect in growth control per se. Consistent
with this model is the observation that interfering with the
TGF-ayEGFR circuit significantly reduced the ability of
VHL2/2 RCC cells to grow in low serum without correcting
other cellular defects associated with the loss of VHL function,
such as HIFa overexpression and failure to assemble an extra-
cellular fibronectin matrix. Inhibition of the EGFR receptor also
prevents RCC tumor formation in nude mice, in agreement with
our data (34, 35). However, it remains to be shown whether the
unregulated growth of VHL2/2 RCC cells is solely the conse-
quence of the establishment of a TGF-ayEGFR growth-
stimulatory circuit or whether other defects are involved in this
process. It will be important to determine whether other VHL-
related tumors, such as hemangioblastomas of the retinas or

Fig. 4. Effects of EGF-R tyrosine kinase inhibitor treatment on the growth of
VHL2y2 RCC cells in low serum. (A) Proliferation of VHL2y2 RCC cells treated
with tyrosine kinase inhibitors was measured by BrdUrd labeling. Cells were
plated overnight in DMEM supplemented with 10% FCS, washed, and then
incubated in DMEM supplemented with ITS in the presence of either
PD153035 (1 mM) or AG1296 (50 mM) for 48 h. BrdUrd was added during the
last 3 h before analysis. Cells were then fixed and stained with anti-BrdUrd and
Hoecsht reagent. Ratios of BrdUrd-positive nucleiyHoecsht-stained nuclei
were compared with VHL2/2 RCC cells incubated for 48 h in ITS. Shown is the
mean of three fields counted for at least three independent experiments; the
SEM is indicated. (B) VHL2/2 RCC cells and VHL-positive cells were grown in
DMEM supplemented with 10% FCS, ITS, or ITS and PD153035 (1 mM) for 48 h.
HIFa levels were determined by immunoblot analysis. (C) VHL2/2 RCC cells and
VHL-positive cells were grown at confluency in DMEM supplemented with
10% FCS, ITS, or ITS and PD153035 (1 mM) for 6 days. Nuclear areas were
revealed by Hoecsht stain, and fibronectin deposition was determined by
immunofluorescence and is identified by arrows. Images were superimposed
with the use of ADOBE PHOTOSHOP.

Fig. 5. Model of TGF-a as the factor that might confer a growth advantage
on RCC cells on the loss of VHL function. (A) VHL2/2 RCC cells abnormally
overproduce factors, such as TGF-a and VEGF, that would otherwise accumu-
late only in hypoxic conditions. This overproduction may be because of HIFa

stabilization. Because RPTECs are sensitive to TGF-a but not to VEGF for
growth, we suggest that these cells might engage in a TGF-a-mediated
autocrineyparacrine circuit loop that can stimulate their growth. This loop
might be an important oncogenic event on the loss of VHL function, explain-
ing why VHL2/2 RCC cells are able to grow in low serum. (B) Reintroduction of
VHL into VHL2/2 RCC causes levels of TGF-a to be down-regulated, possibly
explaining why these cells do not grow in low serum and do not form tumors
in nude mice.
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central nervous system, may also be initiated through a TGF-a
autocrine circuit.

The results presented here support a model that VHL acts as
a gatekeeper in RPTECs by regulating levels of a bona fide
growth factor, TGF-a. Although it has not yet been determined
whether additional growth factors may be overproduced by
VHL2/2 RCC cells, our data may provide a basis for studies

focusing on TGF-a activity in VHL disease and related sporadic
tumors.
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