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Abstract

The von Hippel-Lindau (VHL)tumor suppressor gene has a critical role
in the pathogenesis of clear cell renal cell carcinoma (RCC), because VHL
mutations have been found in both VHL disease-associated and sporadic
RCC. Overexpression of transforming growth factor (TGF)-a has been
observed in numerous RCC tumors and cell lines, and TGF-a has been
demonstrated to support RCC cell growth through an autocrine loop. We
demonstrate here that VEIL substantially decreases TGF-a message and
protein by shortening TGF-a mRNA half-life. By Northern analysis
TGF-a mRNA steady-state levels were suppressed 5-fold in permanent
786-0 RCC cell lines expressing wild-type VHL compared with 786-0 cells
expressing an empty vector or a mutant VHL protein lacking COOH
terminal residues 116â€”213 (@VHL). By Western analysis, VHL also sub

stantially down-regulated the unprocessed, cell-associated Mr 20'000
TGF-a protein. Moreover, secreted TGF-a was undetectable in VHL
expressing cells. In contrast, VHL did not down-regulate the TGF-a
receptor, epidermal growth factor receptor, either at the mRNA or pro
tein level. Nuclear run-on in vitro transcription experiments in 786-0 cells
showed that VHL did not affect transcriptional control of the endogenous

TGF-cwgene. However, actinomycin D experiments revealed a long TGF-a
mRNA half-life in 786-0 cells that was significantly decreased by wild-type
VHL but not by @VHL.We have, therefore, identified TGF-a, an impor
tant growth factor for RCC, as a new target gene for VHL and demon
strated that VHL acts by decreasing TGF-cxmRNA stability.

Introduction

The VHL3 tumor suppressor gene is inactivated in patients with
VHL disease, a hereditary cancer syndrome that predisposes affected
individuals to develop a variety of tumors including retinal angiomas,

central nervous system hemangioblastomas, RCCs, pheochromocyto
mas, and pancreatic cysts (reviewed in Ref. 1). In keeping with the
tumor suppressor model, inactivation of both VHL alleles by mutation
or transcriptional silencing,and subsequent loss of the remaining allele
is associated with most sporadic clear cell renal carcinomas and
hemangioblastomas (1). The human VHL gene encodes a 213-amino
acid protein expressed in all tissues, but its sequence gave no clues
regarding its function. It has been shown that VHL protein interacts
with the two regulatory subunits, B and C, of the trimeric transcription
elongation factor, elongin (2), and is able to inhibit its function in
vitro. However, there is no evidence that this transcription inhibition

occurs in vivo, and thus far, no target gene for the VHL-elongin
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complex has been identified. Very recently, we found that VHL
interacted directly in vitro and in vivo with another protein, the Spi
transcription factor, and repressed VEGF transcription (3). Indeed,
several groups have shown that the absence of wt VHL in a variety of
cells in culture results in the deregulated expression of VEGF, along
with platelet-derived growth factor B and GLUT! (4â€”6),thus pro
moting neoangiogenesis and, indirectly, tumor growth. Interestingly,
basic fibroblast growth factor is not a target for VHL (4). wt VHL is
involved in the negative regulation of VEGF via destabilization of its
mRNA (6) and decreased transcriptional activity (3). Disruption of
growth factor expression in tumor growth and progression has long
been recognized. Overexpression of TGF-a, EGF receptor, TGF-(31,
and basic fibroblast growth factor in RCC has been reported (re
viewed in Ref. 7). TGF-a, structurally related to EGF, binds to the
EGF receptor. Interestingly, it was first identified in the supernatant of
a RCC cell line and causes transformation of normal rat kidney cells
when added in culture. TGF-ca mRNA is overexpressed in renal cell

cancers when compared to adjacent normal kidney tissue, with en
hanced expression of secreted TGF-a protein and/or a membrane
bound TGF-a precursor noted in a large series of renal tumors (8, 9).
Furthermore, the levels of TGF-a mRNA correlated inversely with the
differentiation status of the tumors (9). Increased levels of EGF
receptor mRNA and protein have been observed as well, whereas
EGF itself was down-regulated (9). Also, in vitro growth of mouse
kidney tubular cells is dependent either on EGF, TGF-a, or one of its
homologues (10). Importantly, TGF-a has been demonstrated to sup
port RCC growth through an autocrine loop (11). In addition to
potential effects on renal tubular cells, TGF-a is a known mitogen for
endothelial cells and may have a paracrine effect in promoting angio
genesis (12). In the present study, we show that expression of wt VHL
in cells containing a mutated endogenous VHL leads to decreased
expression of TGF-a and that VHL acts by decreasing TGF-a mRNA
stability.

Materials and Methods

Plasmids and Cell Cultures. We stably transfected RCC cells (786-0 from
American Type Culture Collection), lacking the wt VHL gene (13), with an
expression vector containing a human full-length VHL cDNA epitope-tagged
in its NH2 terminus with FLAG sequence (pCMV2-F1agVHL). Similarly, we

constructed a mutated VHLexpression vector in which the COOH terminus
(amino acids 116 to 213) is deleted (PCMV2FLAG-DVHL), based on VHL
mutations found in RCC, preventing binding to elongin C (5). 786-0 clonal cell
lines stably transfected with either pRC, pRC-HAVHL, pRC-HAVHL(1â€”l 15)

(gifts from W. G. Kaelin; Ref. 13), or pCMV2FLAG-VHL, pCMV2FLAG
@VHL(made by us) were grown in complete media supplemented with G4l8

(I mg/mI).

RNA Extraction and Northern Blot Analysis. Total RNA, isolated by the
single-step acid phenol extraction method, was separated on a 1.2% formal

dehyde-agarose gel, transferred to a positively charged nylon membrane
(Boehringer) using lOX SSC (I X SSC = 150 msi NaCI, 15 mist sodium
citrate), and probed with random primer-labeled cDNAs (Stratagene) in a
solution containing 0.5 M sodium phosphate (pH 7.2), 7% SDS, 1% BSA, 1 mM

EDTA, and somcated herring sperm DNA (50 @g/ml)at 68Â°C.The probes
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used were a TGF-a 0.9-kb EcoPJ cDNA fragment, a 1.6-kb EGF receptor
cDNA fragment, and a 1.2 GAPDH cDNA fragment. Blots were washed three
times with a solution containing 40 nmi sodium phosphate (pH 7.2), 0.5% SDS,
0.5% BSA, and 1 mM EDTA at 68Â°C and autoradiographed. Fold activation

was calculated by densitometry using GAPDH expression as a normalization
control.

Western Blot Analysis and Immunoprecipitation. Cells were washed
twice with 10 ml ofcold PBS, lysed with ice-cold lysis buffer [50 mM Tris (pH
7.5), 1% NP4O, 150 mM NaCl, 1 mM Na3VO4, 2 mM EGTA, 1 mM phenyl

methylsulfonyl fluoride, 10 pg/mi leupeptin, 0.5% aprotinin, and 2 mMpep
statin A], incubated for 10 mm on ice, and centrifuged for 10 mm at 4Â°C.
Protein samples were mixed with 2X sample buffer [125 mMTris-HCI (pH
6.8), 20% glycerol, 10% (3-mercaptoethanol,4% SDS, and 0.0025% bromphe
nol blue], boiled, and run on 7.5â€”12%polyacrylamide gels (Ready gels;
Bio-Rad) using Tris glycine-SDS running buffer (Bio-Rad). Size-separated

proteins were transferred to nylon membrane (hnmobilon-P; Millipore) semi

dry (Trans-Blot SD; Bio-Rad). For immunodetection, membranes were
blocked in washing buffer (1X TBS and 0.1% Tween 20) with 5% milk and
incubated in washing buffer without Tween with antibody. Antibodies in
cluded a TGF-a monoclonal antibody recognizing native and denatured
TGF-a (epitope to a domain encompassing cysteine 16 of human TGF-a;
Santa CmixBiotechnology), a polyclonal anti-EGFR rabbit serum (Santa Cruz
Biotechnology), a monoclonal anti-HA antibody (Boehringer), a monoclonal
anti-FLAG antibody (Eastman Kodak Co.), a VHL monoclonal antibody (gift

of W. G. Kaelin; Ref. 10), and a polyclonal goat anti-actin antibody (Santa
Cruz Biotechnology). Secondary antibodies were donkey anti-rabbit immuno
globulin, sheep anti-mouse or donkey anti-goat immunoglobulin linked to
horseradish peroxidase (Amersham), and detected by chemiluminescence
(Pierce). To assay TGF-a in the medium, 786-0 cells were grown in DMEM
with 1% fetal bovine serum for 5 days, and conditioned medium was concen
trated 15-fold (Centriplus concentrator 3; Amicon). Five hundred @dof con
centrated conditioned medium were used in immunoprecipitation experiments

at antibody excess (3.0 @.&gmAb against TGF-a) for 1 h at 4Â°C.Immunocom
plexes were captured with protein G-Agarose beads (Pharmacia). After four

washes with cell lysis buffer, bead-bound proteins were subjected to Western
analysis using the same anti-TGF-a antibody, as detailed above.

Nuclear Run-on Transcription Assay. Nuclei isolationand in vitro iran
scription were performed by a modification of a procedure described previ

ously (3). Briefly, cells were scraped and lysed in NP4Obuffer [10 mMTris
(pH 7.5), 10 mM NaC1, 3 mxi MgC12,and 0.5% NP4O], and nuclei were
resuspended in 200 pAof glycerol storage buffer [40% glycerol, 10 mMTris
(pH 8.3), 5 mMMgC12,and 0.1 mMEDTA] and stored in liquid nitrogenor
used immediately. For transcription reactions, 200 @lof nuclei (1â€”5X l0@)
were mixed with 200 @lof reactionmixturecontaining10 mMTns (pH 8), 5
IBMMgCl2, 300 mM KC1, 5 mM DTF; a 1 mM concentration each of AlP, CTP,
and GTP; 200 @Ciof [a-32P]UTP (3000 mCi/mmol; DuPont NEN); and with
or without 2 @g/mla-amanitin. The reaction mixtures were then incubated at
30Â°Cfor 30 mm. After the incubation, the RNAs were purified by the
single-step acid guanidinium thiocyanate-phenol-chloroform extraction
method. Prior to hybridization, RNA was heated at 80Â°Cfor 10 mm. Probes
were generated by PCR using the appropriate cDNA clones in plasmids as
templates, purified, and applied (1 @&gof DNA) to Nytran membrane using a
slot-blot apparatus (Schleicher & Schuell Minifold H manifold). The probes
used were a 0.9-kb TGF-a fragment covering the coding sequence and 0.2 kb
of 3' UTR, a 3.3-kb fragment covering the TGF-a 3' UTR, and a 1.2-kb
fragment of the GAPDH cDNA. Filters were prehybridized in 10 mM TES,
[N -iris (hydroxymethyl)methyl-2-amino-ethanesulfonic acid], 0.2% SDS, 10

mMEDTA, 0.3 MNaCl, 1X Denhardt's, 250 mg/mI yeast RNA, and 20 mg/mI
salmon sperm DNA at 65Â°Cfor 1 h. Filters were hybridized to the run-on
products (5â€”10x 106cpm) in 1.5 ml of hybridization solution at 65Â°Cfor 2â€”3
days. Standardization was achieved by adding the same amount of radioactiv
ity to all hybridizations in a single experiment. The filters were washed in 2X
SSC, 0.1% SDS for 30 mm at 65Â°Cin 0.2X SSC, 0.1% SDS for 45 mm at
65Â°C,and then subjected to a RNase A (10 mg/ml; Ambion) wash in 2X SSC
for 30 mm at 37Â°C,before a final wash in 2X SSC for 1 h at 37Â°C.The filters
were scanned, and radioactivity was measured on a Molecular Dynamics
Phosphorlmager running ImageQuant software. The amount of sample hybrid
izing to the TGF-a probe was normalized by dividing the TGF-ct signal by that
for GAPDH within each experiment.

RNA Stabffity Experiments Subconfluent cells were exposed to 5 @g/ml
Act D (Sigma) from 0 to 24 h, and total RNA from 786-0 cells transfected with
either nec, wt VHL, or i@VHLwas purified at 2-h intervals and subjected to
Northern blot analysis as described above. TGF-a and VEGF mRNA were
quantitated by densitometric analysis of the resulting autoradiograms with
normalization for RNA loading and transfer using the 285 band on the
transferred membrane.

Results and Discussion

VHL but not Mutant VHL Suppresses Endogenous TGF-a
mRNA Levels in Stably Transfected RCC Cell Lines. Several
candidate VHL target genes with relevance to RCC and VHL disease
were analyzed by Northern blot analysis. Strikingly, TGF-a mRNA
levels were repressed 5-fold in 786-0 RCC cell lines stably transfected
with wt VHL compared to the levels observed in the cell line gener
ated from the empty expression vector (Fig. 1A). In contrast, stable
expression of the COOH-terminal VHL truncation @VHL(1â€”115
amino acids) increased TGF-cr mRNA levels 2-fold (Fig. 1A). This
finding is similar to what we observed for the regulation of VEGF by
i@VHL and suggests that this particular VHL mutant has a dominant

effect. The level of protein expression from the stably transfected
constructs was confirmed by Western blot (Fig. 1B). To circumvent
the possibility of clonal variability, we have confirmed these findings
in 786-0 cell lines expressing FLAG-VHL or FLAG-iWHL (data not
shown). These data indicate that TGF-a is a VHL target gene. Inter
estingly, elevated TGF-a mRNA levels have been found in another
RCC cell line with a VHL mutation, 769P, but not in another RCC cell
line (Caki 1), in which no VHL mutation has been detected (8), thus
strengthening the role of mutated VHL in the overexpression of
TGF-ca mRNA in RCC.

VHL, but not Mutant VHL, Suppresses Endogenous TGF-a
Protein Levels in Stably Transfected RCC Cell Lines. Next, we
evaluated the level of TGF-a protein expressed by 786-0 cells to see
whether there was a correlation with the VHL-regulated mRNA
expression. TGF-a can be secreted as a mature Mr 6000 soluble factor
or be present as a membrane bound pro-TGF-a, or even released as an
incompletely processed peptide, especially in cancer cells ( 12). West
era blot analysis was performed on cell lysates with a specific mono
clonal antibody. In 786-0 cells, a single Mr 20,000 band was detected,
most likely corresponding to the cell-associated unprocessed pro
TGF-a (Fig. lC). Reintroduction of wt VHL led to a down-regulation
of TGF-a protein levels (around 4-fold), whereas mutant truncated
VHL did not (Fig. lC), thus establishing a close correlation between

TGF-a protein and mRNA as regulated by VHL. Immunoprecipita
tion experiments with the same anti-TGF-a antibody detected a low
level of secreted TGF-a in the concentrated conditioned medium of
786-0 cells as a band of Mr 18,000 Â±5,000 (Fig. 1D). No mature Mr
6000 TGF-a peptide could be detected. In contrast, the cell line
expressing wt VHL did not produce detectable levels of soluble
TGF-a (Fig. 1D). This result could mean that secreted TGF-a is
rapidly bound by 786-0 cells overexpressing EGF receptor (see be
low), internalized and degraded. Similarly, Atlas et al. (11) were
unable to detect mature Mr 6000 TGFa in the conditioned medium of
a different RCC cell line (SKRS-29). They observed two different
TGF-a species with a molecular weight of about Mr 18,000 Â±5,000
and Mr 24,000 Â±5,000, but only after treating the cells with an
anti-EGFR antibody (monoclonal antibody 225), presumably prevent
ing the consumption of the released TGF-a. Alternatively, TGF-a
processing to a mature soluble form, known to be a very complex and
cell-specific phenomenon (14), could be partly impaired in these RCC
cell lines. The well-established ability of membrane-bound TGF-a to
iransduce a signal through EGF receptor in a juxtacrine fashion (15)
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@-oFig. 1. wt VHL inhibits endogenous TGF-a
message in stably transfected renal cell carcinoma
lines. A, total RNA (20 gig) from 786-0 cells stably
transfected with expression vectors containing HA
VHL @-VHL,or empty vector alone (Neo) was
size separated, blotted, and probed with 32P-labeled
TGF-a cDNA. Middle panel, the ethidium bro
mide-stained membrane is shown (285 rRNA band)
to compare loading and transfer. Fold inhibition
was calculated by densitometry using GAPDH
(lower panel) asa normalizationcontrol.B, expres
sion of HA-tagged VHL proteins was confirmed by
Western analysis using an anti-HA monoclonal an
tibody. Each lane contains whole-cell extract (30

@ protein/lane) from stably transfected 786-0
cells, indicated as in A. The molecular weights of
theindicatedbandscorrespondedwiththeexpected
protein sizes. C, Western blot analysis was per
formed on 786-0 cell lysates (30 @agprotein/lane)
with a specific monoclonal antibody. A single M@
20,000 band was detected in cells expressing the
empty cassette (Neo) corresponding most likely to
the cell-associated pro-TGF-a. Reintroduction of
wt VHL led to a 4-fold down-regulation of TGF-a
protein levels as assessed by densitometric analysis
corrected for actin expression, whereas mutant trun
cated VHL (L@sVHL)did not. Below is shown the
same blot reprobed with an actin antibody to com
pare loading and transfer. D, conditioned medium
from 786-0 cells was concentrated 15-fold, and
immunoprecipitation was performed by incubating
with TGF-a monoclonal antibody, followed by pro
tein-G Sepharose. The protein-G beads were
washed and then boiled in SDS buffer to release
bound proteins. After SDS-PAGE, Western blotting
was performed using the same anti-TGF-a antibody
and detected a low level of secreted TGF-a as a
band of Mr 18,000 in the Neo-transfected cells but
not in the wt VHL-transfected cells. The strong
band above (arrowhead) represents the lgG light
chain.
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emphasizes the biological significance of the overexpression of
TGF-a in RCC cells when VHL is mutated or absent.

EGF Receptor Is Highly Expressed in 786-0 Cells but not
Regulated by VHL. EGF receptor, through which TGF-a acts, is
also overexpressed in RCC, allowing TGF-a to be used as an auto
crime growth promoter in RCC-derived cell lines (11). We, therefore,
tested whether EGFR mRNA was also regulated by VHL. As shown
in Fig. 2A, three different EGFR transcripts of 11, 5.9, and 3.9 kb were
detected in 786-0 cells, similar to what has been observed in other
carcinoma cells (8). The levels of EGFR mRNAs were not modified

by reintroduction of wt or mutant VHL expression.
Interestingly, EGF receptor protein levels were found to be very

high in 786-0 cells, as has been reported for other RCC cell lines (16).
However, VHL expression did not decrease EGF receptor protein
levels, as shown in Fig. 2B. Concomitant high level expression of
EGF receptor in RCC cells harboring a mutated VHL should allow
overexpressed TGF-a to activate an autocrine/juxtacrine loop in
786-0 cells. It should be noted that the basolateral (and not apical)

expression of EGF receptor in renal tubular cells (17) should allow
autocrine/juxtacrine action.

Transcriptional Control Does Not Account for the VHL Regu
lationof TGF-cxmRNA. VHLhasbeenshownto inhibittranscrip
tion elongation through its interaction with elongin B/C in vitro;
however, no target gene for the VHL-elongin complex has been
identified thus far. VEGF is the only VHL target gene identified for
which the mechanism of VHL regulation has been partly elucidated.
Its mode of action seems dual, both transcriptional (3) and posttran

scriptional (5, 6). We have shown that VHL decreased VEGF pro
moter activity through interaction with the transcription factor Spi
and also repressed VEGF transcription initiation in run-on experi
ments in 786-0 cells (3). Because the human TGF-a promoter con
tains functional Spi sites (12), it was tempting to speculate that VHL
could regulate TGF-cr gene expression through suppression of Spi
mediated transactivation. Furthermore, TGF-cx has been reported to be
regulated, at least partly, at the transcriptional level in many experi
mental conditions. The following have been shown to activate TGF-a
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A

B
Fig. 2. Expression of EGF receptor (EGFR) in

786-0 cells. A, Northern blot experiment was per
formed as in Fig. 1 using a 32P-labeled EGFR
cDNA probe (top panel). Three differently sized
mRNAs of 11, 5.9, and 3.9 kb, respectively, were
detected. Normalization control was obtained by
reprobing with an actin probe (bottom panel). B, 30
mg of total cell lysates were subjected to SDS
PAGE, blotted, and probed to a polyclonal anti
EGFR antibody (Santa Cruz). A unique M@170,000
band of similar intensity was obtained from 786-0
cells expressing either empty cassette (Neo), wi
VHL, or @VHL.

Actin @â€˜-
*@ .4

promoter/reporter constructs and/or in vivo TGF-ce transcription (Ref.
18 and references therein): estrogen in breast cancer cells, TPA in
liver epithelial cells and human colon carcinoma cells, TGF-a itself in
breast cancer cells, and HIV tat protein and p53 in a human glioma
cell line. In contrast, retinoic acid decreased TGF-ca transcription in
both head and neck cancer cell lines (19).

We, therefore, tested whether VHL could decrease endogenous
TGF-a transcription. Nuclear mn-on in vitro transcription experi
ments in 786-0 renal carcinoma cells (Fig. 3) showed that reintroduc
tion of wt VHL in 786-0 cells did not decrease TGF-cx transcription
significantly. Similarly, expression of the COOH-tenninal truncation
L@VHL did not affect TGF-ci transcription. Experiments performed in

the presence of a-amanitin (2 @.tg/ml)showed, as expected, complete
inhibition of TGF-a transcription in 786-0 cells, strengthening the
specificity of our experimental conditions. Similar results were ob
mined from three independent preparations of nuclei. Furthermore,
using a TGF-ct cDNA coding sequence probe, we observed a 2â€”3-fold
lower hybridization (due to differential hybridization to this shorter
probe), but again the signal was not influenced by the introduction of
wt VHL or i@VHLin 786-0 cells (data not shown). These results are
similar to the data from Gnarra et a!. (5), who did not find any effect
of VHL on transcription elongation of the VEGF or c-myc genes.
Therefore, although VHL regulates VEGF mRNA levels at both the

j202 kD

-1----- 133 kD

transcriptional (3) and posttranscriptional (5, 6) levels, down-regula
tion of TGF-a seems mainly posttranscriptional. It should be noted
that TGF-a has been shown recently to activate VEGF transcription
through an AP2 site in several cell lines (20). If this observation were
valid in RCC cells, VHL might down-regulate VEGF promoter ac
tivity through two different pathways: (a) directly through inhibition
of Spi-mediated transactivation (3); and (b) indirectly by decreasing
TGF-a levels and thus opposing TGF-a induced activation of the
VEGF promoter.

\TIIL, but not Mutant VHL, Diminishes the Half-Life of TGF-a
mRNA Our nuclear run-on data suggest that the regulation of TGF-a
message expression by VHL could be at one of several posttranscrip
tional levels, including RNA splicing, nuclear export, or mRNA
stability. We studied TGF-a mRNA stability in 786-0 cells by meas
uring its decay in the presence of the transcriptional inhibitor Act D.
A representative comparison of TGF-ca decay in the neo- and wt
VHL-expressing 786-0 cells is shown in Fig. 4A. A compilation of
four independent experiments (Fig. 4C) showed that 786-0 cells
expressing L@VHLhad a TGF-ca mRNA decay pattern very similar to
that observed for the neo-expressing cells. Interestingly, TGF-a
mRNA decay displayed a biphasic pattern in wt VHL-786â€”0 cells; a
quasi-plateau was observed for the first 10 h similar for VHL or non
VHL-expressing cells, with the decay rate increasing rapidly thereaf
ter specifically for VHL-expressing cells, with an approximately
4â€”5-fold faster decay [taking the slopes of the second part of the
biphasic curve from about 25â€”30h in the absence of VHL (the neo
data) to about 6 h with VHL], roughly the same magnitude as the
effect of VHL on TGF-a mRNA and protein levels. Proof that Act D
was active in the early time points of the experiments came from the
rapid decay observed for VEGF mRNA, with a half-life of â€”5h in
786-0-neo and â€”1h in 786-0-wt VHL, similar to what has been
reported previously (Ref. 6; Fig. 4B) and for c-myc mRNA (no more
signal detected at 2 h; data not shown). Furthermore, cycloheximide
experiments showed that a significant amount of HA-VHL protein

remained in 786-0 cells during the time course studied, suggesting that
Act D treatment did not lead to a significant reduction in VHL levels
(data not shown).

A biphasic distribution of a mRNA decay is not unusual, because
this has been observed for several short-lived AU-containing mRNAs
such as c-fos, granulocyte/macrophage-colony-stimulating factor, and
c-jun (21). The initial flat period is thought to represent a poly(A)
shortening phase. In the second phase, the transcribed portion of the

Fig. 3. VHL does not modify the transcription rate of the TGF-a gene in 786-0 RCC
cell lines. Autoradiogram showing one representative experiment of three independent
experiments from three different nuclear preparations. Nuclei from 786-0 cells were
isolated, and nuclear run-on assays were performed in the presence of [32P]UTP for 30
pain. The nascent 32P-labeled transcripts were hybridized to slots of filter-bound TGF-a
or GAPDH cDNA fragments. A control experiment included the addition of a-amanitin
in the in vitro transcription assay, confirming that the detected transcripts were produced
by RNA polymerase II. The filters were scanned, and radioactivity was measured on a
Molecular Dynamics Phosphorlmager. The transcription rate ofTGF-a was normalized to
the transcription rate of GAPDH within each experiment. This relative TGF-a transcrip
flon rate was 83 Â±13 in VHL-expressing cells and 121 Â±18 in @VHL-expressingcells,
compared with an arbitrary 100 value in control Neo-transfected cells.
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Fig. 4. Decreased TGF-a mRNA stability in
RCC cells expressing wt VHL. Subconfluent 786-0
cells were incubated with Act D (5 @ag/ml)for the
indicated time points. Total RNA was isolated and
analyzed by Northem blot hybridization with @2P-
labeled TGF-a (A) or VEGF (B) probes. The
ethidium bromide-stained membrane is shown (285
rRNA band) to compare loading and transfer. Au
toradiograms are shown from a representative cx
periment. C. quantitation of TGF-a mRNA follow
ing densitometric analysis of the autoradiograms
and normalization to 285 mRNA. The levels of
TGF-a mRNA at time 0 are given the value of 100.
Results are expressed as the means of four mdc
pendent experiments, except for @VHL(two exper
iments); bars, SE.
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mRNA is degraded with apparent first-order kinetics. The surprising
feature for the VHL effect is that the initial phase is long (approxi
mately 10 h). VHL could be regulating the second phase of the decay
kinetics by modulating the activity of certain RNA-binding proteins
involved in mRNA stability, as has been suggested for the VHL
regulation of the VEGF message (22). Indeed, Levy et al. (22) found
that a hypoxia-inducible protein complex bound to VEGF 3' UTR
mRNA and that VHL could decrease the complex formation in
normoxic conditions. They have defined three elements in the 3'-UTR
region of the VEGF mRNA involved in this phenomenon. However,
none of these elements contains an AUUUA element, and no common
motif could be identified in the VEGF and GLUT-l mRNA regions
binding these hypoxia-inducible proteins. We have been unable to
find a common sequence between the VEGF mRNA regions defined
by Levy et aL (22) and any part of the TGF-a mRNA. However, it is
still conceivable that the transfactors involved are similar or identical.

The present results indicate that the VHL-induced suppression of

TGF-a in 786-0 cells is mainly, if not solely, due to destabilization of
the mRNA. Interestingly, TGF-a half-life is quite variable, depending
on cell type. Importantly, TGF-cs half-life was reported to be highest
in carcinoma cell lines, ranging from a very short half life in normal
human keratinocytes (40â€”60mm; Ref. 23) to more than 8 h in colon
carcinoma KB cells and MDA468 breast cancer cells (24). Notably,
TGF-a half-life was shown recently to be significantly increased in
matched normal and chemically or ms-transformed cells, from 6â€”7h
in normal rat liver epithelial cell lines to 10â€”18h in the transformed
cells (18).

Significantly, the 3.5-kb 3' untranslated sequence of human TGF-a
mRNA contains 13 perfect AUUUA motifs, including one nonamer
motif (UU AUUUA UU), which have been associated with mRNAs
whose stability is subject to regulation. Identification of the TGF-a
mRNA cis elements involved in VHL regulation and of the trans
factors that bind these elements that could be directly regulated by
VHL could contribute greatly to determining the biological function
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of the VHL gene product. Particularly, the VHL-elongin complex was
recently shown to interact with HS-CUL2, a protein that could be
involved in targeting certain proteins for degradation (25). RNA
binding proteins involved in the VHL regulation of TGF-a mRNA are
attractive candidates for this degradation pathway.
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