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Based on evidence that the von Hippel-Lindau (VHL) tumor suppressor protein is associated with polysomes
and interacts with translation regulatory factors, we set out to investigate the potential influence of pVHL on
protein translation. To this end, renal cell carcinoma (RCC) cells that either lacked pVHL or expressed pVHL
through stable transfection were used to prepare RNA from cytosolic (unbound) and polysome-bound frac-
tions. Hybridization of cDNA arrays using RNA from each fraction revealed a subset of transcripts whose
abundance in polysomes decreased when pVHL function was restored. The tumor necrosis factor alpha
(TNF-�) mRNA was identified as one of the transcripts that preferentially associated with polysomes in
pVHL-deficient cells. Additional evidence that the TNF-� mRNA was a target of translational repression by
pVHL was obtained from reporter gene assays, which further revealed that pVHL’s inhibitory influence on
protein synthesis occurred through the TNF-� 3�-untranslated region. Our findings uncover a novel function
for the pVHL tumor suppressor protein as regulator of protein translation.

Mutations in the von Hippel-Lindau (VHL) tumor suppres-
sor gene cause VHL disease, a syndrome in which patients can
develop renal cell carcinomas (RCC), retinal angiomas, pheo-
chromocytomas, hemangioblastomas of the cerebellum and
spine, endolymphatic sac tumors, and pancreatic adenomas
(for review, see reference 22). Mutations in the VHL gene are
also found in most sporadic clear-cell RCC (22). Since the
identification of the VHL gene one decade ago (28), elucidat-
ing its function has been the focus of intense investigation.
Given that pVHL bears no homology with other known pro-
teins, efforts to discern the tumor suppressive function of
pVHL have progressed through the identification of pVHL-
associated proteins and the analysis of pVHL’s influence on
gene expression.

Association of pVHL with elongin C, elongin B, Cullin 2
(Cul2), and Rbx1 results in the formation of a complex (VCB-
CUL2) that functions as an E3 ubiquitin ligase. Accordingly,
pVHL is believed to play a key role in the polyubiquitination
and subsequent degradation of specific cellular proteins (for
review, see reference 19). The best-studied substrates of
pVHL-mediated proteolysis are the hypoxia-inducible factor
(HIF) alpha subunits. In normal cells growing under regular
oxygen conditions, HIF-� becomes hydroxylated and is conse-
quently targeted for pVHL-mediated ubiquitination and rapid
degradation by the proteasome. However, under low-oxygen
conditions, HIF-� accumulates and transcriptionally activates
the expression of several genes that are important for angio-

genesis and erythropoiesis, such as the vascular endothelial
growth factor (VEGF), Glut-1, platelet-derived growth fac-
tor-�, and erythropoietin (10, 45). Nevertheless, pVHL also
appears to exert functions unrelated to its influence on HIF-�
levels, as evidenced by the findings that certain disease-causing
VHL alleles retain the ability to ubiquitinate HIF-�, that
pVHL and HIF regulate overlapping but not identical sets of
genes, and that expression of HIF-1� variants that escape
pVHL regulation does not recapitulate the formation of VHL-
related tumors and cysts (6, 8, 55). pVHL has also been pro-
posed to participate in the surveillance of protein processing,
based on the observations that pVHL-deficient cells are hy-
persensitive to the toxicity of endoplasmic reticulum (ER)
stress agents and that pVHL appears to alter the function of
the cytosolic protein-folding complex CCT (13, 16). Similarly,
pVHL has been postulated to influence extracellular matrix
function by affecting fibronectin deposition, a function that
likely relies on pVHL’s association with the ER and its poten-
tial involvement in both the retrograde transport of mispro-
cessed fibronectin and integrin assembly (25, 38). Indeed,
while pVHL appears to reside in both the nucleus and the
cytoplasm (6, 17, 32), cytoplasmic pVHL has been found in
association with the endoplasmic reticulum and the polysomal
fraction (40, 43). Moreover, pVHL was shown to regulate the
polysomal association of important RNA-binding proteins
such as hnRNP A2 (whose abundance is regulated by pVHL)
and hnRNAP L (40).

A different approach to elucidating the tumor suppressor
function of the VHL protein has been taken by several re-
search teams seeking to investigate pVHL’s influence on the
patterns of expressed genes. Examples of pVHL-regulated
genes include carbonic anhydrases 9 (CA9) and 12 (CA12),
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plasminogen activator inhibitor 1, transforming growth factor
alpha, VEGF, platelet-derived growth factor, and the glucose
transporter Glut-1 (18, 53; reviewed in reference 19). In addi-
tion, high-throughput analyses of gene expression using DNA
arrays and serial analysis of gene expression have revealed a
broad range of genes whose expression is influenced by pVHL
(4, 58). A correspondingly complex array of mechanisms has
been proposed to explain pVHL’s influence on gene expres-
sion patterns. pVHL has been reported to influence transcrip-
tion initiation through its association with transcription factors
such as Sp1 (35) and transcription elongation through its in-
hibitory binding to elongin/SIII-containing complexes, as illus-
trated for the tyrosine hydroxylase gene (7, 26). mRNA turn-
over has also been shown to be influenced by pVHL, as
exemplified by the VEGF mRNA, whose stability is markedly
enhanced in pVHL-deficient cells (11, 18). pVHL also regu-
lates gene expression by directly influencing protein degrada-
tion, as mentioned above. Given that pVHL promotes the
degradation of proteins such as HIF-� under normoxic condi-
tions, pVHL-deficient cells have higher constitutive levels of
HIF-� and therefore exhibit upregulated expression of hy-
poxia-regulated genes bearing hypoxia-response elements in
their promoter regions (34, 37). Finally, a recent report dem-
onstrated that pVHL binds to and enhances the stability of the
target protein Jade-1, a homeodomain-containing protein that
is abundantly expressed in proximal tubule cells in the kidney
(59). The multiple and diverse mechanisms whereby pVHL
influences gene expression are believed to be a reflection of the
variety of proteins with which pVHL associates. Remarkably,
this influence is exerted through transcriptional, posttranscrip-
tional, and posttranslational mechanisms of gene regulation.

In order to identify additional pVHL-interacting proteins
that might mediate pVHL’s influence on gene expression pat-
terns, we performed a yeast two-hybrid analysis using full-
length pVHL as bait. The discovery of two candidate pVHL
interaction partners that were translational regulators, along
with the finding (40) that a fraction of pVHL was associated
with the cell’s polysomes (strings of ribosomes engaged in
active translation of a given mRNA), prompted us to examine
the potential influence of pVHL on the process of protein
synthesis. Comparison of stably transfected 786-0 RCC cells
that either lacked or expressed the VHL protein indicated that
global protein synthesis was not influenced by pVHL. How-
ever, hybridization of cDNA arrays using either polysome-
bound mRNA or unbound, cytosolic mRNA (not associated
with polysomes) revealed a subset of mRNAs that were pref-
erentially associated with polysomes in cells lacking pVHL but
not in cells in which pVHL function was restored, suggesting
that pVHL caused specific translational repression. One such
mRNA, encoding tumor necrosis factor alpha (TNF-�), was
further investigated to demonstrate the influence of pVHL on
protein translation. Our findings uncover a previously un-
known function of pVHL as an inhibitor of protein synthesis.

MATERIALS AND METHODS

Cell culture and transfection. Matched pairs of the human RCC lines 786-0
and UOK121 (UOK) that either were pVHL-deficient (VHL�) or expressed the
wild-type VHL (VHL�) allele through stable transfection were used (11, 17); the
parent 786-0 and UOK lines (pVHL deficient) had been transfected with the
corresponding empty vectors and selected accordingly (11, 17). All cell lines used

were maintained in high-glucose Dulbecco’s modified essential medium
(DMEM; Gibco-BRL) containing 10% fetal bovine serum (HyClone, Logan,
Utah).

The effect of pVHL on global protein translation was studied by incubating 106

786-0 cells with 500 �Ci of L-[35S]methionine and L-[35S]cysteine (Easy Tag
EXPRESS; NEN/Perkin-Elmer, Boston, Mass.) per 100-mm plate for 5 h. Label
incorporation into whole-cell protein lysates was then assessed either by elec-
trophoresis of protein aliquots through sodium dodecyl sulfate-containing 12%
polyacrylamide gels or by quantitation of radioactivity after precipitating protein
samples in 20% trichloroacetic acid (TCA).

The influence of pVHL on TNF-� translation was assessed by transiently
transfecting either plasmid pGL3-LUC (pGL3-control vector) or plasmid pGL3-
LUC�TNF-�(3�), constructed by insertion of the entire 801-bp 3�-untranslated
region (3�UTR) of human TNF-� immediately after the 3� end of the luciferase
coding region, in the XbaI site of the pGL3-control vector plasmid. Cotransfec-
tion of plasmid pSV-�-gal for normalization was carried out as previously de-
scribed (30). Transfections were performed using SuperFect (Qiagen, Valencia,
Calif.). Expression of the corresponding chimeric luciferase mRNAs, as well as
control �-galactosidase mRNA, was monitored by Northern blotting (described
below) in transfected cells. To investigate changes in protein translation, alter-
ations in the levels of chimeric mRNAs were compared with changes in activity
associated with luciferase and galactosidase proteins, assessed using standard
methodologies (30).

Polysome analysis. Five million cells were used per sucrose gradient. Cells
were incubated for 3 min with 0.1 mg of cycloheximide/ml at 37°C and then lysed
in 1 ml of PEB lysis buffer (0.3 M NaCl, 15 mM MgCl2, 15 mM Tris-Cl [pH 7.6],
1% Triton X-100, 1 mg of heparin/ml) as well as 0.1 mg of cycloheximide/ml to
interrupt protein translation and thus prevent the disassembly of polysomes
“running off” of a given mRNA. After a 10-min incubation on ice, nuclei were
pelleted by centrifugation at 10,000 � g (4°C, 10 min), and the resulting super-
natant was carefully layered onto a 10-to-50% linear sucrose gradient. Gradients
were centrifuged at 35,000 � g for 3 h at 4°C, and fractions were collected at a
rate of 1 ml per min using a system comprising a syringe pump, needle-piercing
system (Brandel, Gaithersburg, Md.), UV-6 detector, and fraction collector
(ISCO, Lincoln, Nebr.). RNA in each fraction was extracted with 8 M guanidine-
HCl and used for Northern blotting. Equal volumes from each fraction were used
for Northern blot analysis.

Northern blotting, Western blotting, and enzyme-linked immunosorbent as-
say (ELISA). Whole-cell RNA, isolated using STAT-60 (TEL-TEST, INC.,
Friendswood, Tex.), or RNA from sucrose fractions was subjected to Northern
blot analysis as previously described (14, 51). The TNF-� and Glut-1 cDNA
fragments, obtained from plasmid pGEM3zTNF� (spanning positions 271 to
1002 of NM_000594) and by PCR amplification (4), respectively, were labeled by
random priming using [�-32P]dATP and Klenow enzyme. Expression of mRNAs
containing the luciferase coding region and of �-galactosidase mRNA was de-
tected using the oligomers GTGACGAACGTGTACATCGACTGAAATCCC
TGGTAATCCG and TTCAGACGGCAAACGACTGTCCTGGCCGTAACC
GACCCAG, respectively; an oligonucleotide recognizing the 18S rRNA was
used to monitor the amount and integrity of the RNA samples (12). All oligo-
nucleotides were end labeled using [�-32P]dATP and terminal transferase. For
Western blot analysis, equal volumes from each fraction were size fractionated
using Tris-HCl gels (Bio-Rad Life Science, Hercules, Calif.) and transferred onto
polyvinylidene difluoride membranes as previously described (50). Hybridiza-
tions were carried out in the presence of monoclonal antibodies recognizing
either pVHL (NeoMarkers, Fremont, Calif.) or �-actin (Abcam, Cambridge,
United Kingdom). Following incubation with the appropriate secondary anti-
bodies, Western blotting signals were visualized using enhanced chemilumines-
cence (Amersham).

TNF-� levels secreted by 200,000 cells into the culture medium (DMEM)
during a 24-h period were ascertained using an ELISA kit (BioSource Interna-
tional, Camarillo, Calif.) and normalized using a 3(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide thiazolyl blue (MTT) assay (Sigma).

cDNA array analysis. RNA was prepared from polysome-bound fractions
(fractions 5 to 11) or from unbound fractions (fractions 1 and 2), reverse tran-
scribed in the presence of [�-33P]dCTP, and used to hybridize cDNA arrays
(focused array; 4,608 genes; described on the website http://www.grc.nia.nih.gov/
branches/rrb/dna/array.htm), employing previously reported methodologies (9,
49). All of the data were first analyzed using the Array Pro software (Media
Cybernetics, Inc., Carlsbad, Calif.) and then normalized by Z score transforma-
tion (5). In brief, the log10 of each original spot intensity was adjusted to the
mean and divided by the standard deviation of all the spot intensities. Changes
in gene expression between different RNA groups were then calculated by
subtracting the average of replicate measurements. This value, referred to as the
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Z difference (Zdiff; average Z in pVHL-deficient cells minus the average Z in
pVHL-expressing cells) was tested for significance using a two-tailed Z test (Z �

2.4; P � 0.05). The data reflect three independent experiments. Genes were
considered to be preferentially associated with polysomes in pVHL-deficient
cells (see Fig. 4, top) if Zdiff values in fractions 5 to 11 (polysome bound) were
significantly different between pVHL-expressing and pVHL-deficient cells and
the Zdiff values obtained from fractions 1 and 2 (unbound) were not significantly
different. The complete cDNA array data are available at http://www.grc.nia.nih
.gov/branches/rrb/dna/dnapubs.htm. Several genes illustrating no pVHL depen-
dence in polysome association are listed below in Fig. 4 (bottom). For these
genes, Zdiff values were not significantly different by Z test in either unbound or
polysome-bound fractions.

Yeast two-hybrid analysis and yeast mating. To identify pVHL-interacting
proteins, we performed a yeast two-hybrid screen using the human full-length
pVHL as bait (subcloned from the g7 clone [28]), downstream of the LexA
DNA-binding domain (pLexA-Vector; pGilda; Clontech, Heidelberg, Germany)
and a human kidney cDNA library as target (pB42AD vector; Matchmarker
LexA cDNA library; Clontech). Target and bait constructs (library in pB42AD
and pGilda-VHL, respectively) were cotransformed into EGY48-p8op-lacZ Sac-
charomyces cerevisiae and selected for uracil, histidine, and tryptophan protot-
rophy. Colonies with potential pVHL-target protein interactions were identified
by the activation of two independent reporter genes that conferred leucine
prototrophy and �-galactosidase activity. Plasmids in positive colonies were re-
covered in the Escherichia coli strain KC8, sequenced, and analyzed for sequence
homology.

For yeast mating confirmation of protein-protein interactions, library targets
were selected and transformed into strain EGY48 (MAT�), while pGilda-VHL
was transformed into strain YM4271 (MATa). Diploid yeast strains bearing the
three plasmid vectors p8op-lacZ, pGilda-VHL, and pB42AD were selected for
prototrophy for uracil, histidine, and tryptophan.

RESULTS

Candidate pVHL-interacting proteins and the polysome as-
sociation of pVHL suggest potential influence of pVHL in
regulating protein synthesis in RCC cells. Since pVHL func-
tion relies, at least in part, on its interaction with other pro-
teins, we sought to take a systematic approach towards the
identification of additional cellular proteins that associate with
pVHL. To this end, we set up a yeast two-hybrid screen using
full-length pVHL as bait and a kidney cDNA library as target.
We identified several independent cDNAs encoding potential

interaction partners, among which were 15 genes that were
subsequently confirmed by yeast mating (Table 1). In addition
to finding a previously described pVHL target, the pVHL-
binding protein (VBP-1 [48]), we identified several stress re-
sponse proteins (Hsp60 and Hsp90), one protein involved in
proteolysis (Tat-binding protein-1), and the translational reg-
ulators eIF3 and EF-1� among the putative pVHL-interacting
proteins (Table 1). The identification of the latter group of
proteins, along with the recent discovery that pVHL associates
with polysomes (40), led us to postulate that pVHL may influ-
ence protein translation. In order to test this hypothesis, we
employed two RCC cell lines. One, 786-0 (VHL�), has a
frameshift mutation in the VHL gene and fails to express VHL
protein; the other, 786-0 (VHL�), is derived from 786-0 by
stable transfection of a vector expressing human pVHL (17).
Cytoplasmic components from both 786-0 lines were fraction-
ated through continuous sucrose gradients (Fig. 1A) (ex-
plained in Materials and Methods), and the presence of pVHL
in the various fractions was examined. As shown in Fig. 1B,
pVHL was found in both the soluble fraction (unbound to
polysomes) and in the polysome-bound fractions. Among the
latter fractions, pVHL appeared to localize primarily with low-
molecular-weight (LMW) polysomes. To ascertain whether the
presence of pVHL in polysomes was associated with gross
changes in protein synthesis, we monitored the incorporation
of L-[35S]methionine and L-[35S]cysteine into nascent polypep-
tide chains in 786-0 cells that either lacked or expressed pVHL.
As shown, pVHL-deficient and pVHL-expressing cells exhib-
ited very similar patterns of labeled polypeptides in whole-cell
lysates (Fig. 2A) and comparable incorporation of the labeled
amino acids into TCA-precipitable product (Fig. 2B). Thus,
pVHL does not appear to alter overall protein synthesis.

cDNA array-based identification of mRNAs associating with
polysomes in a pVHL-dependent fashion. While pVHL did not
exert a noticeable influence on global protein synthesis, we
sought to examine whether pVHL could regulate the transla-

TABLE 1. pVHL can associate with translation regulatory factors in yeasta

Candidate pVHL-interacting proteins GenBank
accession no. Function No. of

clones

Translation initiation factor 3 subunit 4 (eIF3) NP003746 Translational regulation 1
Translation elongation factor 1-alpha (EF-1�) (EF-TU) AAA52367 Translational regulation 4

Glucose-regulated protein (GRP 78) H56456S1 Molecular chaperone 1
Heat shock 60-kDa protein 1 (HSP 60) P10809 Molecular chaperone 1
Heat shock protein 90 (HSP 90) HHHU86 Molecular chaperone 2

VHL-binding protein 1 (VBP-1) Q15765 Cytoplasmic export of pVHL 1

26S protease regulatory subunit (Tat-binding protein 1) P17980 Protein degradation 1

Gelsolin NP000168 Other 1
Metallothionein 2A H56373S3 Other 1
Filamin (actin-binding protein 280) ABP-280 NM001456 Other 1
RIE 2 sid 2705 BAA84708 Other 1
CGI-111 protein AAD34106 Other 1
Antioxidant enzyme BP 66 AAF03750 Other 1
Gene SA protein I54401 Other 1
X-Pro dipeptidase L10320 Other 2

a Shown are the results of a yeast two-hybrid survey leading to the identification of potential pVHL-interacting proteins from a human kidney cDNA library. Some
of the clones were represented several times (number of clones, right column). The interaction of pVHL with all of the gene products listed was confirmed by yeast
mating (explained in Materials and Methods).

2318 GALBÁN ET AL. MOL. CELL. BIOL.



tion of specific mRNAs. Towards this goal, we used an
approach based on the analysis of cDNA arrays (21, 60). Cy-
toplasmic lysates from both pVHL-deficient and pVHL-ex-
pressing 786-0 cells were centrifuged through sucrose gradients
and then collected in 11 continuous fractions, from lightest
(cytosolic components devoid of ribosomes) to heaviest (larg-
est polysomes).

As shown in the schematic of Fig. 3A, fractions 1 and 2
lacked any ribosomes or ribosome subunits, with no rRNA
detectable by ethidium bromide staining; pooled mRNA
present in these two fractions constitutes the unbound mRNA
and represents the subset of mRNAs that are not being trans-
lated. Ribosome components typically began to appear in frac-
tion 3, first with the small subunit (40S, �fraction 3), then the
large subunit (60S, �fraction 4), followed by monosomes (sin-
gle ribosomes, 80S, �fraction 5), LMW polysomes (�fractions
6 and 7), and high-molecular-weight (HMW) polysomes
(�fractions 8 to 11). Fractions 5 to 11 contained both 18S and
28S rRNA; pooled mRNA present in these fractions was
termed polysome-bound mRNA and represents the collection
of mRNAs engaged in translation. Fractions 3 and 4 were
discarded to ensure a clean separation between mRNAs not
bound to ribosomes and ribosome-bound mRNAs. Both sets of

mRNAs (unbound and polysome bound) from each cell line
were used in reverse transcription reactions to prepare radio-
labeled probes that were subsequently used to hybridize cDNA
arrays (4,608 genes; Human Focused Array, described on the
website http://www.grc.nia.nih.gov/branches/rrb/dna/array.htm).

Pairwise comparisons of unbound (untranslated) versus
polysome-bound (translationally active) mRNAs were carried
out in pVHL-deficient and pVHL-expressing cells, and repre-
sentative cDNA array signals are shown in Fig. 3B. For each
gene, the signal on membranes corresponding to polysome-
bound mRNA was compared between pVHL-expressing and
pVHL-deficient cells; similar comparisons were done for un-
bound mRNA. Differences in the relative distribution of
mRNAs when comparing pVHL-deficient and pVHL-express-
ing cells were quantitated using Z averages (5). mRNAs that
were found in greater abundance in polysomes of pVHL-defi-
cient cells, i.e., mRNAs that were potential targets of pVHL-
mediated translational repression, were considered significant
if they met the criteria explained in Materials and Methods.
Listed in Fig. 4 are several genes out of a total of approxi-
mately 3.8% of genes on the array (174 individual genes) meet-
ing the significance criteria described below. Briefly, the degree
to which each mRNA listed was preferentially associated with

FIG. 1. pVHL fractionates with LMW polysomes. (A) Cytoplasmic extracts from RCC 786-0 cells that either lacked (VHL�) or expressed
(VHL�) pVHL were centrifuged through continuous sucrose gradients to obtain fractions of increasing molecular weight. Absorbance at 254 nm
served to monitor the presence of ribosomal subunits, ribosomes, and polysomes. Fractions 1 and 2 were completely devoid of ribosomes and
ribosome components, fractions 3 and 4 typically included the free small and large ribosomal subunits, respectively, and fractions 5 to 11 contained
polysomes of increasing weight. (B) Representative Western blot analysis to monitor pVHL abundance in each of the continuous fractions
prepared from sucrose gradients in both pVHL-expressing and pVHL-deficient cells; equal volumes were loaded from each fraction. To monitor
the quality of the protein preparations, blots were stripped and rehybridized using an antibody that recognizes �-actin.
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polysomes in pVHL-deficient cells (Fig. 4, top) was assessed by
comparing Zdiff values: average Z in pVHL-deficient com-
pared with pVHL-expressing cells (ZVHL� � ZVHL�). For the
genes listed in this group, Zdiff values for the polysome-bound
mRNA were considered significant based on a two-tailed Z test
(Z � 2.4; P � 0.05). For the genes listed on the top part of Fig.
4, Zdiff values for the unbound mRNA were not significantly
different by Z test between pVHL-expressing and pVHL-defi-
cient cells. Interestingly, among the mRNAs preferentially
bound to polysomes in pVHL-deficient cells were several en-
coding proteins that are elevated in pVHL-deficient cells, such
as VEGF and cyclin D1. Expression of VEGF, for example,
has been shown to be regulated in a pVHL-dependent fashion
through a variety of mechanisms, including transcription and
mRNA turnover. The observation that VEGF mRNA is sig-
nificantly more abundant in polysomes of cells lacking pVHL
suggests that VEGF expression may be controlled by pVHL at
one additional level, protein translation. Several mRNAs
whose relative abundance in the unbound and polysome-
bound fractions are not significantly different when comparing
pVHL-expressing and pVHL-deficient cells are listed under
the category “no VHL-dependent difference in polysome as-
sociation.” Three sets of unbound and polysome-bound RNA
preparations were independently prepared and analyzed using
cDNA arrays. The complete list of genes and the relative
abundance in unbound and polysome-bound fractions is avail-

able at the website http://www.grc.nia.nih.gov/branches/rrb/dna
/dnapubs.htm.

As indicated above, the cDNA array screen also revealed
that the TNF-� mRNA was preferentially associated with poly-
somes in pVHL-deficient cells. Given Caldwell et al.’s recent
studies describing pVHL’s sensitization of RCC cells to the
cytotoxic effects of TNF-� (4), we sought to examine the in-
fluence of pVHL on TNF-� expression in greater detail and
thereby also ascertain the usefulness of this cDNA array-based
methodology to study translational regulation in this system.

pVHL-dependent regulation of TNF-� translational effi-
ciency and TNF-� expression. Cytoplasmic lysates prepared
from 786-0-deficient (VHL�) and 786-0-expressing (VHL�)
cells were fractionated through sucrose gradients, and the dis-
tribution of TNF-� mRNA in the fractions was assessed by
Northern blotting (Fig. 5A). TNF-� mRNA signals in the var-
ious fractions were quantitated and are represented as the
percentage of the total (sum of signals in all fractions). As
shown in Fig. 5B, pVHL-deficient cells exhibited substantially
higher levels of polysome-bound TNF-� mRNA, particularly
in the HMW fraction, while unbound TNF-� mRNA was pref-
erentially found in the nonpolysomal fraction in the pVHL-
expressing cells. It was of interest to determine if the TNF-�
mRNA stability was influenced by the cell’s pVHL status, given
several reports demonstrating that the expression of TNF-�
could be regulated through altered mRNA turnover (29, 33).
However, despite marked differences in the subcellular local-
ization of TNF-� mRNA in cells that either expressed or
lacked pVHL, the half-life of the TNF-� mRNA, as assessed
by actinomycin D (ActD)-based determinations, was essen-
tially unchanged (t1/2, �30 min in each cell line) (Fig. 5C).
Briefly, for calculation of the TNF-� mRNA half-life, ActD
was added to block new mRNA transcription and whole-cell
RNA was prepared at various times thereafter (20 min, 40 min,
etc.). RNA was then used for Northern blot analysis to monitor
the rate of clearance of the TNF-� transcript. Following quan-
titation of signals from TNF-� mRNA and 18S rRNA (the
latter was used to normalize for differences in loading and
transfer of samples), the TNF-� mRNA half-life was calcu-
lated as the time necessary to achieve a reduction to 50% of
the signal measured before adding ActD.

Additional mRNAs were examined to test the validity of this
approach. As shown in Fig. 6A, mRNAs encoding VEGF and
cyclin D1, which were predicted to preferentially associate with
polysomes in pVHL-deficient cells (Fig. 4, top), indeed ap-
peared more abundant in RNA preparations obtained from
polysome-bound material in pVHL-deficient cells. Interest-
ingly, a pVHL-dependent difference in cyclin D1 expression
was recently reported (3, 58). By contrast, similar Northern
blot analysis revealed that Glut-1 mRNA, whose abundance
was predicted not to be preferentially associated with poly-
somes in a pVHL-dependent fashion (Fig. 4, bottom), dis-
played a similar relative distribution in both cell lines (Fig. 6B),
although overall Glut-1 mRNA expression was higher in
pVHL-deficient cells, keeping with earlier reports (3, 18). Ex-
pression levels of �-actin, another transcript whose relative
polysomal association was not pVHL dependent (Fig. 4, bot-
tom), was comparable between pVHL-expressing and pVHL-
deficient cells, as anticipated. �-Actin mRNA signals were

FIG. 2. pVHL does not appear to influence global protein synthesis
in 786-0 cells. 786-0 cells that either lacked (VHL�) or expressed
(VHL�) pVHL were incubated with L-[35S]methionine and L-[35S]cys-
teine for 5 h, whereupon whole-cell lysates were prepared and newly
synthesized, radiolabeled proteins were assessed. (A) Representative
gel depicting radiolabeled proteins following electrophoresis through
sodium dodecyl sulfate-containing 12% polyacrylamide gels.
(B) Quantitation of radioactivity incorporated into nascent proteins,
measured after precipitation in 20% TCA. Data shown are the means
and standard errors of the means from three different experiments.
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FIG. 3. Strategy to study pVHL-mediated regulation of mRNA translation in RCC cells. (A) Cytoplasmic extracts from 786-0 cells that either
lacked (VHL�) or expressed (VHL�) pVHL were centrifuged through sucrose gradients to obtain fractions of increasing molecular weight.
Absorbance at 254 nm served to monitor the presence of ribosomal subunits, ribosomes, and polysomes. Pooled fractions 1 and 2 contained
mRNAs that were completely devoid of ribosomes and ribosome components (they constitute the unbound mRNA component); the mRNA in
fractions 3 and 4, which typically included the free small and large ribosomal subunits, respectively, were discarded; pooled fractions 5 to 11
contained mRNAs bound to one or several ribosomes (the polysome-bound mRNA component). From each 786-0 cell population, two sets of
radiolabeled cDNA were prepared through reverse transcription in the presence of [�-33P]dCTP: one from unbound mRNA and one from
polysome-bound mRNA. Probes were used for hybridization of cDNA arrays (described in reference 5). (B) Representative cDNA arrays to
illustrate the hybridization signals corresponding to either unbound mRNA (left) or polysome-bound mRNA (right). Cell fractions and cDNA
array analyses were performed three times, each as a completely independent experiment.
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FIG. 4. Collection of genes encoding mRNAs that are specifically bound to polysomes in pVHL-deficient cells. For each gene on the cDNA
arrays, the relative presence of the encoded mRNA in polysome-bound and unbound fractions was compared between pVHL-expressing and
pVHL-deficient 786-0 cell lines. Cell fractionations and cDNA array analysis were performed three independent times. Differences in Z averages
(Zdiff) served to assess the relative abundance of a given transcript in polysomes (polysome bound; black bars) or in unbound fractions (gray bars)
of pVHL-deficient and pVHL-expressing cells and were calculated as explained in Materials and Methods and in reference 5. The top group
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routinely used to test sample quality as well as evenness of
loading of Northern blotting samples (Fig. 5 and 6).

Previous reports have shown that TNF-� expression can be
regulated by controlling the translation of its mRNA, and these
studies have linked this regulatory mechanism to a region
within the TNF-� 3�UTR that was a target of translational
repression (15, 39). These reports, taken together with our
observation that reintroduction of pVHL correlated with a
substantial reduction in the translationally active fraction of
the TNF-� mRNA, strongly suggested that pVHL might in-
hibit TNF-� translation through the TNF-� 3�UTR. We tested
this hypothesis by monitoring mRNA expression and protein
production from a chimeric reporter construct that encom-
passed the 3�UTR of TNF-� directly downstream of the lucif-
erase coding sequence. Initial efforts to analyze nascent TNF-�
by using a pulse incubation in the presence of 35S-labeled
amino acids were unfruitful due to the very low expression
levels of TNF-� in these cells. The alternative approach
employed here involved the transient transfection of cells with
plasmids expressing either the luciferase mRNA (LUC) or a
chimeric luciferase–TNF-�(3�UTR) mRNA [LUC�TNF�
(3�)] (Fig. 7A); comparison of mRNA levels with luciferase
activity levels in each cell line allowed the assessment of
pVHL-dependent changes in translation rates. In addition, in
order to control for potential cell line-specific effects, we also
included a second, independently developed pair of pVHL-
deficient and pVHL-expressing RCC cell lines. The parent
UOK cell line lacked pVHL function (VHL�); pVHL expres-
sion was restored by stable transfection of UOK cells with a
human pVHL cDNA (VHL�) (11). As shown, all mRNAs
transcribed from the transfected plasmids, including those ex-
pressed from control transfected plasmids encoding �-galacto-
sidase, were found to be expressed with the same abundance in
cells with different pVHL status (Fig. 7B). Importantly, when
synthesis of the encoded proteins was measured (by measuring
luciferase and �-galactosidase activities), all luciferase activi-
ties were found to be comparable, except in populations trans-
fected with plasmid that expressed LUC�TNF-� (3�) mRNA,
where pVHL-expressing cells produced significantly less lucif-
erase, approximately 50% of that measured in pVHL-deficient
cells (Fig. 7C). This finding indicated that addition of the
TNF-� 3�UTR to a heterologous transcript (luciferase, in this
case) caused it to be translated less efficiently in cells express-
ing functional pVHL. Such observations were made in both the
786-0 and the UOK cells, strongly suggesting that the effect on
TNF-� synthesis was truly dependent on the cell’s pVHL sta-
tus.

Finally, restoration of pVHL function in both RCC lines, an
intervention that was shown to inhibit TNF-� mRNA associ-
ation with polysomes (Fig. 5) and repress translation of tran-
scripts carrying the TNF-� 3�UTR (Fig. 7), significantly re-
duced the amount of TNF-� synthesized, as determined by

ELISA (Fig. 8). The specific distribution profiles of TNF-�
mRNA in the UOK cells (data not shown) were also consistent
with the levels of secreted TNF-� protein. For comparison,
cultured macrophages and lymphocytes (106/ml) can produce 3
to 5 ng of TNF-�/ml after lipopolysaccharide and CD3 plus
CD28 stimulation, respectively. In conclusion, the TNF-�
mRNA shifts to higher-molecular-weight polysomes in pVHL-
deficient cells, and TNF-� protein is synthesized and secreted.
Together, our findings demonstrate that pVHL functions in
selectively excluding the TNF-� mRNA from translationally
active polysomes and specifically reduces TNF-� expression in
RCC cells.

DISCUSSION

The present study provides evidence in support of a role for
pVHL in the translational repression of TNF-� biosynthesis.
The finding that cytoplasmic pVHL associates with polysomes
and translation factors (40) (Table 1; Fig. 1) prompted us to
hypothesize that pVHL might be involved, directly or indi-
rectly, in regulating protein synthesis. To test this possibility,
we used RCC cell lines that either lack pVHL function
(VHL�) or express pVHL through stable transfection
(VHL�). Cytoplasmic lysates prepared from 786-0 RCC cells
were further fractionated into polysome-bound mRNA (en-
gaged in translation) and mRNA not bound to ribosomes
(hence not being translated), and each mRNA collection was
reverse transcribed and used in hybridization of cDNA arrays.
Comparison of the resulting data revealed a group of mRNAs
that preferentially associated with polysomes in cells lacking
pVHL; for these genes, restoration of pVHL expression
greatly reduced their association with ribosomes and thus pre-
sumably their translation.

Such pVHL-dependent translational repression was further
demonstrated for TNF-�, a gene product that was found to be
markedly cytotoxic for RCC cells expressing VHL protein (4).
In addition, TNF-� expression is of particular interest in the
context of the cancer-fraught VHL syndrome, given TNF-�’s
close links to angiogenesis and cancer, as discussed below. Our
studies show that the pVHL-dependent reduction in the asso-
ciation of TNF-� mRNA with the translationally active, poly-
some-bound fraction was linked to decreased TNF-� protein
synthesis. In addition, we have provided evidence that the
TNF-� 3�UTR, previously shown to participate in the transla-
tional regulation of TNF-� expression (20, 27, 41, 52), was
responsible for conferring translational repression upon a chi-
meric transcript. According to our unpublished results, neither
the levels of several translational regulatory proteins examined
(i.e., TIAR, TIA-1, EF-1�) nor their association with in vitro-
synthesized TNF-� 3�UTR transcripts appeared to be substan-
tially influenced by the cell’s pVHL status (results not shown).
Experiments are under way to investigate whether TIAR and

(preferentially associated with polysomes in pVHL-deficient cells) includes genes potentially subject to translational repression by pVHL, since
they are encoded by mRNAs that were significantly more abundant in polysome-bound fractions prepared from pVHL-deficient cells than in those
prepared from pVHL-expressing cells. *, Zdiff values for the polysome-bound mRNA are significant, using two tests (Z � 2.4; P � 0.05). For these
genes, unbound mRNAs were not significantly different between pVHL-expressing and pVHL-deficient populations. The bottom group (no
pVHL-dependent difference in polysome association) lists genes encoding mRNAs that exhibited no significant differences in their relative
distribution (polysomal and unbound) in cells with different pVHL status.
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TIA-1 (attractive candidate proteins reportedly involved in
translational regulation [15]) bind to the TNF-� 3�UTR tran-
scripts in vivo and whether this association is direct or results
from their being part of larger, multiprotein complexes (23). It
is unlikely that pVHL influences TNF-� translation by directly
binding the TNF-� mRNA, given the absence of discernible
RNA-binding domains in the VHL protein. Instead, in its
capacity as a key component of an E3 (VCB-CUL2) ligase,
pVHL may assist in the targeting for ubiquitin-mediated deg-

radation of other (as-yet-unidentified) translational regulatory
proteins. Formal testing of this possibility awaits the identifi-
cation of additional protein targets of VCB-CUL2-mediated
ubiquitination. Alternatively, pVHL could associate with other
cytosolic, ER-associated, or polysomal proteins and thereby
modulate their function. These possibilities also remain to be
examined directly.

What might be the significance of the heightened TNF-�
expression in pVHL-deficient RCC cells? Despite the antitu-

FIG. 5. TNF-� mRNA is associated with HMW polysomes in pVHL-deficient cells. Cytoplasmic lysates from 786-0 cells that either lacked
(VHL�) or expressed (VHL�) pVHL were fractionated through sucrose gradients, and the RNA prepared from each of the 11 fractions was
subjected to Northern blot analysis. (A) Representative TNF-� Northern blotting signals; �-actin mRNA signals were included to assess differences
in loading and transfer of samples. (B) Quantitation of the relative abundance of TNF-� mRNA in the indicated fractions prepared from sucrose
gradients. TNF-� mRNA signals were normalized to �-actin mRNA signals and then shown as the percent abundance of the TNF-� mRNA in
a given RNA subset relative to the total cytoplasmic TNF-� mRNA. (C) For mRNA half-life assessments, ActD (2 �g/ml) was added to 786-0 cells
and total RNA prepared at the times indicated. mRNA half-lives were calculated after measurement of Northern blotting signals, normalization
to 18S rRNA signals, plotting on logarithmic scales, and determination of the time period required to decrease the abundance of the TNF-�
transcript to 50% of the initial signal intensity. Data in graphs represent the means 	 standard errors of the means from three independent
experiments.
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FIG. 6. Validation of mRNAs displaying either preferential or nonpreferential polysomal association in a pVHL-dependent fashion. (A) Abun-
dance of mRNAs encoding VEGF and cyclin D1, which preferentially associated with polysomes in pVHL-deficient cells, was assessed by Northern
blotting and quantitated as described in the legend for Fig. 5. (B) Abundance of Glut-1 mRNA, which is not preferentially associated with
polysomes in pVHL-deficient cells, was assessed as described in the legend for Fig. 5. �-Actin mRNA signals served to both validate the results
in Fig. 5 and monitor the evenness in loading and transfer of samples.
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FIG. 7. The 3�UTR of TNF-� mRNA confers translational repression in a pVHL-dependent manner. (A) pGL3-luciferase (pGL3-LUC) and
pGL3-luciferase containing the 3�UTR of TNF-� [pGL3-LUC�TNF-�(3�)] were transiently transfected along with control plasmid pSV-�-gal into
786-0 cells that either expressed or lacked pVHL function (VHL� and VHL�, respectively). (B) Representative Northern blot analysis used to
ascertain the expression levels of LUC�TNF-�(3�) transcript (and LUC in pGL3-LUC transfections [data not shown]) and the �-galactosidase
mRNA in transfected 786-0 and UOK populations; determination of 18S signals served to monitor the quality of RNA samples. Graphs represent
the relative abundance of mRNAs containing the luciferase coding region [either LUC mRNA or LUC�TNF-�(3�) mRNA] in pVHL-deficient
cells (100%) compared with pVHL-expressing cells. In each transfection group [pGL3-LUC and pGL3-LUC�TNF-�(3�)], luciferase mRNA
values were normalized to �-galactosidase mRNA values. (C) Luciferase activity in 786-0 and UOK cells transfected with either pGL3-LUC or
pGL3-LUC�TNF-�(3�); measurements of luciferase activity were normalized to measurements of �-galactosidase activity and plotted as percent
luciferase activity/galactosidase activity in pVHL-expressing cells (VHL�) relative to that measured in pVHL-deficient cells (VHL�) (100%).
Data represent the means and standard errors of the means from three independent experiments.
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mor effects of local, high-dose TNF-� administration (1, 44), a
growing body of evidence paradoxically supports a tumor-pro-
moting role for TNF-�. It is expressed by a wide range of
tumors, including RCC (1, 36, 57), and its presence is generally
associated with poor prognosis. Local chronic production of
TNF-� in the tumor appears to contribute to chronic inflam-
matory conditions that favor cancer development (2). In this
regard, TNF-� has been shown to induce the expression of
angiogenic factors (VEGF, bFGF), matrix metalloproteinases,
and chemokines, all of which can remodel the tumor stroma
and promote cancer spread (31). TNF-� has also been shown
to be a transforming agent in vitro and can function as a growth
factor for cultured cancer cells (24, 54). Furthermore, loss of
pVHL greatly diminished the cytotoxic effects of TNF-� on
cultured RCC cells (4), suggesting that tumor suppression by
pVHL may rely, at least in part, on its ability to enhance cell
death by TNF-�. The precise effects of TNF-� in RCC cells
arising from pVHL mutations, as well as TNF-�’s influence on
other VHL disease-related tumors remain to be examined
directly. Chemotherapeutic approaches that inhibit TNF-� ex-
pression and/or function (such as TNF antagonists, thalido-
mide, nonsteroidal antiinflammatory drugs, etc.) are showing
great promise for cancer treatment (42, 47, 56). Although the
usefulness of these therapies in the prevention or treatment of
VHL disease-related lesions remains to be investigated, there
is evidence for their efficacy in the treatment of RCC (46).
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