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Mutation of the von Hippel-Lindau tumor suppressor gene (vhl) causes the von Hippel-Lindau cancer syn-
drome as well as sporadic renal clear cell carcinoma. To pursue our study of the intracellular localization of
VHL protein in relation to its function, we fused VHL to the green fluorescent protein (GFP) to produce the
VHL-GFP fusion protein. Like VHL, VHL-GFP binds to elongins B and C and Cullin-2 and regulates target
gene product levels, including levels of vascular endothelial growth factor and glucose transporter 1. VHL-GFP
localizes predominantly to the cytoplasm, with some detectable nuclear signal. Inhibition of transcription by
actinomycin D or 5,6-dichlorobenzimidazole riboside (DRB) causes VHL to be redistributed to the nucleus. A
cellular fusion assay was used to demonstrate that inhibition of transcription induces a decrease in the nuclear
export rate of VHL. The dependence of transcription for trafficking is lost with a deletion of exon 2, a region
with a mutation causing a splice defect in the VHL gene in sporadic renal clear cell carcinoma. Addition of a
strong nuclear export signal (NES) derived from the Rev protein results in complete nuclear exclusion and
abrogates the redistribution of VHL-GFP-NES into the nucleus upon inhibition of transcription. Leptomycin
B, which inhibits NES-mediated nuclear export, reverts the distribution of VHL-GFP-NES to that of VHL-GFP
and restores sensitivity to actinomycin D and DRB. Uncoupling of VHL-GFP trafficking to transcription either
by an exon 2 deletion or fusion to NES abolishes VHL function. We suggest that VHL function requires not only
nuclear or cytoplasmic localization, but also exon 2-mediated transcription-dependent trafficking between
these two cellular compartments.

The von Hippel-Lindau gene (vhl) was identified in 1993 as
a tumor suppressor gene whose germ line mutations are asso-
ciated with the inherited von Hippel-Lindau cancer syndrome
(22, 28, 30, 34). This disorder is characterized by development
of multiple benign and malignant tumors in many organs, in-
cluding the kidneys, retina, central nervous system, pancreas,
and adrenal gland (5, 8, 17, 38, 65). Further genetic analysis
has revealed that the VHL gene is clearly inactivated in over
80% of sporadic renal clear cell carcinomas (RCC), the most
frequent form of kidney cancer (14, 18, 21, 59).

The VHL gene, which contains three exons, codes for a
213-amino-acid protein of 25 kDa with no similarity to other
known proteins, thus giving no clues about its function. Immu-
noprecipitation experiments have shown that VHL forms a
stable heterotetrameric complex with elongins B and C as well
as human Cullin-2 (VHL–elongin BC–Hs-Cul-2) (2, 9, 10, 25,
36, 51). Two of these proteins, elongin C and Hs-Cul-2, share
structural homology with yeast (Saccharomyces cerevisiae)
SKP1 and Cdc53, respectively (3, 26, 39, 67). SKP1 and Cdc53
are part of a complex that is involved in the targeting of pro-

teins for ubiquitination. Studies of the effect of reintroduction
of VHL in VHL-negative RCC have indicated that it may play
a role in the posttranscription regulation of the stability of a
specific class of mRNAs that include vascular endothelial
growth factor (VEGF), glucose transporter 1 (Glut-1), and oth-
er mRNAs (19, 24, 27, 36, 58). It has been suggested that the
VHL–elongin BC–Hs-Cul-2 complex may target ubiquitination
proteins involved in the regulation of the stability of VEGF
and other mRNAs (36). There are several naturally occurring
mutations in VHL patients within exon 3 that abrogate assem-
bly with elongins B and C and Hs-Cul-2, suggesting a function-
al role for this complex (36, 51). However, most inactivating
point mutations in sporadic RCC lie outside of the elongin
BC–Hs-Cul-2 binding domain, suggesting that these sequences
code for VHL tumor suppression functions which are still
unknown.

Very little is known about the regulatory mechanisms un-
derlying VHL cellular functions. In an attempt to answer these
questions, we and others have studied the intracellular local-
ization by indirect immunofluorescence or immunochemistry
and have shown that VHL localizes predominantly to the cy-
toplasm, with some detectable nuclear signal (7, 9, 23, 31, 37,
64). Several proteins differentially localize between the nucleus
and the cytoplasm, some of which require continuous nuclear-
cytoplasmic shuttling to achieve their cellular functions (48,
52–54, 56, 70). This prompted us to hypothesize that VHL may
need to traffic between the nucleus and the cytoplasm to per-
form its functions. We also reasoned that because VHL has
been linked to the posttranscriptional regulation of specific
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mRNAs, ongoing transcription might be required for the shut-
tling process to occur.

We decided to further examine these possibilities by fusing
VHL to green fluorescent protein (GFP) to form the hybrid
protein VHL-GFP. Fusion to GFP enables detection in living
cells without requiring fixation, antibodies, and permeabiliza-
tion, all sources of common artifacts (35, 63). We report here
that VHL-GFP reproduces the known biochemical, functional,
and cellular localization characteristics of VHL. VHL-GFP
can be detected predominantly in the cytoplasm, with some
nuclear signal in all cell lines studied, regardless of expression
levels. We present evidence that VHL-GFP participates in a
dynamic RNA polymerase II transcription-dependent shuttling
process between the cytoplasm and the nucleus. Transcription-
dependent trafficking is mediated by sequences encoded by
exon 2, which is the site of frequent mutation in human RCC.
Uncoupling of transcription dependence to VHL-GFP local-
ization and trafficking, either by an exon 2 deletion or fusion
to a strong nuclear export signal (NES) such as Rev NES, dis-
rupts VHL function. These results support a model in which
VHL-GFP requires transcription-dependent nuclear-cytoplas-
mic shuttling to perform its functions.

MATERIALS AND METHODS

Cell culture. The 786-0 (VHL-negative) renal carcinoma cells, Cos-7 African
green monkey kidney cells, and HeLa cells were obtained from the American
Type Culture Collection (Rockville, Md.). All cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% (vol/vol) fetal
calf serum (FCS) in a 37°C, humidified, 5% CO2-containing-atmosphere incu-
bator.

Expression vectors. The human VHL cDNA, which codes for a 213-amino-
acid VHL protein, was subcloned into either pcDNA3.1(2) (Invitrogen), the
retrovirus pHIT111 (kindly provided by A. Kingsman), or pSX, a modified ver-
sion of the mammalian expression vector pCDL-SRa (9). A Flag (F) epitope tag
(DYKDDDDK) or a hemagglutinin (HA) epitope was added to the N terminus
of the VHL cDNA open reading frame to produce the FVHL or HA-VHL con-
struct, respectively. A cDNA coding for an enhanced fluorescence version
(Fred25) (63) of the GFP was subcloned at the C terminus of FVHL to produce
the FVHL-GFP fusion protein. The VHL version without the Flag epitope tag
was also cloned into the three vectors to produce the VHL-GFP fusion protein.
Deletion mutants were produced by the PCR and cloned between the Flag tag
and GFP to replace the wild-type VHL cDNA. The deletion mutants are re-
ferred to as DN for N-terminal truncations, DC for C-terminal truncations, and
D for internal truncations. FVHL-GFP-NES and FVHL-GFP-NESM fusions
were produced by fusion of FVHL-GFP at its C terminus to the strong NES of
HIV Rev, LPPLERLTL (NES) (11), or to a mutated form of NES (NESM),
LPPAERATL (underlining indicates mutated amino acids). All constructs were
verified by standard DNA sequencing.

Transfections and establishment of stable 786-0 cell lines. Stable cell lines
were established by different strategies. First, a transient three-plasmid system
was used to produce high-titer stocks of pHITVHL-GFP, a VHL-GFP-produc-
ing retrovirus vector derived from pHIT (60). Briefly, 293T cells were cotrans-
fected with 3.4 mg of pHIT60 (Moloney murine leukemia virus gag-pol expres-
sion), 0.2 mg of pHCMV-G (vesicular stomatitis virus G protein), and 14.2 mg of
pHITVHL-GFP per 60-mm-diameter petri dish by the calcium phosphate co-
precipitation method. The medium (DMEM with 10% FCS) was changed after
10 h. Supernatant was harvested 48 h posttransfection, filtered (0.45-mm pore
diameter), and frozen at 280°C. A virus titer of .1 3 107 infectious particles/ml
was obtained. For infection, 4 3 105 786-0 cells were plated in a 60-mm-diameter
petri dish. After 12 h, cells were washed and incubated with 2 ml of the virus
stock, including 16 ml of Polybrene (1 mg/ml) for 2 h. Three milliliters of DMEM
(10% fetal calf serum [FCS]) was added. After 24 h, cells were washed,
trypsinized, and plated in a 75-cm2 cell culture flask. On the fourth day after
infection, cells were incubated under selection with 0.5 mg of G418 per ml. A
noninfected control was put under selection at the same time. While in the
control cells there was extensive cell death after 2 weeks, the infected cells
showed no signs of G418-induced death, indicating a high proportion of trans-
duced cells. Second, 786-0 stable cell lines expressing FVHL-GFP or mutants
cloned into pcDNA3 were also produced by a standard calcium phosphate
method followed by G418 selection. Cells positive for FVHL-GFP, VHL-GFP,
and VHL-GFP mutants were enriched by fluorescence-activated cell sorting.
Cells were trypsinized, resuspended in phenol red-free DMEM containing 2%
FCS, and sorted in a Becton Dickinson FacsStar at 488 nm. The brightest 3% of
the cells were collected and put back into culture. We were able to obtain stable
populations of cells which contained at least 99% GFP-positive cells by using this
approach. Transient transfections were performed either by the calcium phos-

phate technique or electroporation as described elsewhere (31). The 786-0 cells
expressing a VHL cDNA fused to an HA tag (WT-7) were a kind gift from
William G. Kaelin, Jr. (Dana-Faber Cancer Institute, Harvard University).

Immunoprecipitation and immunoblotting. Stable 786-0 cells or transiently
transfected Cos-7 cells were plated overnight in DMEM–10% FCS. Transfected
cells were incubated either with or without labeling medium, which included
DMEM without methionine and cysteine, 10% FCS, and 0.1 mCi of Trans-35S
label per ml, for 6 h at 37°C. Cells were lysed in a mixture of 20 mM Tris-HCl
(pH 8.0), 137 mM NaCl, 1% Triton X-100, 10% (vol/vol) glycerol, 1 mM phenyl-
methylsulfonyl fluoride, 0.5 mg of leupeptin per ml, 1 mg of aprotinin per ml, 1
mM NaF, and 1 mM sodium orthovanadate. Lysates were immunoprecipitated
with the anti-Flag M2 monoclonal antibody (MAb) (1 mg/ml), anti-HA MAb
(HA-11) (1 mg/ml), or anti-VHL MAb (PharMingen) (10 mg/ml). Precipitates
were washed five times with the same buffer and analyzed on sodium dodecyl
sulfate (SDS)–15% polyacrylamide gels. For total cell lysates, cells were washed
several times in phosphate-buffered saline (PBS), scraped from the petri dishes,
centrifuged, and resuspended in 4% SDS in PBS (31). The samples were boiled
for 5 min, and the DNA was sheared by passage of lysates through 19-gauge
needles. Protein concentration was determined by the bicinchoninic acid method
(Pierce) and was used to normalize protein loading in whole-cell immunoblot assay.

RT-PCR. VEGF mRNA expression level in 786-0 cells was measured by a
quantitative reverse transcription (RT)-PCR approach (44). Briefly, RNA was
isolated and reverse transcribed with random hexamers and avian myeloblastosis
virus reverse transcriptase. The cDNA was amplified with primers specific for
VEGF (VEGF-S, GAGCCTTGCCTTGCTGCTCT; VEGF-A, GCACACAGG
ATGGCTTGAAGATGTAC). The sense primer was radiolabelled with 32P.
After 20 cycles of amplification with AmpliTaq (Perkin-Elmer), the products
were separated on a denaturing 6% acrylamide–urea sequencing gel. The gel was
dried and exposed on a Phosphoimager screen (Fuji). Signals were quantified on
a FujiBas Phosphoimager. As an internal control for the amount of RNA, prim-
ers for porphobilinogen deaminase (PBGD) were used. To ensure the linearity
of the amplification, three dilutions of the cDNA were amplified with the VEGF-
specific primers. The signal intensity of the bands was plotted against the dilu-
tion, and a linear regression was determined for each sample. The r2 values
ranged from 0.97 to 0.99, indicating linearity of the amplification reaction.

Fluorescence analysis and image processing. GFP analysis was generally per-
formed 16 to 24 h after transient transfection or plating of stable cell lines.
Live-cell image analysis was performed as described previously (6). Briefly, for
each image, data were collected in a single imaging session with identical filters,
exposure, and illumination settings. Images were manipulated with IPlab Spec-
trum, NIH-Image, and Adobe Photoshop software on a Macintosh computer.
Nuclear and cytoplasmic values and the nuclear/cytoplasmic ratio were measured
with IPlab Spectrum as follows. Total cellular signal was measured by multiplying
the area of the cell by the integrated pixel intensity within the cell and subtracting
the background value (obtained by measuring pixel intensity from a cell-free
region of the image). Nuclear signal was obtained by measuring the pixel inten-
sity in the nucleus subtracted by the mean background multiplied by the area of
the nucleus. Cytoplasmic signal equals total cellular signal minus nuclear signal.
Finally, the nuclear/cytoplasmic ratio was measured by dividing nuclear signal by
cytoplasmic signal. All pixel values were measured well below the saturation
limits, even though some of the prints may appear saturated by the signals. This
is because images obtained with a slow-scan charge-coupled device (CCD) cam-
era have a depth of 12 bits. Therefore, every pixel can assume an intensity value
ranging between 0 and 4095. Since current monitor and printing technology only
allows the presentation of 8-bit information (256 gray values), the 12-bit data
have to be assigned to an 8-bit range. In IPlab Spectrum, this is done by
normalization (i.e., defining a minimal and maximal cutoff value (pixels below are
black, pixels above are white), followed by a contrast enhancement step which
favors the pixels carrying important information. This manipulation does not
alter the original 12-bit data, and quantitations are done with the original 12-bit
images. This can lead to a situation in which brighter images may appear satu-
rated compared to weaker signals, while they are, in fact, well below saturation
levels (e.g., Fig. 4A, donor nucleus 2DRB and 1DRB at 10 min).

Polykaryon assay. HeLa cells were transfected by a standard calcium phos-
phate-coprecipitation technique and inspected by 488-nm fluorescence micros-
copy for VHL-GFP expression. Usually between 10 and 30% of the cells pre-
sented strong fluorescence. The cells were trypsinized 24 h after transfection and
mixed with nontransfected HeLa cells in a ratio of 1 to 10. The cell mixture was
plated at a concentration of 1.5 3 106 cells per 60-mm-diameter dish and left
overnight for reattachment. Approximately 90% of the transfected cells reat-
tached under these conditions. The confluent cell layer was visually inspected for
even distribution of GFP-producing cells surrounded by nontransfected cells.
Approximately 30% of reattached fluorescent cells appeared as doublets, indi-
cating a recent cell division event. Cells were washed twice with prewarmed PBS
and fused for 2 min by addition of a prewarmed 50% solution of polyethylene
glycol (PEG) 4000 in PBS (Gibco BRL no. 14030-035). PEG was removed
thoroughly by four washes with prewarmed PBS, and the cells were incubated
with warm DMEM (10% FCS plus antibiotics). Cells were observed under
phase-contrast microscopy and scanned for fusion events involving one donor
cell with surrounding acceptor cells. Briefly, cells were observed on an inverted
microscope with indirect fluorescence equipment (Zeiss Axiovert 135TV). Cul-
ture dishes were put on a heated stage within a mounted controlled-environment
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chamber (Zeiss) providing a temperature of 37°C, high humidity, and 5% CO2.
Images of any given field were taken automatically every few minutes by a
computer-controlled, high-resolution, slow-scan Quantix CCD camera (Photo-
metrics, Tucson, Az.). Care was taken to integrate individual frames under
subsaturating conditions (i.e., with no pixels reaching an intensity value of 4,095).
Frames of such a series were taken with identical integration times, usually
between 1 and 3 s/frame at a 2 by 2 binning with an electronic gain of 2. Images
were stored and analyzed on a Macintosh PowerPC 7600 computer with IPLab
Spectrum software (Scanalytics, Vienna, Va.). Frame series were put together to
create quicktime movies of the events. Selected time points were chosen for
quantitation. In some experiments, cells were stained before fusion with Hoechst
33342 dye (1 mg/ml) for 10 min to allow identification of acceptor nuclei. Cells
were pretreated with cycloheximide (10 mg/ml, a condition found to completely
inhibit protein synthesis) 2 h before fusion and kept in the presence of cyclo-
heximide after fusion. DRB was added at 25 mg/ml as indicated. An example of
quantitation is presented in Fig. 4B.

RESULTS

Function of FVHL-GFP and VHL-GFP fusion proteins. A
full-length human VHL coding sequence modified by an ami-
no-terminal Flag (F) epitope tag was fused at the carboxy
terminus to a full-length open reading frame encoding a strong

autofluorescing mutant of the GFP (62) (Fig. 1A). This con-
struct, termed FVHL-GFP, a fusion protein lacking the amino-
terminal epitope (VHL-GFP), and various VHL mutants fused
to GFP were cloned into several expression vectors (see Ma-
terials and Methods). Expression vectors were transfected into
various cell lines, and the proteins produced were analyzed
with functional assays. FVHL-GFP was shown to assemble
with elongins B and C to levels equivalent to those of FVHL,
as demonstrated by immunoprecipitation of transiently trans-
fected Cos-7 cells (Fig. 1B) (2, 9, 10, 25). VHL-negative RCC
786-0 cell lines stably expressing FVHL-GFP or VHL-GFP
were also established by using retrovirus vectors expressing
these fusions. We chose 786-0 RCC, because one VHL allele is
deleted, and the other one codes for a VHL protein truncated
at amino acid 104. This provides a suitable system with which
to study the effect of reintroduction of wild-type VHL in a
VHL-negative background (24, 27, 36, 58). FVHL-GFP-stably-
expressing 786-0 cells were also established by standard cal-
cium phosphate transfection. The protein product of FVHL-
GFP was of the predicted molecular weight by SDS-

FIG. 1. Functional comparison of wild-type VHL and VHL linked to the GFP. (A) Schematic diagram of VHL fusion to the GFP. The VHL cDNA codes for a
213-amino-acid protein (open box). A Flag-tagged epitope (F) was fused at the N-terminus (shaded box). The GFP was fused at the C terminus (black box [not in
scale]), resulting in FVHL-GFP. A version without the Flag tag was also produced (VHL-GFP). (B) FVHL-GFP assembles with elongins B and C. Cos-7 cells were
transfected with 5 mg of plasmid DNA, plated for 16 h, incubated for 6 h in the presence of [35S]Met, and immunoprecipitated with the M2 anti-Flag antibody as
described in Materials and Methods. Vector, pSX. (C) FVHL-GFP and VHL-GFP assemble with Hs-Cul-2. Stable VHL-negative RCC 786-0 cells (786-0) expressing
either HA-tagged VHL (WT-7), Flag-tagged VHL-GFP to force expression from the first methionine of VHL (FVHL-GFP), or a GFP fusion without the Flag tag
(VHL-GFP) to produce fusion proteins initiated by two methionines were lysed and immunoprecipitated with a monoclonal anti-VHL antibody. Precipitated proteins
were run on SDS-PAGE (12% polyacrylamide) and transferred on a nitrocellulose membrane. The membrane was incubated in the presence of rabbit anti-Hs-Cul-2
(top panel) or rabbit anti-VHL (bottom panel) antibodies. Notice that FVHL-GFP and VHL-GFP assemble with Hs-Cul-2, as does HA-VHL (WT-7) (an arrow points
at Hs-Cul-2). FVHL-GFP produces a single protein with a size of approximately 55 kDa, whereas VHL-GFP produces two proteins presumably initiated from two
methionines, a phenomenon sometimes observed with endogenous VHL and a VHL cDNA with an epitope tagged at the C terminus (9). (D) VHL-GFP inhibits the
production of VEGF mRNA. RT-PCR was performed as described in Materials and Methods with primers specific for VEGF mRNA and PBGD mRNA as a control.
Also shown is a quantification of the VEGF/PBGD signal ratios. 2RNA, RT-PCR was performed in buffer without RNA. (E) FVHL-GFP and VHL-GFP downregulate
levels of Glut-1 protein. Total cell extracts obtained from 786-0, WT-7 (expressing HA-VHL), FVHL-GFP, and VHL-GFP were run on SDS-PAGE (10%
polyacrylamide) gel and transferred to a nitrocellulose membrane, and the membrane was incubated in the presence of an anti-Glut-1 antibody. Notice the high levels
of Glut-1 in 786-0 cell extract and that FVHL-GFP and VHL-GFP downregulate Glut-1 levels, as does HA-VHL (WT-7). Blots were also incubated with actin as a
loading control.
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polyacrylamide gel electrophoresis (PAGE) (Fig. 1C). VHL-
GFP gave two products consistent with the alternative use of
the first two in-frame methionines in the predicted VHL open
reading frame, a phenomenon sometimes observed for endog-
enous VHL (Fig. 1C) (23, 25). Western blotting with an anti-
VHL antibody indicated that VHL-GFP and FVHL-GFP fu-
sion proteins in the 786-0 stable cell lines accumulated to levels
1- to 10-fold over those of endogenous VHL detected in dif-
ferent cell lines, such as HEK293, Cos-7, Jurkat, and HeLa
(data not shown). FVHL-GFP and VHL-GFP coprecipitated
similar levels of Hs-Cul-2 (Fig. 1C) compared to an HA-tagged
VHL (36, 51), demonstrating that fusion to GFP did not affect
VHL complex formation with the known associated proteins.

To test the function of FVHL-GFP and VHL-GFP fusion
proteins, we utilized the ability of wild-type VHL to repress
levels of VEGF and Glut-1 when reintroduced in the VHL-
negative 786-0 RCC (19, 24, 36, 58). The levels of VEGF
mRNA were measured by quantitative RT-PCR with PBGD
mRNA as a control. The 786-0 cells expressing VHL-GFP
showed an approximately 10-fold-lower level of VEGF mRNA
compared to nonexpressing 786-0 RCC cells (Fig. 1D), consis-
tent with previously published results (19, 24, 27, 36, 58). HA-
VHL, FVHL-GFP, and VHL-GFP were all able to downregu-
late levels of Glut-1 proteins in stable RCC 786-0 cells (Fig.
1E) (36). We concluded that the VHL-GFP fusion proteins are
functional and can be used to study the localization and other
properties of VHL.

Intracellular localization of VHL-GFP. To determine the
intracellular localization of VHL-GFP, we first examined the
distribution of FVHL-GFP and VHL-GFP in stably expressing
786-0 cells. These cell lines express small amounts of the fusion
proteins which are comparable to those of endogenous VHL in
VHL-positive cells. Therefore, the observed GFP fluorescence
is weak and requires sensitive imaging techniques to be de-
tected. We observed a predominantly cytoplasmic localiza-
tion of FVHL-GFP (Fig. 2Aa) and VHL-GFP (Fig. 2Ab). The
presence of VHL-GFP in the nucleus was demonstrated by
confocal microscopy (Fig. 2Ac) and detected in the nucleo-
plasm, excluding the nucleoli. Because of the very low level of
expression of the fusion proteins in the stable cell lines, the
autofluorescence of 786-0 cells was readily detectable as cyto-
plasmic green or yellow dots and should not be confused with
diffuse distribution of FVHL-GFP and VHL-GFP (Fig. 2Ad).
Flow cytometry and quantitative CCD imaging indicated that a
fraction of cells expressed up to sixfold-less VHL-GFP com-
pared to the mean average of a stably expressing 786-0 poly-
clonal population without any significant difference in the ob-
served cellular distribution.

We also wanted to test the cellular distribution of the GFP
fusion proteins in transiently transfected cells expressing
higher levels than those of the stable cell lines, making the
detection of GFP fluorescence much easier. Essentially iden-
tical patterns were observed in transiently transfected Cos-7,
786-0, and HeLa cells (Fig. 2B), as well as several other cell
lines (data not shown) expressing from 4-fold-less to 20-fold-
higher levels than those of the stable 786-0 cells, as measured
with a CCD camera. Cos-7 cells (Fig. 2B, FGFP) or other cell
lines (data not shown) were also transiently transfected with
Flag epitope-tagged GFP (no VHL sequences). FGFP has a
much higher nuclear/cytoplasmic ratio than that of the same
cells expressing FVHL-GFP. In Fig. 2C, we compared the
nuclear versus cytoplasmic levels of either FGFP or FVHL-
GFP in relation to the total amount of cellular signal. Cells
expressing VHL-GFP show a strong cytoplasmic signal accu-
mulation compared to cells expressing GFP alone. This is true
for the whole range of expression levels obtained with transient

transfections. Thus, the addition of VHL to GFP results in
prominent (but not complete) exclusion of the chimeric pro-
tein from the nucleus. The predominantly cytoplasmic distri-
bution of VHL-GFP presented here reproduces the reported
steady-state localization of endogenous VHL in kidney cells
and of ectopically expressed VHL in cultured cells (7, 9, 23, 31,
37, 64).

Inhibition of transcription redistributes VHL-GFP to the
nucleus. Several proteins involved in posttranscriptional regu-
lation of mRNA shuttle in a transcription-dependent manner
between the nucleus and the cytoplasm (48–57). VHL cellular
distribution and its link to mRNA stability prompted us to
suggest that the function of VHL may also be linked to its
ability to engage in a transcription-dependent nuclear-cyto-
plasmic shuttle. 786-0 cells stably expressing VHL-GFP were
examined by confocal microscopy before and after treatment
with either actinomycin D (ActD) or 5,6-dichlorobenzimida-
zole riboside (DRB) (Fig. 3A, first row, VHL-GFP/Stable).
Untreated cells (2ActD and 2DRB) exhibited a predomi-
nantly cytoplasmic signal. After 3 h of ActD treatment (ActD),
we detected a clear shift of VHL-GFP most readily appreci-
ated as an increase in nuclear fluorescence. The same effect
was observed after treatment with the RNA polymerase II-
specific inhibitors DRB (Fig. 3A, first row, DRB) and a-aman-
itin (not shown). Removal of DRB resulted in a redistribution
similar to that of the untreated state indicating that the phe-
nomenon is reversible (Fig. 3A, first row, Wash/out). Identical
results were observed with the RCC 786-0 cells stably express-
ing FVHL-GFP (data not shown). The same effects of these
two drugs were observed in Cos-7 cells transiently transfect-
ed with FVHL-GFP (Fig. 3A, second row, FVHL-GFP/Tran-
sient). CCD camera quantitation demonstrated a threefold
increase in nuclear signal without a change in total cellular
fluorescence levels after stable or transiently transfected cells
achieved their new steady state (data not shown). In contrast,
neither ActD nor DRB had any effect on the distribution of
FGFP (Fig. 3A, third row, FGFP/Transient) (62). Inhibition of
protein synthesis with cycloheximide had no effect on the dis-
tribution of FVHL-GFP in transiently transfected Cos-7 cells
(Fig. 3B) or stably expressing RCC 786-0 cells (data not shown).
Ongoing protein synthesis was not required for the redistribu-
tion effect of the transcriptional inhibitors (Fig. 3B). It is likely
that the effect of ActD or DRB is the result of inhibition of new
RNA synthesis and is not mediated by the failure to synthesize
a product from the transcribed RNA.

Study of the dynamic trafficking properties of VHL-GFP in
a cellular fusion assay. An established method for measuring
the ability of a nuclear protein to engage nuclear-cytoplasmic
shuttling is to monitor its accumulation into the nuclei of a
newly formed polykaryon (52, 53). However, VHL is a pre-
dominantly cytoplasmic protein, making the demonstration of
shuttling by this technique more difficult. Therefore, we used
our controlled-environment CCD imaging setup to study the
quantitative changes in fluorescence signal intensity in both
donor and acceptor nuclei in polykaryons over time. This ap-
proach allows the study of the dynamic cellular trafficking
ability of VHL-GFP, in contrast to the static analysis offered by
immunofluorescence techniques. A single transiently trans-
fected HeLa cell expressing VHL-GFP was fused with an ex-
cess of untransfected HeLa cells, and the fluorescence intensity
in the “donor” nucleus was quantified as a function of time in
either the absence or presence of DRB (Fig. 4). The nuclear
areas were identified after Hoechst 33342 staining (Fig. 4B).
All measurements were performed well under the saturation
limits of the CCD camera (see the detailed explanation in
Materials and Methods [“Fluorescence analysis and image
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processing” and “Polykaryon assay” sections]). These experi-
ments were performed in the presence of cycloheximide to
prevent new protein synthesis. In the absence of DRB, the
fluorescence signal rapidly left the donor nucleus, with 50% of
the initial signal lost after less than 40 min (Fig. 4A and C,
2DRB). The loss of nuclear VHL-GFP is markedly slower in
the presence of DRB, with which more than 140 min was

required to see a 50% drop in signal from the donor nucleus
(Fig. 4A and C, 1DRB). We also measured the effect of DRB
on the accumulation of VHL-GFP in acceptor nuclei. In the
absence of DRB, most of the signal is distributed throughout
the cytoplasm of the large polykaryon, with some nuclear
signal present (Fig. 4A, 2DRB at 1309 min, and D, 2DRB).
Although the steady-state distribution is highly cytoplasmic,

FIG. 2. Cellular localization of VHL-GFP and FVHL-GFP in live transfected cells. (A) VHL-GFP localizes predominantly to the cytoplasm, with some nuclear
signal in stably expressing RCC 786-0 cells. (a) FVHL-GFP picture obtained by CCD camera. (b) VHL-GFP picture obtained by CCD camera. (c) VHL-GFP picture
obtained by confocal microscopy. (d) 786-0 not expressing GFP fusion proteins (picture obtained by CCD camera). (B) FVHL-GFP localize predominantly to the
cytoplasm with some nuclear signal in different transiently overexpressing cells. Shown are transiently transfected Cos-7, 786-0, and HeLa cells expressing FVHL-GFP
and Cos-7 cells expressing FGFP (without VHL). (C) Quantitative comparison of the nuclear and cytoplasmic distributions of FVHL-GFP and FGFP in transiently
transfected Cos-7 cells expressing different amounts of the fusion proteins (total cellular signal). CCD images were quantitated as described in Materials and Methods.
A value of 1 for the total cellular signal is approximately the same as that for the stable 786-0 cell lines expressing either FVHL-GFP or VHL-GFP. Notice that VHL
restricts the nuclear accumulation of the reporter GFP regardless of the cellular expression levels.
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VHL-GFP is still able to traffic into and out of the nuclei of the
polykaryon, as demonstrated by the addition of DRB 130 min
after synctium formation, which caused acute nuclear accumu-
lation (Fig. 4E). In contrast, the presence of DRB resulted in
progressive accumulation in the recipient nuclei, as described
in single cells (Fig. 4A, compare 2DRB and 1DRB at 130
min, and D, 1DRB). These results indicate that DRB (or
ActD) acts by slowing down the nuclear export rate, which
causes an increased nuclear residency time of VHL-GFP.

Localization of the region of VHL required for ActD-depen-
dent nuclear accumulation. Data presented in Fig. 3 and 4
indicated that VHL localization is sensitive to ongoing RNA
polymerase II activity, and the addition of transcription in-
hibitors caused a partial redistribution of VHL-GFP to the
nucleus. The next step was to map a domain in VHL that
mediates nuclear accumulation upon treatment with ActD.
Furthermore, we wanted to identify which domain of VHL
prevents the complete nuclear redistribution of VHL-GFP in
cells treated with ActD. For these reasons, we studied the
effect of ActD treatment on several VHL mutants (Fig. 5A).
Some of these mutants showed different levels of nuclear and
cytoplasmic accumulation; therefore, ActD responsiveness was
defined as a clear increase in nuclear signal after treatment. A
large internal-truncation mutant, D60–113GFP, was indistin-

guishable from VHL-GFP before and after addition of ActD
(Fig. 5A and B). An exon 2 deletion mutant (D114–154GFP)
showed increased nuclear localization without ActD, but did
not accumulate more in the nucleus upon arrest of transcrip-
tion (Fig. 5A and B). Mutants with small deletions of exon
2 (D115–123GFP, D128–141GFP, and D141–154GFP) each
showed a partial loss of ActD responsiveness. Interestingly,
DC157GFP (deletion of exon 3), whose distribution is similar
to that of D141–154GFP in untreated cells (higher nuclear con-
tent), displayed a very strong additional redistribution to the
nucleus upon ActD treatment, resulting in almost exclusive nu-
clear localization (Fig. 5A and B). We concluded that exon 2
sequences are required for ActD-dependent nuclear redistri-
bution, whereas assembly with elongin BC–Hs-Cul-2 (through
exon 3 sequences) is not.

Because the screening of the mutants was performed with
Cos-7 cells overexpressing the fusion proteins, we wondered if
we could reproduce the data in stable RCC 786-0 cells express-
ing near-endogenous levels of VHL. As shown in Fig. 5C,
similar results were obtained in stable cells expressing low
levels of the fusion proteins.

We then monitored the ability of an exon 2 mutant that
failed to be redistributed more to the nucleus upon ActD
treatment to repress levels of Glut-1 protein in RCC VHL-
negative 786-0 cells. These cells express high levels of Glut-1
protein, which can be significantly lowered by the reintroduc-
tion of wild-type VHL (36). The introduction of FVHL-GFP
into these cells is as effective as HA-VHL in repressing Glut-1
levels (Fig. 5D [see also Fig. 1E]). The naturally occurring,
cancer-causing splicing mutant (D114–154GFP [exon 2 mu-
tant]), which abrogated transcription-dependent trafficking,
failed to repress Glut-1 levels (Fig. 5D). Therefore, ActD-de-
pendent nuclear accumulation of FVHL-GFP is mediated by
sequences encoded by exon 2, the loss of which resulted in the
inability to regulate Glut-1 protein levels. This provides the
first clue as to the function of this domain of VHL, which is
frequently mutated in sporadic RCC.

Uncoupling transcription dependency from localization
causes a partial loss of VHL-GFP function. Is transcription-
dependent nuclear-cytoplasmic trafficking of VHL required for
its function? To answer this question, we constructed a VHL
fusion protein whose localization and trafficking properties are
insensitive to ongoing transcription. FVHL-GFP was fused to
a strong heterologous NES and tested for nuclear accumula-
tion in the presence of ActD. FVHL-GFP was fused at the C
terminus of GFP to the Rev NES (LPPLERLTL (11) to pro-
duce the FVHL-GFP-NES fusion protein. A mutated NES
(LPPAERATL), whose capacity to convey rapid nuclear ex-
port should be greatly diminished (69), was also produced
(FVHL-GFP-NESM). When the NES-containing protein was
expressed either stably at a low level in 786-0 or transiently in
Cos-7 cells, the GFP signal was exclusively cytoplasmic, regard-
less of expression levels (Fig. 6Aa and Ab). The mutated
NESM-containing fusion protein had a distribution indistin-
guishable from that of FVHL-GFP (Fig. 6Ac and Ad [also
compare with Fig. 2A and B]). When ActD was added to these
cells, we did not detect any shift in the distribution of FVHL-
GFP-NES protein to the nucleus (Fig. 6Ae and Af) indicating
that NES has the ability to override transcription-dependent
trafficking of VHL-GFP. FVHL-GFP-NESM responded to the
addition of ActD with a clear shift to the nucleus (Fig. 6Ag and
Ah), as observed for FVHL-GFP (Fig. 3). To show that VHL-
GFP-NES is still able to shuttle, albeit in a transcription-inde-
pendent manner, we inhibited the NES pathway by adding
leptomycin B. Leptomycin B has been shown to block the
interaction of NES with its cognate CRM-1 receptor and

FIG. 3. Effect of transcription and translation inhibition on the cellular dis-
tribution of VHL-GFP. (A) Comparison of the nuclear-cytoplasmic distributions
of VHL-GFP in stably expressing RCC 786-0 cell lines (top row), FVHL-GFP in
transiently expressing Cos-7 cells (middle row), and FGFP (without VHL) in
transiently expressing Cos-7 cells (bottom row) before (2ActD and 2DRB) and
after the addition of either ActD (transcription inhibitor; 5 mg/ml for 3 h) or
DRB (RNA polymerase II-specific inhibitor; 25 mg/ml for 3 h). Wash/out indi-
cates that pictures were taken 16 h after washing out of DRB from the cultures.
(B) Comparison of the nuclear-cytoplasmic distribution of FVHL-GFP in tran-
siently transfected Cos-7 cells incubated either in the presence of cycloheximide
(translation inhibitor; 100 mg/ml for 3 h) or for 1 h in the presence of cyclohex-
imide followed by the addition of ActD for 3 h (Cycloheximide/ActD).
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FIG. 4. Effect of transcription inhibition on nucleocytoplasmic trafficking of VHL-GFP in a cellular fusion assay. HeLa cells were transfected with VHL-GFP and
fused with nontransfected HeLa cells as described in Materials and Methods. Cells were transferred to the incubation chamber mounted on the microscope and
time-lapse images taken at subsaturating illumination conditions. (A) Two typical polykaryon formations over time are shown. Arrows point to the donor nuclei of the
polykaryons. The left panel shows the shuttling behavior of VHL-GFP in the absence of DRB with a high export rate from the donor nucleus (red arrow) and slow
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thereby prevent the export of NES-containing protein from the
nucleus (47, 68). After 2 to 6 h of incubation in 20 nM lepto-
mycin B, there was a marked redistribution of FVHL-GFP-
NES to the nucleus resembling the distribution of FVHL-GFP
(Fig. 6Ai and Aj). This demonstrated that FVHL-GFP-NES is
able to shuttle in and out of the nucleus, even if shuttling is
insensitive to ActD. In contrast, either FVHL-GFP-NESM
(fig. 6Ak and Al) or FVHL-GFP (data not shown) failed to
redistribute upon addition of leptomycin D. FVHL-GFP-NES
showed nuclear accumulation in response to ActD only in the
presence of leptomycin B (Fig. 6Am and An), while the effect
of ActD on VHL-GFP-NESM is unaltered by the presence of
leptomycin B (Fig. 6Ao and Ap). These results suggest that
VHL export is unrelated to the CRM-1 pathway.

The fact that Rev NES abolished ActD-dependent nuclear
accumulation provided us with the means to test whether tran-
scription-dependent trafficking is required for VHL-GFP func-
tion. With this in mind, we tested the ability of FVHL-GFP-
NES to downregulate levels of Glut-1 protein in 786-0 cells.
The addition of Rev NES to VHL resulted in a marked loss of
VHL function (Fig. 6B, FVHL-GFP-NES) compared to the
level of HA-VHL and FVHL-GFP function (Fig. 6B). FVHL-
GFP-NESM, which showed trafficking sensitive to ActD, has
activity similar to that of FVHL-GFP (Fig. 6B). These results
demonstrate that uncoupling transcription with trafficking by
fusion to a strong NES, or by a naturally occurring cancer
causing exon 2 deletion, alters VHL function and suggest that
the described trafficking pattern is required for VHL tumor
suppression function.

DISCUSSION

We have fused VHL to GFP to study the intracellular local-
ization, dynamic trafficking properties, and function of VHL.
We performed several control experiments to ascertain the
validity of using these fusion proteins. First, the GFP fusion
proteins, with or without an additional epitope tag (Flag), were
equally capable of assembling with the known biochemical
partners of VHL. Second, several different measures of VHL
function in cells, including the regulation of VEGF and the
Glut-1 gene, could be reproduced with the GFP fusion pro-
teins. Third, the steady-state distributions of VHL-GFP were
similar in VHL-negative cells and other cell lines expressing
different levels of VHL. Importantly, the steady-state distribu-
tion of VHL-GFP reproduced the reported localization of
endogenous VHL in human kidney cells as well as in overex-

pressed VHL in cultured cells by immunochemistry or immu-
nofluorescence techniques (7, 9, 23, 31, 37, 64). This indicates
that fusion to GFP and expression levels do not influence the
cellular distribution and function of the VHL moiety. Taken
together, these data strongly suggest that VHL-GFP is mim-
icking the biochemical, functional, and cellular localization
attributes of VHL. By the GFP approach, we were able to
demonstrate that VHL-GFP dynamically traffics in a transcrip-
tion-dependent manner between the nucleus and the cyto-
plasm. Transcription-dependent shuttling is mediated by se-
quences encoded by exon 2, the site of frequent mutations in
RCC. We suggest that VHL requires not only nuclear-cyto-
plasmic localization, but also transcription-dependent traffick-
ing between these two compartments in order to function.

Nuclear-cytoplasmic trafficking of VHL. With the experi-
ments reported in this study, the VHL tumor suppressor gene
product should be added to the growing list of proteins that
exhibit dynamic trafficking between the nucleus and the cyto-
plasm (20, 46, 49). The most striking aspect of the intracellular
dynamics of VHL-GFP is the nuclear accumulation in re-
sponse to inhibition of RNA polymerase II-mediated tran-
scription. The incomplete redistribution of VHL to the nucleus
upon ActD treatment is reminiscent of the partial redistribu-
tion of nuclear proteins, such as Rev, heterogeneous nuclear
ribonucleoprotein particle A (hnRNP A), and ICP27 (just to
name a few), to the cytoplasm or cytoplasmic molecules to the
nucleus [poly(A)1 binding protein] upon treatment with ActD
(1, 3, 41, 52, 53, 57, 62). One possibility is that shuttling of
VHL-GFP (or another known shuttling protein) may still oc-
cur even in the presence of ActD. This argument is supported
by data obtained with the cellular fusion assay shown in Fig. 4.
Although there is a dramatic decrease in the nuclear export
rate of VHL-GFP in the presence of DRB (RNA polymerase
II inhibitor), there is still a small fraction of VHL-GFP that is
able to export from the donor nucleus. This may occur through
a nuclear export mechanism independent of ongoing transcrip-
tion or might be due to some diffusion of VHL-GFP from the
nucleus.

We have identified one deletion mutant (DC157GFP) that is
able to almost completely be redistributed to the nuclei of all
cells. It is conceivable that exon 3 sequences regulate the shut-
tling ability of VHL-GFP through undefined signals interfering
with the complete redistribution of VHL-GFP to the nucleus.
One possibility is that a fraction of VHL assembles with cyto-
plasmic structures and is unavailable to engage in shuttling
during the 3-h time frame of the experiments. Exon 3 se-

accumulation of VHL-GFP in the acceptor nuclei. The right panel shows a fusion in which DRB was added prior to and during fusion, after which VHL-GFP is exported
from the donor nucleus at a much lower rate and the acceptor nuclei acquire VHL-GFP at a much higher rate. (B) Example of quantitative measurements of VHL-GFP
signal intensity in donor and acceptor nuclei after PEG fusion. The first and last time point were chosen to demonstrate how quantitations were done. Counterstaining
of cells with Hoechst 33342 dye (2 mg/ml for 10 min) provided nuclear dimensions. The brightness information from the blue image taken at a 400-nm wavelength was
used to define nuclear regions. The donor nucleus (arrow, region 5) and the acceptor nuclei without any detectable signal at 13 min postfusion, which accumulated
VHL-GFP after 133 min, were selected for this example. The regions for the selected acceptor nuclei were transferred to the green image taken at 488 nm. Green
images were taken with identical exposure times and under nonsaturated conditions. Images were normalized and contrast was enhanced with identical settings with
IPLab Spectrum; this allows direct visual comparison of signals between frames. The pixel intensity values per se are not affected by this step. By using IPLab’s “measure
segments” command, the intensity values of the selected nuclei were determined. Region 10 was used to determine the background fluorescence in the field. Mean pixel
intensities per pixel were determined as total pixel intensity/number of pixels, and background was subtracted. The donor nuclei and the average of the acceptor nuclei
were determined and used for panels C and D. All measurements were performed under the nonsaturating conditions of the CCD camera and the screen, although
the printing paper may appear saturated. (C) The intensity decrease of VHL-GFP from the donor nucleus was quantified in separate experiments either with or without
DRB (each line represents the mean of two experiments). Signal intensity at the first time point (10 min postfusion) was set to 1, and the successive values were set
in relation to that. There was clearly a slower decrease in intensity of the nuclear VHL from the DRB-treated donor nucleus. (D) The signal intensity in the acceptor
nuclei was measured over time to determine the rate of net import. The 1DRB line represents two experiments (mean values of 19 nuclei in total), and the 2DRB
line represents two experiments (mean value of 16 nuclei). A faster increase in VHL-GFP fluorescence in acceptor nuclei is observed in the presence of DRB. (E)
VHL-GFP is able to shuttle in a transcription-dependent manner between the different nuclei and the large cytoplasm of an polykaryon. Two examples are shown.
2DRB indicates that the fusion was performed in the absence of DRB, where VHL-GFP can be detected predominantly in the cytoplasm. 1DRB indicates that the
fusion was performed without DRB for 130 min, and at that time, DRB was added for 2 h. Notice that VHL-GFP is now predominantly in the nuclei. All of the
experiments presented in Fig. 4 were performed in the presence of cycloheximide. These results indicate that VHL-GFP is able to traffic between the different nuclei
via the cytoplasm of the fusions.
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FIG. 5. Effect of arrest of transcription on deletion mutants of VHL. Cos-7 cells were transfected with 5 mg of plasmid DNA encoding either FVHL-GFP or deletion
mutants of VHL. (A) Schematic diagram of the VHL cDNA that contains three exons, FVHL-GFP, and the different deletion mutants. On the right is the measured
effect of ActD compared to the steady-state distribution of the mutants without ActD. 2, no detectable nuclear accumulation; 1/2, slight nuclear accumulation; 1,
strong nuclear accumulation; 11, very strong nuclear accumulation. (B) Cellular localization of FVHL-GFP and the three key deletion mutants of exon 1
(D60–113GFP), exon 2 (D114–154GFP), and exon 3 (DC157GFP) before (2ActD) and after (1ActD) the addition of ActD as assessed by transient transfection of
Cos-7 cells. (C) Cellular localization before and after addition of ActD of FVHL-GFP and two key deletion mutants of exon 2 (D114–154GFP) and exon 3 (DC157GFP)
in stably expressing RCC 786-0 cells. Dots observed in stable cell lines are 786-0 autofluorescence. (D) An exon 2 mutant is unable to downregulate levels of Glut-1
protein. Whole-cell extracts (;30 mg of protein/lane) from RCC 786-0, RCC 786-0 stably expressing HA-tagged VHL (WT-7), FVHL-GFP, and a truncation mutant
of exon 2 (D114–154GFP) were run on SDS-PAGE (10% polyacrylamide) gel and immunoblotted with an anti-Glut-1 polyclonal antibody.
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quences would mediate assembly with cytoplasmic structures,
and deletion of these sequences would render the mutant VHL
free to continuously shuttle and completely accumulate in the
nucleus upon treatment with ActD. Supporting this conclusion
is our finding that VHL mutants in exon 3 have lost the ability
to be cross-linked to cytoplasmic structures upon fixation with
formaldehyde (data not shown). More work will be required
for us to understand why exon 3 sequences are able to hinder
the complete nuclear redistribution of VHL in ActD-treated
cells.

Regardless of the mechanisms that impede the complete
nuclear redistribution of VHL-GFP upon ActD treatment, the
increase in nuclear VHL-GFP is most likely the consequence
of impairment of its nuclear export, as shown by the quantita-
tive cellular fusion experiments. By fusion of a cell expressing
VHL-GFP with nontransfected cells, we introduced a strong
negative gradient immediately after fusion initiation. This al-
lows an estimation of initial rates of export from the donor
nucleus even for predominantly cytoplasmic proteins, such as
VHL-GFP. Using this approach, we demonstrated that the
initial rate of loss of VHL-GFP from the donor nucleus was

markedly decreased (by greater than threefold) when tran-
scription is inhibited. This is sufficient to explain the steady-
state shift of VHL-GFP in the presence of either ActD or DRB
of about threefold in the ratio of nuclear to cytoplasmic pro-
tein in single cells. The marked increase in accumulation of
VHL-GFP in the acceptor nuclei is also noteworthy. The in-
creased nuclear accumulation may be explained as follows. In
untreated polykaryons, immediately after fusion initiation, cy-
toplasmic VHL-GFP is diluted by the surrounding cytoplasm.
VHL-GFP is also rapidly exported from the donor nucleus into
the cytoplasm. VHL-GFP is imported into and rapidly reex-
ported from the acceptor nuclei to eventually establish a
steady-state distribution that is largely cytoplasmic (as with
VHL-GFP in single cells). In polykaryons treated with DRB,
nuclear VHL-GFP enters the cytoplasm at about one-third the
rate of the untreated cells. VHL-GFP molecules that do export
from the donor nucleus as well as the molecules already pres-
ent in the cytoplasm are taken up by recipient nuclei, where the
export rate is markedly reduced, resulting in a higher level of
accumulation into the multiple nuclei of the polykaryon. The
threefold decrease in the nuclear export rate upon arrest of
transcription is sufficient to explain the observed changes in the
steady-state distribution of VHL-GFP in single cells. The fu-
sion experiments strongly support our conclusion that VHL
has the ability to shuttle between the nucleus and the cyto-
plasm and that shuttling requires ongoing RNA polymerase II
transcription.

Transcription-dependent nuclear-cytoplasmic trafficking: a
new function for the clinically relevant exon 2 of VHL? The
information required for ActD-dependent nuclear accumula-
tion appears to be contained within the second exon of VHL.
While we have not precisely identified the exon 2 sequences
required for the putative transcription-dependent nuclear ex-
port, the partial inhibition of the effect in several nonoverlap-
ping exon 2 deletions suggests that the effect is due to a rela-
tively extended sequence. A significant fraction of naturally
occurring missense mutations in VHL syndrome patients and,
more commonly, in sporadic RCC occur in exon 2 (18). More-
over, it has been shown that a splicing defect of exon 2, which
results in VHL lacking amino acids 114 to 154, causes sporadic
RCC (18). The functions inactivated by these cancer-predis-
posing mutations are still completely unknown. Elongins B and
C and Hs-Cul-2, currently the only known components of the
VHL complex, are obviously not required for nuclear accumu-
lation in ActD-treated cells. This is demonstrated by the fact
that exon 3 deletions, which result in the loss of elongin B and
C and Hs-Cul-2 assembly, do not abrogate ActD-dependent
nuclear accumulation. It will be interesting to test some of
these missense mutations for their impact on transcription-
dependent nuclear export. Nonetheless, this is the first dem-
onstration of any biological activity of exon 2-encoded se-
quences in VHL.

The VHL export pathway is distinct from the CRM-1–ex-
portin 1 pathway. Great progress has been made recently in
elucidating the components of nuclear export for proteins that
contain a short, leucine-rich export signal (11, 15, 16, 55, 66).
The leucine-rich NES sequence has recently been shown to
bind to the CRM-1 protein in the presence of Ran-GTP (13,
15, 29, 45, 50). The Streptomyces product leptomycin B is a
potent inhibitor of CRM-1-mediated nuclear export (47, 68).
The addition of the Rev NES to FVHL-GFP, which resulted in
nuclear exclusion, abrogated the effect of ActD and caused a
partial defect in Glut-1 regulation. Leptomycin B had no dis-
cernible effect on the distribution of VHL-GFP, but did restore
the sensitivity of VHL-GFP-NES to ActD. Our interpretation
is that the Rev NES functions through an export pathway

FIG. 6. Cellular distribution and function of FVHL-GFP fused to the strong
nuclear export signal of human immunodeficiency virus (HIV) Rev. (A) FVHL-
GFP was fused at its C terminus to the NES of HIV Rev (LPPLERLTL) to
produce the FVHL-GFP-NES fusion protein. FVHL-GFP was also fused to a
mutated form of NES (LPPAERATL) to produce the FVHL-GFP-NESM fusion
protein. Stably expressing RCC 786-0 cells (first and third panels from the top)
or transiently expressing Cos-7 cells (second and fourth panels from the top)
were treated without drugs (2Drug), with ActD for 3 h (ActD), with leptomycin
B for 2 to 6 h (Lepto B), or with leptomycin B for 2 to 6 h followed by the
addition of ActD for 3 h (Lepto B/ActD). Dots observed in FVHL-GFP-NESM
are 786-0 autofluorescence. (B) FVHL-GFP-NES shows a defect in downregu-
lation of Glut-1 protein levels. Whole-cell extracts (;30 mg of protein/lane) from
RCC 786-0 and RCC 786-0 stably expressing HA-tagged VHL (WT-7), FVHL-
GFP, FVHL-GFP-NES, and FVHL-GFP-NESM were run on SDS-PAGE (10%
polyacrylamide) gel and immunoblotted with an anti-Glut-1 polyclonal antibody.
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different from and probably independent of the one normally
utilized by VHL. This NES–CRM-1 pathway seems to be dom-
inant in the NES-containing VHL-GFP fusion protein, per-
haps because the added NES is more potent than the VHL
putative export signal. Alternatively, NES may chaperone
VHL away from a rate-limiting transcription-dependent step in
VHL nuclear export. It is therefore likely that VHL utilizes a
different type of export pathway, such as that used for other
nuclear-cytoplasmic trafficking proteins (12, 41–43). Illumina-
tion of the VHL export pathway will require the identification
of nuclear proteins that specifically recognize the relevant exon
2 sequences. In addition, the data obtained with the NES
fusion demonstrate that transcription-dependent trafficking
between the nucleus and the cytoplasm is required for VHL
function.

Transcription-dependent nuclear-cytoplasmic trafficking and
VHL function. The mechanism by which inhibition of tran-
scription reduces the postulated nuclear export ability of VHL
is not known. Several RNA-binding proteins, such as hnRNP
A, hnRNP K, Rev, ICP27, and some SR proteins require
ongoing transcription for nuclear-cytoplasmic cycling. How-
ever, these are all nuclear proteins which fail to undergo nu-
clear import in the absence of ongoing transcription, leading to
their cytoplasmic accumulation (4, 40–42, 52, 53, 57). VHL, in
contrast, does appear to behave like another predominantly
cytoplasmic protein, the poly(A)1 binding protein, which as-
sembles with RNA and requires ongoing transcription for nu-
clear export (1). That VHL shares trafficking characteristics
with the poly(A)1 binding protein supports the hypothesis that
it has the ability to escort transcripts out of the nucleus. This
raises the possibility that VHL-GFP is exported along with
newly transcribed mRNA molecules. While there is no direct
experimental evidence for this or for any interaction between
VHL or its partners with RNA, the fact that VHL has been
shown to influence the half-life of target mRNAs may point to
a still undemonstrated ability of VHL to indirectly interact
with RNA (19, 24, 32, 33). An interesting hypothesis, suggested
by Kaelin and collaborators (36), is that the VHL–elongin
BC–Hs-Cul-2 complex may play a role in ubiquitin-mediated
degradation of proteins involved in regulating the stability of
specific mRNAs. To do so, VHL–elongin BC–Hs-Cul-2 might
need to assemble with target mRNAs in the nucleus as part of
an RNP. The RNP would then be rapidly exported toward the
cytoplasm, providing an explanation for the cytoplasmic local-
ization of VHL-GFP at steady state. If this is the case, tran-
scription-inhibiting drugs would act by reducing the amount of
target mRNAs required for VHL–elongin BC–Hs-Cul-2 ex-
port. Once in the cytoplasm, VHL–elongin BC–Hs-Cul-2
would function to control the fate of the mRNAs. If this model
is correct, the assembly with the RNPs may be specified by
exon 2, and the deletion of these sequences would explain the
loss of ActD sensitivity.

We have shown that all perturbations that abrogated tran-
scription-dependent nuclear-cytoplasmic trafficking of VHL
diminish its ability to function. These include exon 2 deletions
and, interestingly, the addition of a functional NES which
exports the protein in a way that is no longer dependent on
ongoing transcription. The fact that an exon 2 mutant can still
accumulate in the nucleus and the cytoplasm and that the NES
fusion shuttles in a transcription-independent manner estab-
lishes that the function of VHL requires not only localization
within the nucleus and the cytoplasm, but also transcription-
dependent trafficking. To explain these phenomena in detail
will require further work. Whatever the details, the abundance
of naturally occurring mutations in exon 2, especially in spo-
radic RCC, may well be explained by the loss of transcription-

dependent nuclear export that appears to characterize both the
fate and function of the VHL tumor suppressor gene product.
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