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ABSTRACT The inactivation of the von Hippel-Lindau
(VHL) gene predisposes affected individuals to VHL syn-
drome and is an early genetic event associated with sporadic
renal cell carcinoma and CNS hemangioblastomas. The VHL
protein (pVHL) has been shown to form a stable complex with
elongin B and elongin C, two factors that stabilize and activate
the transcription elongation factor elongin A. Here, Hs-
CUL-2, a member of the recently identified multigene family,
the cullins, is shown to specifically associate with the trimeric
pVHL-elongin B-C (VBC) complex in vitro and in vivo. Nearly
70% of naturally occurring cancer-predisposing mutations of
VHL disrupt this interaction. The pVHL-Hs-CUL-2 associa-
tion is strictly dependent on the integrity of the trimeric VBC
complex. Inmunofluorescence studies show Hs-CUL-2 to be a
cytosolic protein that can be translocated to the nucleus by
pVHL. Recently it has been shown that a yeast Hs-CUL-2
homolog, Cdc53, is part of a ubiquitin protein ligase complex
that targets cell cycle proteins for degradation by the ubiquitin
proteolytic pathway. In Caenorhabditis elegans, a null mutation
of another Hs-cul-2 homolog, Ce-cul-1, results in hyperplasia
in all tissues and is required for cell cycle exit. Hence, Hs-cul-2
may be required for VHL function and, therefore, may be a
candidate human tumor-suppressor gene.

Inactivation of the von Hippel-Lindau (VHL) gene is responsible
for VHL syndrome, a rare hereditary cancer syndrome (incidence
1 in 36,000) that predisposes affected individuals to develop a
variety of tumors including retinal angiomas, CNS hemangioblas-
tomas, renal cell carcinomas (RCCs), pheochromocytomas, and
pancreatic cysts (1, 2). Mutation or transcriptional silencing of the
VHL gene and subsequent loss of the remaining VHL allele are
associated with sporadic, clear cell renal carcinoma, CNS heman-
gioblastomas, and other VHL-associated tumors, which make it
a bona fide tumor-suppressor gene (3, 4).

Most germline VHL mutations are missense alterations (5).
Mutations that have been detected in VHL patients or sporadic
RCCs are found throughout the coding region of the VHL gene
pointing to the functional importance of almost the entire open
reading frame (2, 6, 7). However, in the germ line, although there
are mutations in each exon, there is a marked preponderance of
mutations in the 5 end of exon 3 (6). The human VHL gene
encodes a 213-aa protein expressed in all tissues (8). pVHL has
no homology to other known proteins [i.e., the sequence gave no
information as to its function(s)]. For this reason, we have
searched for clues to the function of VHL, in part, by identifying
and characterizing the interaction of pVHL with other proteins.
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We first showed that pVHL stably associates with the two
regulatory subunits, B and C, of the trimeric transcription elon-
gation factor, elongin (9, 10). We demonstrated that pVHL can
act as a transcription elongation inhibitor in vitro by virtue of its
ability to compete with elongin A for the association with the two
regulatory elongin subunits (10). However, there is no evidence
that pVHL competes in vivo with elongin A for the B-C subunits;
we find most of pVHL in a stable complex with elongin B and C,
and exchange of pVHL with elongin A has not been observed.
The fact that pVHL is stably associated with elongin B-C led us
to speculate that this trimeric complex has a cellular function
distinct from transcription elongation. The elongin B-C binding
site, which spans 13 aa, is conserved between pVHL and elongin
A (10-12). Notably, this region, found at the beginning of exon
3, is a mutational hotspot in VHL families (6). The finding that
up to 70% of VHL families have mutations predicted to disrupt
VHL binding to elongin B-C (13) suggests the functional impor-
tance of this interaction for the tumor-suppressor activity of
VHL.

Recent studies have provided insights into the functional
consequences of VHL expression in cells. Several groups have
shown that the absence of wild-type (wt) VHL in a variety of cells
in culture results in the deregulated expression of a set of genes,
including the genes encoding vascular endothelial growth factor
(VEGF), platelet-derived growth factor-B, and GLUT1 (14-16).
Each of these genes is normally controlled by a number of factors,
including hypoxia, which induces the accumulation of the respec-
tive mRNAs via stabilization of the transcripts (17, 18). Wt pVHL
is involved in the negative regulation of these hypoxia-inducible
genes via destabilization of their mRNAs under normoxic con-
ditions (16). In addition, we have recently observed that VHL is
required for the normal regulation of VEGF mRNA levels in
response to changes in serum levels and cell confluency (ref. 15;
S.L., unpublished observations). These observations implicate
pVHL in a pathway that is involved in sensing changes in oxygen
tension and other factors in the local environment of cells.
Indeed, tumors associated with VHL mutations are highly vas-
cular and are characterized by VEGF overexpression (ref. 15 and
references therein). To gain further insight into the function of
VHL, we have continued our search for proteins with which it
interacts. In this study we have searched for proteins that interact
with the trimeric pVHL-elongin B-C (VBC) complex. This
approach led to the identification of Hs-CUL-2, a member of a
recently described, highly conserved gene family involved in
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cell-cycle control in yeast and in the control of cell growth in
Caenorhabditis elegans.

MATERIALS AND METHODS

VBC Complex. pVHL and elongin B and C were expressed in
Escherichia coli and purified as described (19). After purification,
the three proteins were mixed in 6 M guanidine-HCl in equimolar
ratios and renatured by dialysis against decreasing concentrations
of guanidine-HCI, starting with 4 M guanidine-HCl/2 mM
EDTA/0.1 M Tris"HCI, pHS, for 3 hr at 4°C, followed by a 12-hr
dialysis against the same buffer containing 0.1% 2-mercaptoetha-
nol. The protein complex was then dialyzed against a buffer
containing 3 M guanidine-HCl, 2 mM EDTA, 0.1 M KCl, 50 mM
Tris-HCI (pHS), 10% glycerol, 0.1% 2-mercaptoethanol for 3 hr
at 4°C, followed by sequential 3-hr dialyses in the same buffer
containing 2 M guanidine-HCI, 1 M guanidine-HCI, followed by
a 12-hr dialysis in the same buffer containing no guanidine-HCI.
The protein concentration was adjusted to 1 mg/ml by concen-
tration in Centricon devices (Amicon) and stored at —80°C.

Plasmids. For production of recombinant pVHL, a FLAG
epitope was added to the C terminus (VHL-F) or N terminus
(F-VHL) of the human VHL wild type (9) or (F-VHL)157A
c¢DNA (20) and subcloned into the bacterial expression vector
pQE 30 (Qiagen, Chatsworth, CA) as described (19). The natu-
rally occurring 157A mutant contains the first 157 aa of pVHL
followed by a stop codon. Human elongin B and C cDNAs were
subcloned into the bacterial expression vector, pET-15b (Nova-
gen). cDNAs for Hs-cul-1 and Hs-cul-2 were cloned by reverse
transcription-PCR from human kidney poly(A)* RNA with
primers that introduced a hemagglutinin (HA) epitope at the C
terminus of the proteins. The reported Hs-CUL-2 sequence was
incomplete at the N terminus. To complete the sequence of the
N terminus, a human HeLa cell cDNA UNI-Zap library (Strat-
agene) was amplified by PCR using a T3 primer and an Hs-cul-2
specific primer. A 550-bp fragment contained the missing 98
N-terminal aa as well as the 5’ noncoding region of human cul-2.
This fragment was fused to the C-terminal fragment of Hs-cul-2
at an Nhel site. Both cDNAs were subcloned into a pcDNA3
(Invitrogen) vector for in vitro translation and transient transfec-
tion into COS-7 cells and were sequenced on both strands
(accession no. U83410 for full-length Hs-cul-2). The plasmid
pSX-VHL-GFP used for immunofluorescence analysis was de-
rived from the pSX-Fg7 plasmid described earlier (9). The cDNA
for the green fluorescent protein (GFP) was subcloned at the C
terminus of VHL to produce the VHL-GFP protein.

Cells, Immunoprecipitation Analysis, and Microsequencing.
Cultures of 786-0 RCC cells; HeLa cells stably transfected with
either rat VHL-F, human VHL-F, or a human VHL-F (R167W)
missense mutation (9, 10); or COS-7 cells were maintained in
DMEM supplemented with 10% fetal calf serum (FCS). Cells
were labeled with [»S]methionine and lysed in Triton X-100 lysis
buffer as described (9, 10). For affinity purification of pVHL
binding proteins from 786-0 cells, VBC complex (20 ug) and M2
beads (25 ul; IBI) were added to 1 ml Iysate of 1 X 107
[**S]methionine-labeled cells. This mixture was processed as
described for immunoprecipitations of transfected pVHL from
HeLa or COS-7 cells (9, 10). Subcellular fractionation of HeLa
cells was performed as described (9). Preparation of Hs-CUL-2
samples for microsequencing was performed as described (10).
Four peptides that matched the published human CUL-2 se-
quence were obtained: (i) KFYQEIFESPFLTETGEY YK (ami-
no acids 201-220), (i) ALTSVVNYREPK (amino acids 370—
382), (iii) FNNIFIK (amino acids 489-495), and (iv) YLHPS-
SYTK (amino acids 252-261).

In vitro Translation Analysis. pcDNA3-Hs-cul-1 and
pcDNA3-Hs-cul-2 (1 ug) were translated in the presence of
[*>S]methionine in vifro using a coupled transcription/
translation system (50 wl; Promega). cDNAs for VHL and
elongin B and C were translated simultaneously in the pres-
ence of [*’S]methionine as described (50 wl; ref. 10), mixed
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Fic. 1. Immunoprecipitation analysis of different recombinant
pVHL complexes. pVHL complexes VHL-F, F-VHL, and F-VHL-
157A were renatured in the presence or absence of recombinant
elongin B-C followed by immunoprecipitation with M2 antibody and
analysis on a SDS/14% polyacrylamide gel stained with Coomassie
Blue (F, FLAG epitope). The bands at 55 and 30 kDa, present in all
lanes, represent the heavy and light IgG chains, respectively.

with the Hs-CUL-1 or 2 lysates and incubated for 3 min at
30°C, followed by the addition of 25 ul protein G beads
(Pharmacia) and 1 ul of HA11 (Babco) or M2 antibody (IBI),
and incubated for 2 hr at 4°C with tumbling. The reactions were
then processed for autoradiography as described (10).
Immunofluorescence Analysis. Transient transfections were
carried out as described (20). Briefly, COS-7 cells were
electroporated with varying amounts of pcDNA3-Hs-cul-2 and
pSX-VHL-GFP (5-20 ug), and plated overnight in 10%
FCS/DMEM. The cells were washed with PBS, fixed in 1%
formaldehyde for 15 min at room temperature, washed in PBS,
incubated 15 min in 10% FCS, and incubated 60 min in the
presence of HAI11 antibody diluted 1/3000 in PBS/10%
FCS/0.2% saponin. The cells were washed in PBS and incu-

=
e £ £ §
2 8 I
A S L M~
e ¥ 2 2 2
2 T O IJ T
A T ; §
€ = £ ¢ &
- - + + + :ElonginB
Kd - = + + + :ElonginC
250—
! ! - p180
:n
98— _
e }p?:— pBo
64 —
50— — — _.
36—
30—
16—

1 2 3 4 5

F1G6. 2. Immunoaffinity purification of pVHL-associated proteins
using recombinant pVHL complexes. Different pVHL complexes were
incubated with a lysate of [>>S]methionine-labeled 786-0 RCC cells
and precipitated with M2 resin, followed by analysis on a SDS/14%
polyacrylamide gel and autoradiography.
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pVHL associates with p76 in the cytosol of cells. Lanes 1-4 and 8, VBC complexes were incubated with lysates of [>>S]methionine-labeled

786-0 RCC cells and precipitated with M2 resin. The precipitates in lanes 3 and 4 were washed in the presence of 0.5% Sarkosyl or 1 M NaCl,
respectively. Lanes 5-7, HeLa cells expressing either rat VHL-F, human VHL-F, or a R167W mutant VHL-F were labeled with [3S]methionine
and lysed, and pVHL was immunoprecipitated with M2 antibody. Lanes 9-12, HeLa cells expressing the rat VHL protein were labeled with
[33S]methionine and fractionated into a nuclear fraction (600 X g pellet), cytosolic fraction (100,000 X g supernatant), and a membrane fraction
(100,000 X g pellet). Total lysate (lane 12) and subcellular fractions were solubilized in Triton X-100 lysis buffer and immunoprecipitated with M2
antibody. All reactions were analyzed on a split SDS/polyacrylamide gel (7% on the top/14% on the bottom) followed by autoradiography.

bated for 60 min in the presence of an anti-mouse secondary
antibody linked to Texas Red dye (The Jackson Laboratory).
The cells were washed in PBS and mounted on slides. Charge-
coupled device camera images were obtained as described (21).

RESULTS

VBC Interacting Proteins. We and others observed that the
majority of pVHL is associated with elongin B-C in the case of
both endogenous pVHL as well as in stable lines expressing
pVHL (10, 12). Therefore, we reasoned that the trimeric VBC
complex might be a functional unit since it is very stable once
it is formed and pVHL is not displaced by the addition of
elongin A (10).

Sucrose gradient centrifugation showed that VBC in cells is
part of a larger complex (9), suggesting that this complex asso-
ciates with other proteins. To test this hypothesis, we generated
a VBC affinity column using recombinant proteins to purify

interacting proteins from cell lysates. We also utilized columns
containing either pVHL alone or a naturally occurring pVHL
deletion mutant (157A) that only weakly associates with elongin
B-C. We introduced a FLAG epitope tag to either the N or C
terminus of pVHL that is recognized by the monoclonal antibody,
M2. The different complexes were incubated with beads coupled
to M2 antibody and then immunoprecipitated. The integrity of
the VBC complex and the significant reduction of binding of
elongin B-C to the 157A mutant is shown in Fig. 1 (compare lane
4 with lane 5).

We utilized these columns to affinity-purify possible VBC
binding proteins from RCC cells (786-0) that express a nonfunc-
tional pVHL. pVHL alone, as well as the 157A mutant, interact
with a protein of 50 Ky (Fig. 2; lanes 2 and 5). pVHL alone also
interacts with elongin B-C (data not shown). The recombinant
VBC complex, however, interacted specifically with a cluster of
proteins between 70 and 80 kDa and a 180-kDa protein (lanes 3
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F1G. 4. Amino acid sequence comparison between predicted full-length human CUL-2 and C. elegans CUL-2 proteins. Predicted sequences of
the human Hs-CUL-2 (745 aa) and C. elegans Ce-CUL-2 (743 aa) are shown. Amino acids identical between human and C. elegans CUL-2 proteins

are boxed.

and 4). These proteins interacted neither with VHL alone nor
with the 157A mutant (lanes 2 and 5).

To test whether these interactions also occur in vivo, we
immunoprecipitated pVHL from HeLa cells that stably express
either rat pVHL, human pVHL, or the naturally occurring
hotspot mutation, R167W, to compare possible associated pro-
teins with the VBC column precipitates. First, we observed that
the pVHL-associating proteins between 70 and 80 kDa are
composed of three proteins termed p72, p76, and p80, reflecting
their M,s on SDS/PAGE. These proteins coimmunoprecipitated
with the VBC column in the RCC cells (Fig. 3; lane 2) as well as
in the rat and human pVHL expressing HeLa lines (lanes 5 and
6). To test the stability of the VBC-p72-76-80-180 complexes, the
immunoprecipitates were washed with either 0.5% sarcosyl (lane
3) or 1 M NaCl (lane 4). No significant loss of the complexes was
detected, suggesting a very stable interaction (compare lane 2
with lanes 3 and 4). pVHL in the HeLa immunoprecipitates
associates with elongin B-C in a nearly equimolar ratio, whereas
elongin binding is strongly reduced in the R167W hotspot mu-
tation (compare lanes 5 and 6 to lane 7). The R167W mutation in
pVHL resulted in a significant reduction of the association of p72,
76, and 80, as well as p180 (compare lanes 5 and 6 with lane 7).

We have shown previously that pVHL can localize to the
cytosol as well as the nucleus of cells, depending on cell density
(20). We then wanted to determine where the pVHL protein
complexes localize in the cell. Subcellular fractionation of
HeLa cells that stably express rat pVHL showed that the bulk
of VBC complex is in the cytosolic fraction, where it is
predominantly associated with p76 (Fig. 3, lane 10). Note that
in the cytosol there is relatively little p180, p80, or p72 seen in
association with VBC. A small fraction of VBC is found in the
Triton X-100 soluble nuclear fraction that contained some
attached plasma membrane (lane 11) and in membrane frac-
tions (lane 9) where it was associated with p72, 76, 80, and
p180. When we analyzed the different fractions from HeLa
cells that did not express exogenous pVHL with the VBC
affinity column, we found the bulk of p72, p80, and p180 in the
Triton X-100 soluble nuclear and membrane fraction (data not
shown). The nuclear fraction contained some attached plasma
membrane, and it is therefore possible that p72, p80, and p180
are embedded in the plasma or nuclear membrane, whereas
p76, together with the vast majority of VBC, is soluble either
from the cytosol or released from the nucleus upon fraction-

ation. We also tested whether the association of these proteins
with VBC occurs after lysis of cells. When labeled and
unlabeled cells were mixed before lysis, all of the detected p76
was associated with VBC in the cell before lysis; whereas, p72
and p80 bound specifically, but after the cells were lysed (data
not shown). These data suggest that the VBC complex in the
cell is associated with p76, which prompted us to identify p76.

The Identification of Hs-CUL-2 as a VHL-BC Interacting
Protein. p76 was immunoaffinity-purified in sufficient quantity to
determine its identity. The sequence of four different peptides
were obtained after microsequencing, all of which were present
in the predicted protein, termed Hs-CUL-2, in GenBank. Hs-
cul-2 is a member of a recently identified multigene family that
encodes proteins of 70—80 kDa, termed cullins, that are present
in yeast (3 members), in C. elegans (5 members) and in humans
(6 members; ref. 22). Phylogenetic analysis suggested that suc-
cessive duplications of an ancestral cullin gave rise to three main
branches containing cul-1/cul-2, cul-3/cul-4A,B, and cul-5, re-
spectively, that predate the separation of chordates and nema-
todes ~800 million years ago (22).

Cul-1 recently has been identified in a C. elegans genetic screen
as a negative regulator of the cell cycle (22). A null mutation in
Ce-cul-1 is associated with hyperplasia of all tissues. Ce-cul-1 is
required for developmentally programmed transitions from the
G; phase of the cell cycle to the Gy phase or the apoptotic
pathway. The mutant phenotype also reveals an acceleration of
the G;-S phase transition, overriding mechanisms for mitotic
arrest and producing abnormally small cells (22).

In yeast there are three cullins, with Sc-CUL-A being most
similar to Hs-CUL-1 (36% identity) and less similar to Hs-CUL-2
(30% identity). CUL-B is most similar to CUL-3, and CUL-C, an
outlying member of the family, has only 15-18% identity to other
known cullins (22). Mutants of Sc-cul-A, originally identified as
cdc53, are arrested in the late G, phase of the cell cycle with
unreplicated DNA and multiple elongated buds (23, 24). Cdc53
has more recently been shown to be part of a protein complex that
targets phosphorylated G; cyclins, as well as the phosphorylated
cdk inhibitor, p40SIClL for degradation by the ubiquitin-
proteasome pathway (24-26). Cdc53 is thought to be an E3
ubiquitin protein ligase, as it is auto-ubiquitinated and binds to its
targets as well as to an E2 ubiquitin conjugating enzyme, Cdc34.

To verify the VBC-Hs-CUL-2 interaction, both Hs-cul-1 and
Hs-cul-2 were cloned by RT-PCR. The reported Hs-cul-2 se-
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FiG. 5. (A) Coimmunoprecipitation of VBC with Hs-CUL-2 but
not with Hs-CUL-1 in vitro. Various combinations of the cDNAs
encoding human F-VHL, elongin B, elongin C, Hs-CUL-1-HA, and
HS-CUL-2-HA were expressed in a coupled transcription—translation
system in the presence of [3*S]methionine. The translation products
were immunoprecipitated with either M2 or HA antibodies and
analyzed on a SDS/14% polyacrylamide gel followed by autoradiog-
raphy. (B) Coimmunoprecipitation of Hs-CUL-2 with wild-type (wt)
or mutant VHL (R167W, 157A) in vitro. cDNAs encoding human wt
F-VHL, R167W, and 157A mutant VHL, elongin B, elongin C, and
Hs-CUL-2-HA were expressed in a coupled transcription—translation
system in the presence of [**S]methionine. The translation products
were immunoprecipitated with M2 antibody and analyzed on a SDS/
14% polyacrylamide gel, followed by autoradiography.

quence was incomplete and lacked ~100 aa at the N terminus, as
judged from the C. elegans homolog (22). The missing piece, as
well as the 5" untranslated region of Hs-cul-2, were cloned by PCR
from a human cDNA library and assembled to generate a
full-length Hs-cul-2 cDNA (Fig. 4). Comparison of Hs-CUL-2
with Ce-CUL-2 revealed a 45% identity, similar to the identity
score of the CUL-1 orthologs (47% identity). Hs-CUL-1 com-
pared with Hs-CUL-2 revealed only 39% identity, suggesting that
the Hs-cul-2 gene is the ortholog of the Ce-cul-2 gene.

We then tested whether the Hs-CUL-2 homolog, Hs-CUL-1, is
also.capable of binding to VBC complexes. For in vitro binding

Proc. Natl. Acad. Sci. USA 94 (1997)

Hs-CUL-2-HA  pVHL-GFP

F16.6. Colocalization of Hs-CUL-2 and pVHL-GFP in transfected
cells. COS-7 cells were transiently transfected with cDNAs encoding
Hs-CUL-2-HA or pVHL-GFP (wt) separately (4) or concurrently
(B-E). (C-E) COS-7 cells were transfected with cDNAs encoding
Hs-CUL-2-HA and mutant pVHL-GFP [A60 (C and D) and 157A
(E)]. Cells were stained with the anti-HA antibody to detect Hs-CUL-
2-HA or observed under fluorescein isothiocyanate illumination to
detect pVHL-GFP.

experiments, we added epitope tags to VHL and Hs-CUL-1 or 2
(FLAG and HA, respectively) and translated the various com-
binations of VHL, elongin B, elongin C, Hs-cul-1, and Hs-cul-2
cDNAs in rabbit reticulocyte lysates followed by immunoprecipi-
tations with anti-Flag or anti-HA antibodies (Fig. 54). We
observed no coprecipitation of Hs-CUL-1 with VBC (lanes 5 and
6). However, Hs-CUL-2 bound specifically to the VBC complex
and could be coimmunoprecipitated with the FLAG and HA
antibodies (compare lanes 7 and 8 with lanes 9 and 10). The
VBC-Hs-CUL-2 interaction was reduced or strongly reduced by
using the cancer-predisposing VHL missense mutation, R167W
(Fig. 5B, lane 5), and the frameshift mutation, 157A, respectively
(lane 7). These VHL mutations also resulted in a weak or almost
undetectable pVHL-elongin BC association, since they affect the
elongin binding site in pVHL (10). We also tested whether
Hs-CUL-2 could interact with elongin B and C alone without
pVHL. Cotranslation of Hs-cul-2 and elongin B-C followed by
HA immunoprecipitation did not result in detectable Hs-CUL-
2-elongin B-C binding, suggesting that Hs-CUL-2 only associates
with the trimeric VBC complex (Fig. 54, lane 8) and that pVHL
is a necessary component of this complex.
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In cultures of sparse cells, wt VHL is found in the nucleus,
whereas in confluent cells in culture, it is largely excluded from
the nucleus (20). Mutational analysis has defined a possible
nuclear localization signal in exon 1 that is required for nuclear
entry (20). We verified the VBC-Hs-CUL-2 interaction in vivo by
assessing whether the two proteins colocalized within cells by
using a pVHL-GFP expression vector as well as an HA epitope-
tagged HS-CUL-2 expression vector. Overexpression of Hs-
CUL-2 alone resulted in the exclusive localization to the cytosol,
regardless of the growth conditions (Fig. 64 Left). In contrast,
pVHL alone localized to the cytosol and predominantly to the
nucleus (Fig. 64 Right). Hs-CUL-2 was localized to the nucleus
when it was coexpressed with wt pVHL-GFP (Fig. 6B). Hs-
CUL-2 was observed only in the nucleus of those cells expressing
nuclear VHL. In contrast, pVHL alone localized variably to either
the cytosol or the nucleus. Coexpression of Hs-CUL-2 and a
pVHL mutant, A60, which lacks the putative pVHL nuclear
localization signal and therefore cannot enter the nucleus, re-
sulted in colocalization of both proteins (Fig. 6C) or partial
colocalization of both proteins in characteristic punctate cytosolic
structures that we have previously observed for this VHL mutant
(Fig. 6D; ref. 20). Coexpression of Hs-CUL-2 with the 157A
mutant resulted in the localization of significantly less Hs-CUL-2
to the nucleus (compare Fig. 6 B with E), presumably because
157A interacts with Hs-CUL-2 only weakly (see Fig. 5B). These
data suggest that the VBC-Hs-CUL-2 association is specific and
occurs in vivo, the complex remains intact in both the nucleus and
the cytosol, and that VBC is capable of relocalizing Hs-CUL-2 to
the nucleus.

DISCUSSION

Our data suggest that pVHL, already shown to complex with
elongin B and C, can interact with an additional protein, Hs-
CUL-2, in the cell. This latter interaction is dependent on the
integrity of the trimeric VBC complex, and naturally occurring
mutations that interfere with binding of elongins also eliminate
binding to this protein. Our experiments suggest that most of the
VBC-p72-p80-p180 association occurs post-cell lysis, and it is not
clear whether pVHL interacts with these proteins in the cell. We
believe that the VBC-Hs-CUL-2 interaction is functionally sig-
nificant, since it occurs in the cell and in in vitro binding assays,
and is abrogated by cancer-predisposing pVHL mutations that
are detected in up to 70% of VHL families (13). These results
further suggest that the VBC-Hs-CUL-2 interaction may be
important for the tumor-suppressor function of pVHL, and we
propose that Hs-cul-2 itself might be a candidate tumor-
suppressor gene as proposed for Hs-cul-1 (27, 28).

It has been estimated that there are up to 1,100 cysts and 600
microscopical solid tumors in a VHL kidney (29). VHL loss of
heterozygosity has been described in solid tumors as well as even
the earliest, single-cell-lined VHL renal cyst (30). This scenario is
similar to the myriad of polyps observed in the colons of Familial
Adenomatous Polyposis patients in which the APC tumor-
suppressor gene appears to function as the gatekeeper (31). VHL
might have a “gatekeeper” function in certain tissues such as the
kidney. Normally, gatekeeper genes are responsible for main-
taining a constant cell number in renewing cell populations,
ensuring that cells respond appropriately to situations requiring
net cell growth (e.g., tissue damage). Loss of function of a
gatekeeper would result in a permanent imbalance of cell division
over cell death. The Ce-cul-1 phenotype is reminiscent of a
gatekeeper function of this gene in the worm, and it is possible
that in humans the VBC-Hs-CUL-2 complex is functioning as a
gatekeeper in kidney epithelial cells.

Although Hs-cul-2 is a member of the cullin family, as defined
by sequence homology, this protein is not yet well characterized,
in contrast to Ce-CUL-1 in C. elegans and Cdc53 in Saccharo-
myces cerevisiae. Loss of function of cul-1'in C! elegans results in
increased cell numbers in a variety of lineages, suggesting a
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tumor-suppressor-like function. Mutants of cdc53 are arrested in
the late G; phase of the cell cycle with unreplicated DNA and
multiple elongated buds (23). The cdc53 mutant phenotype
implicates that gene product in control of the cell cycle, and recent
data point to a specific role for Cdc53 in the degradation of critical
cell cycle control proteins (24-26). Sequence analysis suggests
that Cdc53 in S. cerevisiae is a homolog of CUL-1 and CUL-2 in
multicellular organisms (36% and 30% identity, respectively).

Whether CUL-2 and/or other members of the cullin family
are involved in targeted protein degradation remains to be
determined. VBC-Hs-CUL-2 is part of a complex that shuttles
in and out of the nucleus, perhaps degrading specifically
targeted substrates of currently unknown identity. It is possible
that such a proposed degradation complex targets certain
transcription factors or factors that regulate the stability of
hypoxia-inducible mRNAs, such as VEGF, platelet-derived
growth factor-B, and GLUT1 (14-16). Furthermore, the pres-
ence of a Hs-cul-2 ortholog in C. elegans, should make cul-2
mutant phenotypes in this organism informative. We propose
that identification of Hs-CUL-2 as a VBC-interacting protein
will prove to be critical in characterizing the function of the
VHL tumor-suppressor gene pathway.
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