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Inactivation of the von Hippel±Lindau (VHL) tumor
suppressor gene is linked to the hereditary VHL disease and sporadic clear cell renal cell carcinomas
(CCRCC). VHL-associated tumors are highly vascularized, a characteristic associated with overproduction of vascular endothelial growth factor (VEGF).
The VHL protein (pVHL) is a component of the ubiquitin ligase E3 complex, targeting substrate proteins
for ubiquitylation and subsequent proteasomic degradation. Here, we report that the pVHL can directly
bind to the human RNA polymerase II seventh subunit (hsRPB7) through its b-domain, and naturally
occurring b-domain mutations can decrease the binding of pVHL to hsRPB7. Introducing wild-type pVHL
into human kidney tumor cell lines carrying endogenous mutant non-functional pVHL facilitates ubiquitylation and proteasomal degradation of hsRPB7, and
decreases its nuclear accumulation. pVHL can also
suppress hsRPB7-induced VEGF promoter transactivation, mRNA expression and VEGF protein secretion. Together, our results suggest that hsRPB7 is a
downstream target of the VHL ubiquitylating complex
and pVHL may regulate angiogenesis by targeting
hsRPB7 for degradation via the ubiquitylation pathway and preventing VEGF expression.
Keywords: hsRPB7/proteasome/ubiquitylation/VEGF/
VHL

Introduction
von Hippel±Lindau (VHL) disease is a rare hereditary
multiorgan neoplastic disorder, transmitted by the
mutant VHL gene (Maher and Kaelin, 1997; Stolle et al.,
1998). VHL patients develop tumors in several discrete
organ systems, including hemangioblastomas in the central nervous system and retina, clear cell carcinomas of
the kidney, pheochromocytomas of the adrenal gland,
cysts/adenomas and islet cell tumors of the pancreas,
ã European Molecular Biology Organization

cystadenomas of the epididymis and endolymphatic sac
tumors of the inner ear (Maher and Kaelin, 1997; Stolle
et al., 1998). More importantly, the VHL gene is
inactivated in ~50±80% of the common sporadic form of
clear cell renal cell carcinoma (CCRCC) (Foster et al.,
1994; Gnarra et al., 1994; Shuin et al., 1994). The VHL
protein (pVHL) has been demonstrated to associate with a
multiprotein complex with components including elongin
C (EC), elongin B (EB), cullin-2 (CUL-2) and Rbx1 to
form a complex called VCB±CUL-2 (Pause et al., 1997;
Kamura et al., 1999; Skowyra et al., 1999). In light of the
structural analogy of VCB±CUL-2 to SCF (Skp1±Cdc53
or Cullin±F-box) ubiquitin ligase, several groups have
demonstrated that the VCB±CUL-2 complex functions as
a ubiquitin ligase (Iwai et al., 1999; Lisztwan et al., 1999).
The ubiquitin±proteasome degradation system has been
shown to control the abundance and activity of several
oncogene and tumor suppressor gene products, transcription factors and other signaling molecules (Baumeister
et al., 1998; Hershko and Ciechanover, 1998). The crucial
substrate-recognition step in ubiquitin-dependent proteolysis is mediated by the diverse family of E3 ubiquitin
ligases. pVHL contains two domains, an a-domain and a
b-domain (Stebbins et al., 1999). While the a-domain
serves as the EC-binding site, the b-domain plays a role in
substrate recognition (Stebbins et al., 1999). Hypoxiainducible factors, HIF-1a and HIF-2a, have been demonstrated to be targeted for ubiquitylation and degradation
under normoxic conditions by physical interaction of its
oxygen-dependent degradation domain with the VCB±
CUL-2 ligase (Cockman et al., 2000; Kamura et al., 2000;
Ohh et al., 2000; Tanimoto et al., 2000; Ivan et al., 2001;
Jaakkola et al., 2001). Without functional pVHL, HIF-1a
and HIF-2a accumulate in cells, causing the overexpression of HIF target genes such as vascular endothelial
growth factor (VEGF), which helps to explain the highly
vascular character of VHL tumors and CCRCC. Besides
HIF-1a and HIF-2a, other important downstream targets
of VCB-CUL2 E3 ubiquitin ligase may exist. There is
considerable interest in identifying new downstream
targets or interacting proteins of pVHL, which may
provide new insights into the biological functions of
pVHL.
In order to explore further the molecular mechanisms of
pVHL-related tumorigenesis, especially in sporadic
CCRCC, we used yeast two-hybrid screening to identify
previously unknown pVHL-interacting proteins from a
kidney cDNA library. Two independent clones identi®ed
from this screening encoded the full-length human RNA
polymerase II seventh subunit (hsRPB7). RNA and protein
expression patterns of hsRPB7 have been studied in
different tissues and cell lines (Khazak et al., 1995). A
particularly high level of expression for hsRPB7 mRNA
and protein levels was observed in normal kidney tissue
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and the kidney-derived cell line 293 (Khazak et al., 1995).
These ®ndings, along with recognition that the speci®c
expression pattern of hsRPB7 mRNA in human tissues
differs from that of the largest subunit of RNA
polymerase II (hsRPB1) (Khazak et al., 1995), suggest a
potential regulatory role for hsRPB7 on gene expression,
especially in kidney cells. Here we demonstrate that
hsRPB7 is a pVHL-interacting protein and that hsRPB7
can be ubiquitylated and rapidly degraded by a pVHLmediated ubiquitin±proteasomal pathway in kidney cells.
Furthermore, we provide evidence that transcription of
VEGF may be regulated by hsRPB7. Our data demonstrate
that hsRPB7 is a degradation target of pVHL±E3 ubiquitin
ligase, which may represent another important mechanism
by which pVHL acts as a renal tumor suppressor.

Results
hsRPB7 is a novel pVHL-associated protein

The human pVHL19 (amino acids 54±213), a biologically
functional isoform of pVHL, was used as bait to screen
pVHL-interacting partners in a human kidney cDNA
library. From a screen of 5.5 3 106 clones, two of the
positive clones were identi®ed as encoding the full-length
cDNA of hsRPB7. These two clones differed in their 3¢
untranslated regions, indicating that they were independent. Subsequent yeast two-hybrid assays showed that yeast
cells transformed with either the bait pVHL19 (pGBKT7VHL19) and pGADT7 vector or the full-length hsRPB7
(pGADT7-hsRPB7) plus pGBKT7 vector did not generate
any clones on growth-selection plates (data not shown),
while yeast two-hybrid assay using independent retransformation of pGBKT7-VHL19 and pGADT7-hsRPB7,
followed by growth selection and a b-galactosidase assay,
further con®rmed the interaction between pVHL and
hsRPB7 in the yeast system (Figure 1A). To demonstrate
that these two proteins could physically interact with each
other, a GST pulldown assay was performed and the
results showed that hsRPB7 could bind directly to GST±
VHL19 but not GST alone (Figure 1B). Finally, the results
from mammalian two-hybrid assay further con®rmed that
hsRPB7 interacted with pVHL19 in mammalian cells
(Figure 1C). Together, these experiments demonstrated
that hsRPB7 could interact with pVHL.
To determine the hsRPB7-interacting region in pVHL,
GST pulldown assays were performed with pVHL fragments covering different regions. GST±VHL19 and GST±
VHL54±113, but not GST±VHL114±213, could retain the
in vitro translated hsRPB7 protein (Figure 1D). These
results suggest that hsRPB7 interacts with pVHL within
residues 54±113. This region is a part of the b-domain of
pVHL, which is responsible for substrate recognition for
ubiquitylation and degradation. Many missense mutations
found in VHL disease or renal cell carcinomas occur in
this region. We further tested the interactions between
hsRPB7 and several common VHL mutants that harbor
naturally occurring point mutations in the b-domain. Also
demonstrated in Figure 1D, two representative pVHL
mutants harboring mutations in the b-domain (P86H and
Y98H, respectively) showed a reduced binding capacity
between pVHL and hsRPB7 (Figure 1D, a and b).
In vivo co-immunoprecipitation was performed using
the HeLa cell line, which contains endogenous wild-type
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pVHL, and the 786-O cell line, which contains mutant
pVHL (truncated pVHL with the intact b-domain but
missing the a-domain). pVHL antibody can recognize and
precipitate this mutant form of pVHL. To demonstrate that
pVHL and hsRPB7 could interact with each other in their
natural forms, cultured HeLa cells were treated with or
without MG132 (a proteasomal inhibitor) and lysates of
these cells were immunoprecipitated with pVHL antibody,
and then fractionated on SDS±PAGE gels and immunoblotted with anti-hsRPB7, pVHL and EC antibodies,
respectively. As shown in Figure 1E, hsRPB7 can be found
in the immunoprecipitates against endogenous pVHL in
HeLa cells. In HeLa cells without proteasomal inhibitor
MG132 treatment, the amount of hsRPB7 associated with
pVHL was signi®cantly less compared with MG132treated HeLa cells, indicating that rapid turnover of
hsRPB7 occurred after a brief interaction with pVHL
under normal conditions. As expected, EC was associated
with pVHL either with or without MG132 treatment. In
contrast, in 786-O cells, endogenous mutant pVHL can be
found associated with hsRPB7; MG132 treatment did not
make any difference in the interaction. As expected,
mutant pVHL without the a-domain failed to precipitate
EC. Co-immunoprecipitation was also performed with an
anti-RNA polymerase II (anti-Pol II) C-terminal domain
(CTD) antibody. hsRPB7 was detected in the precipitates,
but not pVHL (data not shown). This indicates that
hsRPB7 does not recruit pVHL into the Pol II complex.
Taken together, the above in vitro and in vivo data
demonstrate that hsRPB7 is a pVHL b-domain-associated
protein, and, more importantly, the above results indicate
that hsRPB7 may degrade through the proteasome degradation pathway. The following experiments further
explore the functional signi®cance of this interaction.
Ubiquitylation of hsRPB7 is pVHL dependent

To test whether hsRPB7 can be ubiquitylated by pVHL±
E3 ubiquitin ligase, we performed a series of in vitro and
in vivo ubiquitylation assays. HeLa cell cytoplasmic
extracts (S-100) were incubated with [35S]methioninelabeled hsRPB7. Incubation of the extracts along with an
ATP regeneration system converted the hsRPB7 substrate
to multiple slower migrating forms (Figure 2A), indicating
that the hsRPB7 could be polyubiquitylated. To determine
the role of pVHL19 in hsRPB7 ubiquitylation, we
performed similar assays using extracts from 786-O
cells. This kidney cancer cell line contains non-functional
pVHL. Our results showed that the 786-O cell extracts
with transfected wild-type pVHL19 (pcDNA4-VHL19)
resulted in the ubiquitylation of hsRPB7, whereas with
pcDNA4 vector only, the 786-O cell extracts were unable
to lead to polyubiquitylation of hsRPB7. The authenticity
of ubiquitylation was con®rmed by incorporating UbK48R
and methylated ubiquitin into the assays (Figure 2A and
B). This pVHL-dependent ubiquitylation was also speci®c
to hsRPB7, because the ubiquitylation of p53, which was
tested under the same conditions, was not affected by the
addition of pVHL19 (data not shown). Furthermore, this
pVHL-dependent ubiquitylation process was diminished
when using naturally occurring VHL missense mutations
in its b-domain that disrupt the interaction between
hsRPB7 and pVHL (Figure 2C). In vitro ubiquitylation
of hsRPB7 using recombinant E1 and E2 (UbcH5a) was
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Fig. 1. pVHL interaction with hsRPB7. (A) Yeast two-hybrid assay followed by a colony lift ®lter b-Gal assay demonstrates the interaction between
pVHL and hsRPB7. Yeast strain AH109 was cotransformed with pGBKT7-VHL19 and pGADT7-hsRPB7 or with pGBKT7-p53 and pGADT7-T
(served as a positive control) plated on nutrition dropout selection plates and cultured at 30°C for 3 days, followed by colony-lift ®lter b-Gal assay.
Positive colonies turned blue as shown. (B) hsRPB7 interacts with pVHL in vitro. GST protein and GST±VHL19 fusion protein were expressed in
bacteria, puri®ed and incubated with [35S]methionine-labeled hsRPB7. Elutes were separated on a SDS±PAGE gel and detected by phosphoimager.
(C) hsRPB7 interacts with pVHL in mammalian cells. pM-VHL19 construct was cotransfected with pVP16-hsRPB7 into COS-7 cells, along with a
GAL4-dependent CAT reporter pG5-CAT and a pCMV-b-Gal expression vector. The b-Gal vector served as an internal control for normalization of
transfection ef®ciency. Control experiments with pM-BD or pVP16-AD alone were also conducted in parallel. (D) Mapping the hsRPB7-interacting
region in pVHL. In (a), 10% of in vitro translated 35S-labeled hsRPB7 was used as a positive control, and in vitro translated 35S-labeled hsRPB7
protein was incubated with beads coated with GST, GST±VHL19, GST±VHL54±113, GST±VHL114±213, GST±VHL-P86H and GST±VHL-Y98H,
respectively. The bound proteins were eluted and analyzed on SDS±PAGE gel. Equal amounts of viable GST±VHL fusion proteins were demonstrated.
Relative binding abilities of hsRPB7 and pVHL fragments were analyzed in (b). Results are expressed as the mean 6 SD of three independent
experiments. (E) Extracts of HeLa cells and 786-O cells treated with or without MG132 were used in immunoprecipitation (IP) assay by pVHL
antibody. Precipitates were resolved on SDS±PAGE gels and immunoblotted (IB) with hsRPB7, VHL and EC antibodies, respectively.

also tested (Figure 2D). VBC complex was immunoprecipitated from HeLa cells (Iwai et al., 1999). hsRPB7
could only be ubiquitylated in the presence of E1, E2 and
VBC complex, and the intensity of ubiquitylation is
directly dependent on the amount of VBC complex
(Figure 2E). Finally, in vivo ubiquitylation was performed
using kidney 786-O cells. Transfection of wild-type
pVHL19 led hsRPB7 to become a ubiquitylated form,
which further con®rmed the previous in vitro results
(Figure 2F) and demonstrated that ubiquitylation of
hsRPB7 is pVHL dependent.

pVHL mediates the proteasomic degradation of
hsRPB7

To test whether this ubiquitylation mediated by pVHL will
result in a rapid turnover of hsRPB7, we examined the
degradation of hsRPB7 in kidney tumor cell lines A498
and 786-O. A498 cells were transiently transfected with an
empty vector (pcDNA4), wild-type pVHL19 (pcDNA4pVHL19) and pVHL114±213 (without the hsRPB7 interaction region), respectively. MG132 treatment was also
used in a separate panel in combination with wild-type
pVHL19 (pcDNA4-VHL19). Equal amounts of total
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protein were loaded into each lane. As shown in Figure 3A,
overexpression of pVHL19 decreased the amount of
endogenous hsRPB7 in A498 cells and, importantly, this
effect was reversible by a combined treatment with
MG132. MG132 alone did not signi®cantly increase the
level of hsRPB7 protein (data not shown). pVHL114±213
without the hsRPB7-binding domain did not exhibit the
ability to decrease hsRPB7 levels. As a control, a northern
blot was performed and no change in hsRPB7 mRNA
levels was observed following transfection with wild-type
pVHL19, making it very unlikely that pVHL19 in¯uences
hsRPB7 at the mRNA level (data not shown). To evaluate
further the effect of pVHL on the degradation of hsRPB7,
pulse±chase assays were performed in 786-O cells. As
shown in Figure 3B (a), after cycloheximide treatment,
hsRPB7 was quite stable in the group transfected with
pcDNA4 vector only. In contrast, the hsRPB7 level
decreased dramatically when transfected with wild-type
pVHL. The cycloheximide treatment led to a signi®cant
decrease in hsRPB7 protein level and MG132 treatment
restored the hsRPB7 protein level (Figure 3B, b). Taken
together, these data demonstrated that the hsRPB7 protein
was undergoing proteasome-dependent degradation in a
pVHL-dependent manner, indicating that hsRPB7 is a
downstream target of pVHL±E3 ligase for ubiquitylation
and rapid degradation by proteasome.
pVHL decreases nuclear accumulation of
endogenous hsRPB7

To test whether pVHL has any in¯uence on the subcellular
localization of hsRPB7, dual immuno¯uorescence staining
with pVHL antibody (for endogenous pVHL protein when
transfected with empty vector only) or anti-His6 antibody
(for His6 wild-type or mutant pVHL fusion proteins) and
hsRPB7 antibody was performed using 786-O tumor cells,
which express an endogenous mutant non-functional
pVHL. FITC green ¯uorescence staining of endogenous
hsRPB7 is shown in Figure 4, column 1 (A1±E1) and
rhodamine red staining of endogenous pVHL (A2) or
transfected His6-tagged wild-type or mutant pVHL (B2±
F2) is shown in Figure 4, column 2. Merged images of
column 1 and column 2 are shown in column 3. DAPI
staining in column 4 demonstrates the nuclear positions of
corresponding cells. Cells in Figure 4 (rows A±E) were
transfected with pcDNA4 vector (row A), pcDNA4VHL19 (row B), pcDNA4-VHL114-213 (row C),
pcDNA4-VHL-P86H (row D) and pcDNA4-VHL-Y98H
(row E), respectively. As shown in Figure 4 (A1±A4), with

transfection of empty pcDNA4 vectors alone, endogenous
hsRPB7 was localized in both the nucleus and cytoplasm
with strong staining in the nucleus (A1 and A3). In
contrast, after introducing wild-type pVHL19 (pcDNA4VHL19), which was mainly localized in the cytoplasm
(B2), into the cells, hsRPB7 nuclear accumulation was
decreased dramatically (B1 and B3). This effect cannot be
found by using mutant pVHL, including cells transfected
with pcDNA4-VHL114±213 (C1 and C3), pcDNA4-VHLP86H (D1 and D3) or pcDNA4-VHL-Y98H (E1 and E3),
which either lost or had a reduced binding capacity to
hsRPB7, as demonstrated in our earlier results (Figure 1D).
To test whether the effect of pVHL on the distribution of
hsRPB7 is speci®c, another RNA Pol II subunit, hsRPB4,
was tested. As shown in Figure 4 (F1±F4), transfection of
wild-type pVHL did not decrease the nuclear accumulation of this protein, con®rming the speci®city of this
process. These phenomena suggest that wild-type
pVHL19 facilitates degradation of hsRPB7 and intact
interaction region of the b-domain is required for this
process.
hsRPB7 enhances VEGF transactivation, VEGF
mRNA expression and VEGF protein secretion in
kidney cancer cells

To explore the biological consequence of pVHL-mediated
hsRPB7 degradation, we examined whether hsRPB7 could
in¯uence VEGF expression by testing the effects of
hsRPB7 on VEGF promoter transactivation, endogenous
VEGF mRNA expression and protein secretion. A498 and
786-O cell lines were used in our study. Transfection of
hsRPB7 plasmid at a 3:1 ratio relative to the VEGF
promoter plasmid caused a 1.5- to 2-fold increase in the
VEGF promoter activity in A498 and 786-O cells
(Figure 5A). Introducing a pVHL expression plasmid at
a 3:1 ratio to the VEGF promoter plasmid decreased
VEGF transactivation by 30±50%. Cotransfection of
pVHL with hsRPB7 expression plasmids at a 3:3:1 ratio
to the VEGF promoter plasmid abolished the hsRPB7mediated transactivation of the VEGF promoter in A498
and 786-O cells (Figure 5A). Our results demonstrated that
hsRPB7 could enhance VEGF transactivation and this
effect could be reversed by wild-type pVHL. The speci®city of the transactivation effect of hsRPB7 on the VEGF
promoter was further tested by using the androgen
response element promoter and the ®brinogen promoter.
No transactivation effects were observed (data not shown).

Fig. 2. pVHL-dependent ubiquitylation of hsRPB7. (A) In vitro ubiquitylation of hsRPB7 by HeLa cell cytoplasmic extracts (S-100). 35S-labeled
hsRPB7 was used as a substrate in reactions of different compositions for 2 h. The positions of the non-ubiquitylated and ubiquitylated hsRPB7 are
indicated. The amounts of endogenous pVHL19 are depicted by western blot. (B) pVHL-dependent hsRPB7 ubiquitylation. 35S-labeled hsRPB7 was
incubated at 37°C for 2 h in reactions consisting of 786-O cell extracts transfected with pcDNA4 vector or pcDNA4-VHL19, ATP-regenerating system, ubiquitin or methylated ubiquitin and ubiquitin-aldehyde (UbAl). Ubiquitylation of hsRPB7 was only found in the presence of pVHL19. The
expression of His±pVHL19 was detected by anti-His immunoblot. (C) The effect of several pVHL mutations on the hsRPB7 ubiquitylation. 786-O
cells were tranfected with wild-type pVHL or pVHL mutant constructs. No ubiquitylation was detected in the presence of pVHL mutants (pcDNA4VHLP86H and pcDNA4-VHLY98H). The expressions of variable His±pVHL19 mutants were detected by anti-His immunoblot. (D) pVHL-dependent
ubiquitylation of hsRPB7 in vitro by recombinant E1 and E2. 35S-labeled hsRPB7 was incubated at 37°C for 2 h in reactions consisting of E1, E2 or
VBC complex or control IgG immunoprecipitates. Ubiquitylation of hsRPB7 was only found in the presence of E1, E2 and VBC complex.
Endogenous VBC complex (VHL, EB, EC) was detected by western blot. (E) Ubiquitylation of hsRPB7 in vitro is in a VBC complex-dependent fashion. The amount of hsRPB7 ubiquitylation is VBC complex dose dependent. (F) pVHL-dependent ubiquitylation of hsRPB7 in vivo. 786-O cells were
cotransfected with pCMV-¯ag-hsRPB7 and pcDNA4-VHL19 or pCMV-¯ag-hsRPB7 and pcDNA4 vector. Cell extracts were immunoprecipitated by
¯ag antibody, resolved on SDS±PAGE gel and detected by anti-¯ag and anti-ubiquitin antibodies independently.
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The VEGF protein secretion level was further analyzed
in these kidney cancer cell lines. Transient transfection of
hsRPB7 could promote the VEGF secretion into the
medium in these two cell lines. Transfection with pVHL
decreased VEGF secretion by 40±60% in all cell lines.
Cotransfection of pVHL with hsRPB7 expression plasmid
at a 1:1 ratio abolished VEGF oversecretion enhanced by
hsRPB7 (Figure 5B). These data demonstrated that
hsRPB7 could regulate VEGF expression and this effect
could be reversed by pVHL.
To rule out the possible artifacts associated with
reporter gene assays, we analyzed the effect of hsRPB7

and wild-type pVHL19 on endogenous VEGF mRNA
expression and VEGF secretion in the kidney cancer cell
lines A498 and 786-O. HeLa cells with endogenous wildtype pVHL were also incorporated in our study. As shown
in Figure 5C, naturally occurring isoforms of VEGF
mRNA were elevated by overexpression of hsRPB7.
Introducing wild-type pVHL into these tumor cell lines
resulted in decreased levels of VEGF mRNA expression.
Cotransfection of pVHL and hsRPB7 resulted in a
signi®cant decrease of hsRPB7-dependent overexpression
of VEGF mRNA.
To specify that the downregulation of VEGF expression
by pVHL is through target degradation of hsRPB7, we
used silencer RNA of hsRPB7 (sihsRPB7) to speci®cally
diminish endogenous hsRPB7 expression. As shown in
Figure 5D for 786-O cells, when increasing amounts of
sihsRPB7 are introduced, the endogenous expression of
hsRPB7 protein (Figure 5D, a) and VEGF mRNA
(Figure 5D, b) can be decreased in a dose-dependent
manner. To rule out the possibility of the in¯uence on
VEGF expression by HIF-1a and HIF-2a, we also studied
the expression of these proteins under the effect of
sihsRPB7. HIF-1a expression is not detectable in this
cell line (Maxwell et al., 1999), and it has no effects on
HIF-2a expression (Figure 5D, a). This effect is also
speci®c to VEGF but not to GAPDH. HeLa cells with
endogenous wild-type pVHL demonstrated similar patterns. Taken together, our results indicated a novel
functional association between pVHL and hsRPB7.

Discussion
Studies of the yeast Saccharomyces cerevisiae Pol II have
provided a remarkable view of the detailed structures and
functional aspects of eukaryotic Pol II (Cramer et al.,
2000, 2001). In yeast, the Pol II complex is comprised of
12 subunits (RPB1±RPB12), of which RPB4 and RPB7
form a dissociable subcomplex and are present in
substoichiometric amounts during exponential growth
(Cramer et al., 2000, 2001). This subcomplex has been
linked to the stress response and is required for promoter
recognition in transcription in vitro, which is similar to the
prokaryotic sigma factor (Edwards et al., 1991; Orlicky
et al., 2001). The facts that some of the stress-sensitive
phenotypes linked to an rpb4± mutation are suppressed by
overexpression of RPB7 (Sheffer et al., 1999) and that
Fig. 3. pVHL mediates proteasomal degradation of hsRPB7. (A) pVHLdependent proteasomal degradation of hsRPB7 in A498 cells. In (a),
A498 cells were transfected with empty pcDNA4 vectors, pcDNA4VHL19 or pcDNA4-VHL114±213 with or without MG132 treatment as
indicated. Fifty micrograms of whole-cell lysates were loaded in each
lane. The expressions of pVHL fragments were detected by anti-His
western blot. Immunoblots (IB) were performed against hsRPB7 and
p62 (the p62 subunit of TFIIH was used as a loading control). Relative
hsRPB7 amounts were quantitated and are shown in (b). Results are
expressed as the mean 6 SD of three independent experiments.
(B) pVHL-dependent proteasomal degradation of hsRPB7 in 786-O
cells. In (a), 786-O cells were transfected with pcDNA4 vector or
pcDNA4-VHL19. Cells were treated with 5 mM MG132 or DMSO. Six
hours later, cells were incubated with cycloheximide (CHX) for 0, 2, 4
and 6 h, as indicated above. Fifty micrograms of whole-cell lysates
were loaded in each lane. Immunoblotting (IB) was performed by using
hsRPB7 antibody. P62 was detected to demonstrate equal loading of
each sample and relative hsRPB7 amounts are quantitated in (b).
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deletion of RPB7 is lethal (Young, 1991; McKune et al.,
1993), while deletion of RPB4 is not (Woychik and
Young, 1989; Choder, 1993; Rosenheck and Choder,
1998), suggest that RPB7 is the key factor of the RPB4±
RPB7 subcomplex function(s). Recent studies also demonstrate that RPB7 is capable of interacting with Pol II
independently without RPB4 (Sheffer et al., 1999). The
fact that RPB7 may be found in some, but not all, Pol II
complexes suggests that RPB7-dependent and -independent regulatory mechanisms may exist (Khazak et al.,
1995). Three-dimensional structure studies of yeast Pol II
have revealed that the RPB4±RPB7 subcomplex is located
between the two major domains that form the DNAbinding cleft of the Pol II complex and suggested that
RPB7 might be involved in inducing tighter closure of the
DNA-binding cleft and thus stabilizing the Pol II complex
(Jensen et al., 1998). This may help explain why RPB7 is
important in the initiating transcription for a subset of
genes during the stress response. How RPB7 is regulated
during the stress response could be crucial for understanding how Pol II functions in the regulation of gene
expression. Recently, it has been found that hsRPB7 is
able to interact with two transcriptional factors, the EwsFli oncogenic fusion protein and the retinoic acid receptor,
and modulate their transcriptional activity (Petermann
et al., 1998; Shen et al., 1999). These studies further
support the current idea that hsRPB4-hsRPB7 may function as a site of interaction between enhancer-binding

transcription factors and the central Pol II complex
(Petermann et al., 1998; Shen et al., 1999).
Using yeast two-hybrid screening, we have identi®ed
hsRPB7 as a novel pVHL-interacting partner from a
kidney cDNA library. We have con®rmed this interaction
with a series of in vitro and in vivo experiments and
demonstrated that hsRPB7 interacts with the b-domain of
pVHL and naturally occurring pVHL b-domain mutants
impair their ability to bind hsRPB7. Our subsequent
experiments demonstrated that hsRPB7 does indeed
undergo pVHL-dependent ubiquitylation and rapid degradation via the proteasomal pathway. Our double
immunostaining revealed that in kidney 786-O tumor
cells carrying a non-functional pVHL, the endogenous
hsRPB7 was accumulated in the nucleus. In contrast, after
introducing wild-type pVHL into the cells, endogenous
nuclear accumulation of hsRPB7 was dramatically reduced; this could be due to rapid degradation targeted by
wild-type pVHL19. Since overexpression of VEGF
mRNA has been recognized as one of the signatures of
pVHL loss-of-function mutation, we tested whether
hsRPB7 could selectively transactivate the VEGF promoter. Using the ®brinogen promoter and the androgen
response element as controls, we found that hsRPB7 could
transactivate the VEGF promoter but not two control
promoters in kidney A498 and 786-O cell lines. This effect
could be reversed by cotransfection of wild-type pVHL19.
Parallel experiments demonstrating that endogenous

Fig. 4. Decreased nuclear accumulation of endogenous hsRPB7 by pVHL. 786-O cells were transfected with pcDNA4 vector, pcDNA4-VHL19,
pcDNA4-VHL114±213, pcDNA4-VHL-P86H and pcDNA4-VHL-Y98H, respectively, as indicated. Endogenous hsRPB7, hsRPB4 and pVHL or His6tagged wild-type or mutant pVHL fusion proteins were detected by double-immunostaining with hsRPB7 or hsRPB4 rabbit polyclonal antibody and
pVHL mouse monoclonal antibody or anti-His6 mouse monoclonal antibody (for His6±pVHL fusion proteins), followed by FITC green conjugated
secondary antibody for visualizing hsRPB7 (column 1, A1±E1) and hsRPB4 (column 1, F1), and rhodamine red-conjugated secondary antibody for
endogenous pVHL (column 2, A2) or His6-tagged pVHL (column 2, B2±F2). Merged images of columns 1 and 2 are shown in column 3. DAPI
staining in column 4 demonstrates the nucleus positions of corresponding cells. Note that the nuclear intensity of hsRPB7, but not hsRPB4,
dramatically decreases only in the presence of wild-type pVHL19 (indicated by arrow).
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mRNA expression and VEGF secretions in these cell lines
could be in¯uenced by hsRPB7 and pVHL also supported
the above data. Our results suggest that the VEGF
promoter may be one gene component that hsRPB7 can

selectively regulate. Using sihsRPB7, we also demonstrated that the regulation of VEGF by hsRPB7 and by HIF
proteins are separate processes. Recent studies using
authentic renal tissues demonstrated that the overaccumu-

Fig. 5. The effects of hsRPB7 on transactivation of the VEGF promoter, VEGF mRNA expression and VEGF secretion. (A) hsRPB7 enhances VEGF
transactivation. A498 and 786-O cell lines were cotransfected with combinations of pGL3-VEGF promoter construct, pRL-SV40, pcDNA4-hsRPB7
and pcDNA4-VHL19 as indicated. The ®re¯y luciferase activity from the VEGF promoter was normalized by Renilla luciferase activity. The relative
luciferase activity of cells transfected with vector only was set as basal level. Results are expressed as the mean 6 SD of three independent experiments. (B) hsRPB7 promotes VEGF secretion. A498 and 786-O cell lines were transfected with pcDNA4-hsRPB7 and/or pcDNA4-VHL19 as indicated. VEGF secretion into the medium was quantitated using ELISA assays and normalized by an equal amount of total proteins from each sample.
Results are expressed as the mean 6 SD of three independent experiments. (C) hsRPB7 enhances VEGF mRNA expression. A498, 786-O and HeLa
cells were transfected with pcDNA4-hsRPB7 and/or pcDNA4-VHL19 as indicated. VEGF mRNA isoforms expression were analyzed by RT±PCR
with total RNA and normalized by GAPDH as control (a). Results are expressed as the mean 6 SD of three independent experiments (b). (D) Silencer
RNA of hsRPB7 (sihsRPB7) downregulates VEGF mRNA expression. 786-O and HeLa cells were transfected with increasing amounts of hsRPB7
silencer RNA as indicated. Expression of hsRPB7, HIF-2a and b-actin was studied by western blotting (a); VEGF mRNA isoform expression was
analyzed by RT±PCR with total RNA and normalized by GAPDH. Results are expressed as the mean 6 SD of three independent
experiments (b).
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lation of HIFs cannot be observed in all CCRCC with VHL
gene mutations and high VEGF expression, indicating the
existence of other potential regulators of VEGF (Wiesener
et al., 2001; Turner et al., 2002).
Overall, our studies provide important evidence on the
regulation of hsRPB7 at the protein level by pVHL and its
potential regulatory role in renal carcinogenesis. A recent
study reported that pVHL could target the large subunit
(Rpb1) of RNA Pol II for ubiquitylation and degradation
(Kuznetsova et al., 2003). Together with our study, it
indicates that pVHL could regulate gene expression
through RNA Pol II subunits. It would be important to
identify other genes that could be speci®cally regulated by
hsRPB7 other than VEGF, as well as determining their
roles in tumorigenesis and tumor development. It would
also be crucial to explore the mechanism of hsRPB7
regulation on those speci®c genes, whether through direct
binding to conserved promoter sequence or bridging
speci®c transcription factors into the central RNA Pol II
complex. HIF-1a is an important transcription factor
targeted by pVHL±E3 ligase for rapid turnover (Ohh et al.,
2000). HIF-1a induces expression of hypoxia-inducible
genes, such as VEGF. Based on amino acid sequence
analysis, hsRPB7 does not contain the oxygen-dependent
degradation (ODD) domains that are present in HIF-1a,
indicating that a novel mechanism might exist in the
interaction between hsRPB7 and pVHL. Whether prolyl
hydroxylation of hsRPB7 is required for pVHL-mediated
ubiquitylation and degradation remains to be explored. It
would be interesting to explore whether HIF-1a and
hsRPB7 can regulate a subset of stress-response genes
synergistically, and whether there are temporal and spatial
differences in the regulation of stress-response-related
transcription.
In summary, our current data suggest that hsRPB7 is a
natural degradation target of the pVHL±E3 ligase complex
and hsRPB7 may participate in the regulation of VEGF
expression. It is conceivable that, under normal physiological conditions, hsRPB7 is regulated by pVHL and
maintained at an optimal level. Once pVHL becomes
mutated, hsRPB7 overaccumulation occurs, resulting in
overexpression of hsRPB7-targeted genes, such as VEGF,
which may be relevant to the VHL inactivation-related
phenotype.

Materials and methods
Yeast two-hybrid screening
Using the Yeast Two-Hybrid System 3 (Clontech Laboratories, Palo Alto,
CA), a pretransformed human kidney cDNA library in the Y187 yeast
strain (Clontech Laboratories) was screened via yeast mating with
AH109, a yeast strain transformed with a VHL bait construct (pGBKT7VHL19) for high-stringency selection according to the manufacturer's
protocol. Positive clones were sequenced and the corresponding cDNAs
were subcloned into appropriate vectors for subsequent experiments. A
yeast two-hybrid assay using independent retransformation of the bait
construct and the candidate clones together followed by a b-Gal assay was
used to con®rm the interaction between pVHL and newly identi®ed
proteins.
Plasmid construction
pGBKT7-VHL19, pcDNA4-VHL19, pGEX6p1-VHL19 and pM-VHL19
were constructed by inserting human pVHL19 cDNA (amino acid
54±213) into pGBKT7, pcDNA4, pGEX6p1 and pM vectors, respectively. pGEX6p1-VHL54±113 and pGEX6p1-VHL114±213, derived from
pGEX6p1-VHL19, were constructed to express pVHL fragments

containing residues 54±113 and 114±213, respectively. Missense
mutation constructs (P86H and Y98H, respectively) were derived from
pGEX6p1-VHL19 by PCR-based site-directed mutagenesis. These
mutant VHL constructs were subsequently transferred into pcDNA4
vectors to facilitate expression of His6 tag fusion protein in mammalian
cells. pGADT7-hsRPB7, pVP16-hsRPB7, pcDNA4-hsRPB7 and pCMVhsRPB7 were constructed by transferring the full-length insert from the
pACT2-hsRPB7 clone identi®ed by yeast two-hybrid screening. pSG5p53 was constructed by inserting a p53 coding sequence into the pSG5
vector. All inserts of constructs involved in PCR ampli®cation were
con®rmed by complete sequencing.
GST pulldown assay
Overnight cultures of bacteria strain BL21 transformed with wild-type or
mutant VHL GST fusion proteins were diluted 1:100 in a Luria±Bertani
medium plus ampicillin and cultured at 30°C until A600 reached 0.4. The
fusion proteins were then induced with 1 mM ispropyl-b-D-thiogalactopyranoside (IPTG) and puri®ed. Two-hundred micrograms of GST or
GST fusion protein were added to glutathione±Sepharose 4B MicroSpin
Columns (Amersham Pharmacia, Cleveland, OH). Total volume was
adjusted to 300 ml with H400 buffer [20 mM HEPES pH 7.8, 0.5 mM
EDTA, 20% glycerol, 400 mM KCl, 0.5 mM phenylmethylsulfonyl
¯uoride (PMSF) and proteinase inhibitor cocktail] and incubated for 3 h at
4°C. After washing three times in H400 buffer, 10 ml of in vitro translated
[35S]methionine-labeled hsRPB7 were added to the reaction and
incubated at 4°C for an additional 6 h. After washing ®ve times with
H400 buffer, the proteins were eluted in 20 ml of 23 SDS buffer and
resolved on a 10% SDS±PAGE gel followed by autoradiography.
Mammalian two-hybrid assay
pM-VHL19, pVP16-hsRPB7 and pG5-CAT were cotransfected into
COS-7 cells with a constant amount of a second reporter, pCMV-b-gal,
for normalization of the transfection ef®ciency. Parallel transfections
with negative and positive controls were performed. After 36 h, cells were
harvested and lysed. The lysates were used for radioactive CAT assay to
demonstrate the interaction between the two proteins.
In vivo co-immunoprecipitation
HeLa cells were grown to 90% con¯uence in T-150 ¯asks with or without
MG132 treatment. Cells were lysed in RIPA buffer (13 PBS, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS). Total protein concentration was
measured (Bio-Rad Laboratories, Hercules, CA). Five hundred micrograms of total protein were incubated with 50 ml of protein A/G±
Sepharose beads (Santa Cruz Laboratories, Santa Cruz, CA), together
with 50 ml of human VHL antibody (PharMingen, San Diego, CA) at 4°C.
Total volume was adjusted to 300 ml by H200 buffer (20mM HEPES
pH 7.8, 0.5 mM EDTA, 20% glycerol, 200 mM KCl, 0.5 mM PMSF and
proteinase inhibitor cocktail). After incubation for 6 h, the beads were
washed with H200 buffer three times, eluted in 20 ml of 23 SDS buffer
twice and resolved on a 10% SDS±PAGE gel followed by immunoblotting (IB) using VHL, hsRPB7 and EC (Santa Cruz Laboratories)
antibodies, respectively. Twenty-®ve micrograms of total protein (5%
input) were loaded on the gel for comparison.
In vitro ubiquitylation assay
The method for in vitro ubiquitylation assay has been described
previously (Ohh et al., 2000). Ubiquitylation assays were carried out at
37°C for 2 h in a total volume of 15 ml. 35S-labelled hsRPB7 (1 ml) was
incubated in the presence of S-100 extracts (45 mg) supplemented with
8 mg/ml ubiquitin (BostonBiochem, Cambridge, MA), 100 ng/ml ubiquitin
aldehyde (BostonBiochem, Cambridge, MA) and an energy-regenerating
system (20 mM Tris pH 7.4, 2 mM ATP, 5 mM MgCl2, 40 mM creatine
phosphate and 0.5 mg/ml creatine kinase). In vitro ubiquitylation using
recombinant E1 and E2 was described previously (Iwai et al., 1999). VBC
complex was immunoprecipitated from HeLa cells (Iwai et al., 1999). E1
and E2 were purchased from A.G. Scienti®c Inc. (San Diego, CA).
In vivo ubiquitylation assay
768-O cells were grown to near 50% con¯uence in 35 mm culture dishes
and cotransfected with pCMV-¯ag-hsRPB7 and pcDNA4-VHL19 or
pCMV-¯ag-hsRPB7 and pcDNA4 vector. Cells were lysed in RIPA
buffer 36 h after transfection and centrifuged at 14 000 r.p.m. for 20 min
at 4°C. The supernatants were incubated with anti¯ag antibodies (Santa
Cruz Laboratories) for 6 h at 4°C as described above (in vivo coimmunoprecipitation). Washed immunoprecipitated complex and crude
lysates were separated by SDS±PAGE and detected by anti-¯ag or antiubiquitin antibodies, respectively.
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Fluorescence immunostaining
786-O cells were seeded on two-well slides (Nalge, Rochester, NY)
overnight. Transient transfection was performed using pcDNA4,
pcDNA4-VHL19, pcDNA4-VHL-P86H, pcDNA4-VHL-Y98H or
pcDNA4-VHL114±213. After incubation for 36 h, cells were ®xed and
double-immunostained using anti-hsRPB7 rabbit polyclonal antibody
(Khazak et al., 1998) and anti-VHL mouse monoclonal or anti-His mouse
monoclonal antibody (Invitrogen, Carlsbad, CA) as the primary
antibodies, and followed by FITC green-conjugated goat anti-rabbit and
rhodamine red-conjugated goat anti-mouse antibodies. Blue DAPI
staining was used to show the location of nuclei.
Degradation and pulse±chase assay
A498 cells and 786-O cells were transiently transfected with pcDNA4
vector (a negative control) or pcDNA4-VHL19 in 35 mm culture dishes
with a total of 2 mg of plasmid DNA per transfection. After 18 h, cells
were treated with MG132 (5 mM) (Calbiochem, La Jolla, CA) or DMSO
for 6 h, followed by incubation with cycloheximide (100 mg/ml) (Sigma,
St Louis, MO), and then lysed at 0, 2, 4 and 6 h. Proteins were collected
from each time point and an equal amount of total protein was resolved by
SDS±PAGE. Western blots were performed using an anti-hsRPB7 and an
anti-p62 antibody (the p62 subunit of TFIIH used as a loading control),
respectively.
VEGF promoter transactivation assay
The VEGF promoter construct covering the ±194 to +153 region (Pal
et al., 1998) was constructed into the pGL3-luciferase vector (Promega
Corporation, Madison, WI) to make pGL3-VEGF-Promoter. Cells were
seeded on six-well plates overnight and then transfected with 0.3 mg
plasmid of pGL3-VEGF-Promoter, 0.9 mg plasmid of pcDNA4-VHL19
and/or pcDNA4-hsRPB7. A Renilla luciferase expression plasmid, pRLSV40 (Promega Corporation, Madison, WI), was used as an internal
control for transfection ef®ciency. Total amounts of DNA were adjusted
to 2 mg by pcDNA4 vector. Cells were lysed for dual-luciferase assay
after 36 h of transfection. At least three independent experiments were
performed to ensure consistency.
VEGF mRNA expression
A498, 786-O and HeLa cells were seeded on 100 mm plates overnight and
then transfected with 5 mg plasmid of pcDNA4-VHL19 and/or pcDNA4hsRPB7. Total amounts of DNA were adjusted to 10 mg by adding
pcDNA4 vector. Total RNA was extracted 36 h after transfection, and
RT±PCR was performed using 2 mg of total RNA from each sample to
semiquantitate endogenous VEGF mRNA expression. GAPDH was used
as an internal control. VEGF primers, 5¢-CGAAGTGGTGAAGTTCATGGATG-3¢ (sense) and 5¢-TTCTGTATCAGTCTTTCCTGGTGA3¢ (antisense), and GAPDH primers, 5¢-CCAAAACTGGCAATTCCATGGCA-3¢ (sense) and 5¢-TCTAGACGGCAGGTCAGGTCCACC-3¢
(antisense), were used in our experiments.
VEGF secretion assay
A498 and 786-O cells were seeded on six-well plates overnight and then
transfected with 1 mg plasmid of pcDNA4-VHL19 and/or pcDNA4hsRPB7. Total amounts of DNA were adjusted to 2 mg by adding
pcDNA4 vector. The media were collected 36 h after transfection and the
protein concentration was measured. An ELISA assay for VEGF was
performed using equal amounts of total protein according to the
manufacturer's protocol (R&D Systems, Minneapolis, MN). At least
three independent experiments were performed to ensure consistency.
hsRPB7 silencer RNA construction and transfection
sihsRPB7 was constructed according to the standard protocol from
Ambion (Ambion Inc., Austin, TX). sihsRPB7 primer, 5¢-AATTGCTG
TCACCACCATTGA-3¢, was used in our experiments. 786-O and HeLa
cells were seeded on 100 mm plates overnight and then transfected with
concentrations of 25, 50 and 100 nM sihsRPB7 with oligofectamine
(Invitrogen Life Technologies, Carlsbad, CA). Total RNA and protein
were extracted 36 h after transfection. Western blot analysis of hsRPB7
and HIF-2a expression and RT±PCR analysis of VEGF were performed
as described above.
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