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Abstract

Inactivation of the von Hippel-Lindau (VHL) tumor suppressor is associated with renal carcinoma,
hemangioblastoma and pheochromocytoma. The VHL protein is a component of a ubiquitin ligase
complex that ubiquitinates and degrades hypoxia inducible factor-o (HIF-a). Degradation of HIF-
a by VHL is proposed to suppress tumorigenesis and tumor angiogenesis. Several lines of
evidence also suggest important roles for HIF-independent VHL functions in tumor suppression
and other biological processes. Using GST-VHL pull-down experiment and mass spectrometry,
we detected an interaction between VHL and heterochromatin protein 1 (HP1). We identified a
conserved HP1-binding motif (PXVXL) in the B domain of VHL, which is disrupted in a renal
carcinoma-associated P81S mutant. We show that the VHL P81S mutant displays reduced binding
to HP1, yet retains the ability to interact with elongin B, elongin C, and cullin 2 and is fully
capable of degrading HIF-a. We also demonstrate that HP1 increases the chromatin association of
VHL. These results suggest a role for the VHL-HP1 interaction in VHL chromatin targeting.
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Introduction

The von Hippel-Lindau (VHL) tumor suppressor gene was originally identified as a gene
whose germline mutation results in a familial cancer syndrome called von Hippel-Lindau
(VHL) disease. The VHL disease is characterized by an increased risk of clear cell renal
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Figure S1. Tandem mass spectra of HP1 and HP1p peptides

The figure shows the tandem mass spectra of peptides derived from HP1 and HP1p that were identified in the GST-VHL pull-down
sample.
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carcinoma, hemangioblastoma of the nervous system, and adrenal pheochromocytoma [for
reviews see [1-4]]. Normal tissues of VHL disease patients harbor one wild-type and one
defective VHL allele. The tumors arising in these patients, however, display somatic
inactivation of the remaining wild-type allele, which is consistent with Knudson’s two-hit
hypothesis. Biallelic VHL inactivation is also common in sporadic clear cell renal
carcinomas and hemangioblastomas. VHL mutation occurs in approximately 50% of clear
cell renal carcinomas [5], which in turn account for 80% of all adult renal carcinomas. This
makes VHL mutation the most frequent genetic alteration found in adult kidney cancer.
Biochemically, the VHL protein functions as a substrate recognition subunit of the E3
ubiquitin ligase complex that also contains elongin B, elongin C, cullin 2, and Rbx1. The
interaction of VHL with elongin B, elongin C, and cullin 2 is mediated by the o domain of
VHL (Figure 1A). Using two different initiation codons, two isoforms of VHL are
synthesized: VHL30, a 213-amino-acid protein in humans and VHL19, residues 54 — 213 of
VHL30 (lacking the N-terminal acidic domain). Both VHL30 and VHL19 act as a substrate
recognition subunit in the E3 ubiquitin ligase complex.

The best studied target of VHL is hypoxia inducible factors (HIFs), a family of
transcriptional regulators mediating the cellular response to hypoxia. In the presence of
oxygen and iron, enzymatic hydroxylation of specific proline residues in the o subunit of
HIF (HIF-a) occurs and these hydroxylated prolines are recognized by VHL, which results
in ubiquitination and proteasomal degradation of HIF-a. Hypoxia or depletion of iron
inhibits the prolylpage hydroxylation of HIF-a, leading to accumulation of HIF-o and
induction of HIF target genes such as vascular endothelial growth factor (VEGF) and
erythropoietin. Some of the characteristics of VHL-mutated tumors can be explained by
upregulation of the HIF target genes. Hemangioblastomas and clear cell renal carcinomas
are highly vascular tumors, which is at least partly due to VEGF overproduction. These
tumors as well as pheochromocytomas sometimes secrete erythropoietin, resulting in
overproduction of red blood cells.

While the link between VHL and HIF is well established, several lines of evidence clearly
indicate that VHL has functions other than regulation of HIF [1-4]. 1) VHL was shown to
bind to multiple other proteins such as fibronectin, atypical PKC family proteins, SP1
transcription factor, RNA polymerase subunits Rpb1 and Rpb7, a de-ubiquitinating enzyme
VDU-1, and CARD?9 [6]. 2) VHL has been shown to play HIF-independent roles in
extracellular matrix control [7, 8]. 3) Type 2C VHL disease (familial pheochromocytomas
without hemangioblastomas or renal carcinomas) is caused by specific VHL mutants such as
L 188V and V84L. Importantly, these type 2C VHL mutants ubiquitinate and degrade HIF as
efficiently as wild-type VHL, which suggests that alteration of HIF-independent function(s)
of VHL plays a role in tumorigenesis [8, 9]. 4) Transgenic mice expressing constitutively
active HIF did not develop hemangioblastomas or renal carcinomas [10], suggesting that
deregulation of HIF is not sufficient to initiate tumors in mice. 5) Finally, gain-of-function
HIF-2 mutations were identified in familial erythrocytosis patients [11, 12], but these
patients did not show higher incidence of tumors, suggesting that activation of HIF is not
sufficient to induce tumors in humans. These findings are consistent with the notion that loss
or alteration of HIF-independent function(s) of VHL plays a critical role in tumorigenesis.
The biochemical basis of the HIF-independent VHL function(s), however, remains poorly
defined.

To gain insight into the HIF-independent functions of VHL, we undertook a screening for
VHL-interacting proteins by GST-VHL pull-down of VHL-null renal carcinoma cell lysate
and mass spectrometry. For this study, the result from the pilot screening was used to
provide leads for subsequent immunoprecipitation-immunoblotting analyses. We discovered
that VHL contains a conserved HP1-binding motif (PXVXL) in its B domain and interacts
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with HP1. This HP1-binding motif is disrupted in VHL P81S mutant, which is associated
with both hereditary and sporadic renal carcinoma. We show that VHL P81S mutant
displays reduced binding to HP1, but retains the ability to interact with cullin 2, elongin B,
and elongin C and to degrade HIF-2a. We also demonstrate that HP1 enhances the
chromatin association of VHL. These results suggest a role for the VHL-HP1 interaction in
recruiting VHL to chromatin.

Materials and Methods

Cell culture

786-0 renal carcinoma cells were cultured in RPMI11640 medium supplemented with 10%
fetal calf serum. 293 and 293T embryonic kidney cells were cultured in DMEM
supplemented with 10% calf serum. Calcium phosphate co-precipitation was used for
transfection.

Protein sample preparation and mass spectrometry

Forty 15-cm plates of 786-O cells were lysed in TNE buffer (10 mM Tris pH 7.4/150 mM
NaCl/1% NP-40/1 mM EDTA/1 mM AEBSF/10 pg/ml aprotinin/10 pg/ml Leupeptin/1 pg/
ml Pepstatin A/20 mM sodium fluoride). The lysate was incubated with 100 pg of GST-
VHL attached to glutathione Sepharose (GE Healthcare) for 12 hours at 4 °C. The GST-
VHL-interacting proteins were collected by centrifugation, washed three times with TNE
buffer, and eluted with 5 mM reduced glutathione for 4 hours at 4 °C. The eluted sample
was processed with Microcon YM-10 column (Millipore) for concentration and buffer
change to 50 mM Tris pH 8.5.

The sample was digested with trypsin (Promega) and analyzed by capillary high
performance liquid chromatography-tandem mass spectrometry (HPLC-ESI-MS/MS), using
a Thermo Fisher LTQ linear ion trap mass spectrometer fitted with a New Objective
PicoView 550 nanospray interface. On-line HPLC separation of the digests was
accomplished with an Eksigent NanoL.C micro HPLC: column, PicoFrit™ (New Obijective;
75 pum i.d.) packed to 10 cm with C18 adsorbent (Vydac; 218MSB5, 5 um, 300 A); mobile
phase A, 0.5% acetic acid (HAc)/0.005% TFA; mobile phase B, 90% acetonitrile/0.5%
HACc/0.005% TFA; gradient 2 to 42% B in 1 hr; flow rate, 0.4 pl/min. MS conditions were:
ESI voltage, 2.9 kV; isolation window for MS/MS, 3; relative collision energy, 35%; scan
strategy, survey scan followed by acquisition of data dependent collision-induced
dissociation (CID) spectra of the seven most intense ions in the survey scan above a set
threshold.

Mass spectrometry data analysis

The MS files were converted to mzXML format using ReAdW and were searched against
the IPI human protein database (v 3.24; 66,923 protein entries) using SEQUEST Cluster 3.1
SR1. Methionine oxidation was considered as variable modification. Up to one missed
tryptic cleavage was allowed. The peptide mass tolerance was set as 3.0 Da. The SEQUEST
search results were analyzed by the Trans-Proteomic Pipeline [for review see [13]] version
3.0. Peptide/protein identifications were validated by Peptide/ProteinProphet [14, 15]. A
ProteinProphet score of 0.9 was used as a cutoff.

Immunoprecipitation and immunoblotting

Immunoprecipitation was performed as described [16]. The cell lysates or
immunoprecipitates were separated by SDS-PAGE and analyzed by immunoblotting as
described [17]. The following antibodies were used: mouse monoclonal anti-FLAG (M2,
Sigma-Aldrich); rabbit polyclonal anti-FLAG (RFLG-45A, Immunology Consultants
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Laboratory); mouse monoclonal anti-HP1a (2HP-2G9, Millipore); mouse monoclonal anti-
HP1 (2MOD-1G6, Active Motif); rabbit polyclonal anti-H3K9me3 (8898, Abcam); mouse
monoclonal antiubiquityl-histone H2A (05-678, Millipore); mouse monoclonal anti-
ubiquityl-histone H2B (05-1312, Millipore); mouse monoclonal anti-ubiquitin (FK2, Biomol
International); rabbit polyclonal elongin B (Poly6130, Biolegend); rabbit polyclonal anti-
elongin C (Poly6131, Biolegend); rabbit polyclonal anti-cullin 2 (Thermo scientific); mouse
monoclonal anti-Rb (G3-245, BD Pharmingen); and mouse monoclonal anti-tubulin
(DM1A, Sigma-Aldrich).

Subcellular fractionation

293 cells were transfected with FLAG-tagged VHL30, VHL30 P81S, VHL19, or VHL19
P81S alone or together with HA-tagged HP1. Two days later, Triton-soluble fractions and
micrococcal nuclease-extractable chromatin fractions were prepared as described [18].

Results and Discussion

GST pull-down screening for VHL-interacting proteins

To identify VHL-interacting proteins, we incubated bacterially-expressed, purified GST-
VHL30 (full-length human VHL encoding amino acid 1-213) with the lysate of VHL-null
786-0 renal carcinoma cells and isolated the GST-VHL-interacting proteins by GST pull-
down followed by elution with glutathione. The eluted sample was processed for HPLC-
ESI-MS/MS analysis as described in Materials and Methods. At a Protein Prophet
probability score of 0.9 or higher, 24 different proteins were identified (Table 1). Among the
identified proteins, HP1 and HP1p caught our attention because we discovered an HP1-
binding motif in VHL (see below). Five unique peptides derived from HP1 and a single
peptide derived from HP1f were identified in the GST-VHL pull-down sample (Table 1).
The tandem mass spectra of HP1 and HP1p peptides are shown in Figure S1.

The HP1 proteins have two structural domains: a chromo domain and a chromo shadow
domain. The chromo domain of HP1 recognizes methylated lysine 9 of histone H3 [19, 20]
and this interaction is believed to play an important role in the formation of heterochromatin
and gene silencing. The chromo shadow domain interacts with several regulators of
chromatin and gene transcription such as chromatin assembly factor-1 (CAF-1) [21],
transcription intermediary factor o.and g (TIF-1 o and B) [22]. In mammals, there are three
members in the HP1 family, HP1a, HP1p, and HP1. Whereas HP1a and HP1p are located
predominantly in heterochromatin, HP1 is also present in euchromatin [23], suggesting a
role for HP1 in gene regulation in euchromatin regions.

A conserved HP1-binding motif in VHL

Proteins that bind to the chromo shadow domain of HP1 often contain a sequence motif,
PXVXL (Figure 1A) [24]. In the case of mouse CAF-1 (MCAF-1), a detailed NMR analysis
revealed that the PXVXL motif and surrounding amino acid residues
(FIXXXPXVXLXXIL) are involved in hydrophobic interaction with the HP1 chromo
shadow domain [25]. We identified a conserved PXVXL-containing motif in the § domain
of VHL that resembles the above-mentioned HP1-binding motif in mCAF-1 and several
other HP1-binding proteins (Figure 1A and 1B). Consistent with our screening result and the
presence of a PXVXL motif in VHL, we showed that VHL30 interacts with HP1 by co-
immunoprecipitation (Figure 2).

The PXVXL motif-containing proteins are thought to be recruited to chromatin by HP1 and
modulate transcription and other chromatin functions although the functional significance of
HP1 binding is not yet established for these HP1-binding proteins. We tested the possibility
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that HP1 is a ubiquitination and degradation substrate for the VHL E3 ubiquitin ligase. As
shown in Figure 3, restoration of wild-type VHL expression in VHL-null 786-O cells did not
affect the expression of HP1 whereas VHL restoration resulted in a dramatic decrease in the
levels of HIF-2a (Figure 5), a known ubiquitination and degradation substrate of the VHL
ubiquitin ligase. This suggests that HP1 is not a VHL degradation substrate. We also
examined the effect of VHL on constitutive heterochromatin using its marker, lysine-9 tri-
methylated histone H3 (H3K9me3), and did not observe a difference in overall H3K9me3
levels between VHL-null and VHL-restored cells (Figure 3), suggesting that loss of VHL
does not cause gross alterations in constitutive heterochromatin. In addition, we analyzed the
ubiquitination status of histone H2A and H2B and did not observe increased histone
ubiquitination in VHL-restored cells (Figure 3). Overall ubiquitination of cellular proteins
was similar between VHL-null and VVHL-restored cells (Figure 3). It is possible that the
interaction of VHL and HP1 results in some other alterations in chromatin or chromatin-
binding proteins.

VHL P81S mutant displays reduced HP1 interaction, but retains the ability to degrade HIF-

a

VHL P81S mutation is frequently observed in sporadic renal carcinoma, particularly those
associated with trichloroethylene exposure [26, 27]. Thirty percent (13 out of 44) of renal
carcinomas in patients with known trichloroethylene exposure were found to harbor the
VHL P81S mutation [26]. In addition, a germline VHL P81S mutation results in type | von
Hippel-Lindau disease [28], which is characterized by renal carcinoma and
hemangioblastoma without predisposition to pheochromocytoma. Because the VHL P81S
mutation alters the PXVXL motif (Figure 1A), we analyzed the effect of this mutation on
HP1 binding. As shown in Figure 2, the VHL30 P81S mutant displayed reduced binding to
HP1, suggesting the importance of the PXVXL motif in the VHL-HP1 interaction.

VHL interacts with elongin B, elongin C, and cullin 2 through its o domain and these
proteins form an E3 ubiquitin ligase complex. We examined the interaction of the VHL30
P81S mutant with the components of the VHL E3 ligase complex and found that the VHL30
P81S mutant interacts more efficiently with the E3 ligase components than wild-type
VHL30 (Figure 4). Consistent with the efficient binding of the VHL30 P81S mutant with
VHL E3 ligase components, expression of this mutant in VHL-null 786-O cells resulted in a
dramatic decrease in the level of HIF-2a, which was similar to that achieved by wild-type
VHL30 (Figure 5). Degradation of HIF-1a by VHL P81S mutant was also demonstrated by
Knauth et al., who used P81S mutation in VHL19, a shorter VHL isoform encoding amino
acid 54-213 [29]. These results indicate that the renal carcinoma-associated VHL P81S
mutant displays reduced HP1 binding, yet retains the ability to degrade HIF-a.

HP1 increases the chromatin association of VHL30

To test the possibility that HP1 recruits VHL to chromatin, we transfected 293 cells with
FLAG-tagged VHL30, VHL30 P81S, VHL19, or VHL19 P81S alone or together with HA-
tagged HP1 and analyzed the association of VHL with chromatin. As shown in Figure 6,
VHL30 was detected in the micrococcal nuclease-extractable chromatin fraction and the
abundance of chromatin-bound VHL30 was enhanced by co-expression of HP1. VHL30
P81S mutant also displayed association with chromatin, which was enhanced by HP1. We
note that VHL30 P81S mutant showed some residual binding to HP1 (Figure 2), which
might explain the association of this mutant with chromatin and its enhancement by HP1.
Interestingly, VHL19, a shorter VHL isoform lacking the N-terminal 53 amino acids, was
not detected in the chromatin fraction regardless of the co-expression of HP1 (Figure 6).
These results suggest that HP1 enhances the chromatin association of VHL30, but not
VHL19.

Arch Biochem Biophys. Author manuscript; available in PMC 2013 February 15.
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Although the VHL-HIF pathway has a well established role in oxygen sensing and hypoxic
response, the extent to which the deregulation of this pathway contributes to renal
tumorigenesis remains to be established. Transgenic mice expressing constitutively active
HIF-1a did not develop renal carcinoma or other tumors [10], suggesting that HIF
deregulation is not sufficient for tumorigenesis in mice. Gain-of-function HIF-2o mutations
have been identified in familial erythrocytosis patients [11, 12], but the patients were not
predisposed to renal carcinoma or other tumors, which suggests that HIF deregulation is not
sufficient for tumorigenesis in humans. These findings support a view that VHL function(s)
other than regulating HIF play an important role in the suppression of renal carcinoma and
other tumors. Our study uncovered a novel interaction between VHL and HP1 through a
PXVXL motif in VHL, which is diminished by a renal carcinoma-associated P81S mutation.
We also demonstrated that HP1 can enhance the chromatin-binding of VHL30. VHL30
recruited to chromatin by HP1 might ubiquitinate chromatin proteins. Alternatively, VHL
might function as an adaptor between HP1 and a kinase to promote the phosphorylation of
HP1 or other chromatin proteins as previously proposed for VHL-mediated phosphorylation
of CARD?9 by CK2 [6]. Future work should clarify the functional significance of the VHL-
HP1 interaction and its possible role in tumor suppression.

Conclusions

Screening for GST-VHL interacting proteins led to a discovery of a VHL-HP1 interaction
through a PXV XL motif in VHL, which is disrupted by a renal carcinoma-associated VHL
P81S mutation. VHL P81S mutant displays reduced HP1 binding, but is fully functional in
degrading HIF-a. HP1 was shown to enhance the chromatin-binding of VHL30. Elucidation
of the functional significance of VHL-HP1 interaction may provide important insight into
the mechanism of tumor suppression by VHL.

Highlights
Our proteomic screening detected the interaction of VHL and HP1.
We identified a conserved HP1-binding motif (PXVXL) in VHL.
This HP1-binding motif is disrupted in renal carcinoma-associated VHL P81S mutant.
VHL P81S mutant displays reduced HP1 interaction, but is able to degrade HIF-a.

HP1 increased the chromatin association of VVHL30.
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Refer to Web version on PubMed Central for supplementary material.

Abbreviations

VHL von Hippel-Lindau

HP1 heterochromatin protein 1

HIF hypoxia inducible factor

VEGF vascular endothelial growth factor
CAF-1 chromatin assembly factor-1
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1 63

human VHL |acidic

74 * 91
VHL VIFCNRSPRVVLPVWLNE
mCAF-1 LLFIEKVPVVVLEDILAT
hCAF-1 ILFKGKVPMVVLQDILAV
mTIFla SGLLRKVPRVSLERLDID
mTIF1PB ADSTHKVPVVMLEPIRIK
TAF4 DLNKGAKPVVVLQKLSLD
NIPBL QVTLTQTPMVALRQPHNR
Human VIFCNRSPRVVLPVWLNE
Cow VIFCNRSPRVVLPVWLNE
Dog VIFCNRSPRVVLPVWLNE
Rabbit VIFCNRSPRVALPVWLNE
Mouse VIFCNRSPRVVLPLWLNE
Rat VIFCNRSPRVVLPLWLNE
Chicken VVENNRSPRAVLPIWVDF
Xenopus VVFCNRSTRTVQPIWVNE
C. elegans VREFLNRCAYPVDVEFWLNP
Drosophila VLEFANTTYRTLDLYWVCE

Figure 1. HP1-binding motif in VHL

(A) The PXVXL motif in human VHL and its alignment with other PXVXL-containing
proteins. Bold residues in mCAF-1 are involved in hydrophobic interaction with HP1
chromo shadow domain. Proline 81 (asterisk) is mutated to serine in renal carcinoma-

associated VHL P81S mutant.

(B) Sequence alignment of the PXVXL motif in VHL from different species.
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Figure 2. The interaction of VHL and HP1

293T cells were transfected with FLAG-vector, FLAG-VHL, or FLAG-VHL-P81S. Forty-
eight hours after transfection, the interaction of FLAG-VHL or FLAG-VHL-P81S with HP1
was examined by anti-FLAG immunoprecipitation followed by anti- HP1 immunoblotting.
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Figure 3. The effect of VHL and VHL-P81S on HP1, H3K9me3, ubiquitinated H2A,
ubiquitinated H2B, and ubiquitinated cellular protein levels

VHL-null 786-0O renal carcinoma cells were infected with lentiviral vectors expressing
FLAG-tagged VHL, VHL-P8LS, or an empty vector. After puromycin selection, the levels
of HP1, lysine-9 tri-methylated histone H3, ubiquitinated histone H2A, ubiquitinated histone
H2B, and ubiquitinated cellular proteins were examined by immunoblotting. The expression
levels of FLAG-VHL and FLAG-VHL-P81S were also examined by anti-FLAG
immunoblotting. Tubulin serves as a loading control.
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Figure 4. The interaction of VHL and VHL-P81S with E3 ligase components

293T cells were transfected with FLAG-vector, FLAG-VHL, or FLAG-VHL-P81S. Forty-
eight hours after transfection, the interaction of FLAG-VHL or FLAG-VHL-P81S with
cullin 2, elongin B, and elongin C was examined by anti-FLAG immunoprecipitation
followed by anti-cullin 2, elongin B, and elongin C immunoblotting.

Arch Biochem Biophys. Author manuscript; available in PMC 2013 February 15.
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Figure 5. VHL-P81S mutant retains the ability to degrade HIF-a
The three cell types in Figure 3 were analyzed for the levels of HIF-2a by anti-HIF-2a

immunoblotting. Rb and tubulin serve as loading controls.
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Figure 6. HP1 increases the chromatin-binding of VHL30

293 cells were transfected with FLAG-tagged VHL30, VHL30-P81S, VHL19, or VHL19-
P81S alone or together with HA-tagged HP1. The abundance of each VHL form in
chromatin fraction and soluble fraction was determined by anti-FLAG immunoblotting.

Arch Biochem Biophys. Author manuscript; available in PMC 2013 February 15.
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