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Abstract

The von Hippel-Lindau (VHL) tumor suppressor gene is mutated in
patients with VHL disease and in the majority of patients with sporadic
renal cell carcinomas (RCCs). RCCs are dependent on insulin-like growth
factor-I receptor-mediated signaling for tumor growth and invasion in
vivo. Reintroduction of the VHL gene product (pVHL) can inhibit on
insulin-like growth factor-I receptor-mediated signaling in RCC cells in
vitro through interaction with protein kinase C d and is mediated by a
specific amino acid sequence (104–123) in theb-domain of the pVHL. In
the present study, the amino acid sequence (104–123) of the pVHL was
conjugated to the protein transduction domain of HIV-TAT protein
(TATFLAGVHL-peptide) to facilitate entry into cells, and we demon-
strate that this amino acid region of VHL is sufficient to block prolifer-
ation and invasion of 786-O renal cancer cellsin vitro. Furthermore, daily
i.p. injections with the TATFLAGVHL peptide retarded and, in some
cases, caused partial regression of renal tumors that were implanted in the
dorsal flank of nude mice. Treatment with this peptide also inhibits the
invasiveness of renal tumors. A 56% decrease in the proliferative index in
tumors treated with the TATFLAGVHL-peptide versuscontrol-peptide-
treated mice was observed. Taken together, these results show the novel
importance of a 20-amino acid sequence of theb-domain of the VHL gene
product capable of inhibiting tumor growth and invasion. These results
lay the foundation for a unique approach toward treating RCCs using this
small-molecular-weight peptide fused to the TAT-sequence, which may, in
the future, be used alone or in conjunction with other therapies.

Introduction

RCC3 is the seventh most common cancer (1, 2). At present, radical
surgical excision is the only option that may result in cure. Patients with
nonoperable recurrences, multiple metastases, or systemic spread of
disease have limited options with regard to therapy (3). RCC is notori-
ously resistant to all chemotherapeutic and radiation therapies investi-
gated to date. Immunotherapy has had a palliative affect on a minority of
patients, with retardation of tumor growth and limited-survival effects (3,
4). Thus, new therapeutic strategies to treat these patients are imperative.

Sporadic clear cell renal carcinoma often exhibits a functional
inactivation of the pVHL (5–11). This tumor suppressor gene is a
Mr-30,000 protein encoded by chromosome 3p25–26 and has been
reported to be a potent down-regulator of several hypoxia-inducible

genes including VPF/VEGF and hypoxia inducible factor-1a (12).
pVHL has also been implicated in the regulation of the cell cycle
regulatory protein p27 and the cellular ubiquitination machinery (13–
17). The crystal structure of the pVHL published recently revealed a
b-sheet structure referred to asb-domain in the NH2 terminus of
pVHL and ana-domain consisting ofa-helices in the COOH-termi-
nus of pVHL (18). The amino acid region 152–171 within thea-
domain of VHL is found to be a highly mutated region in patients
having VHL-associated RCC (10). This region is found to bind with
elongin B and C and CUL-2, a member of the cullin family of
proteins, and is thought to form a complex that closely resembles the
yeast E3 type ubiquitin ligase complex (13, 14, 16, 19–21). It was
later shown that this complex can indeed exhibit E3 ligase activity
(17). Thus, one of the major functions of pVHL is its role in the
ubiquitination machinery that is involved in the degradation of a broad
variety of cellular proteins.

RCC is dependent on IGF-I for its growth and development. Ex-
perimental results showed that inhibiting this IGF-I-mediated signal-
ing abolishes or delays the progression of a variety of tumors in
animal models (22–24). Previously, we had shown that the pVHL,
apart from its role in the ubiquitination machinery, could also inhibit
IGF-IR-mediated signaling in RCC (25). This inhibition is accom-
plished by the ability of the 104–123 amino acid region of the
b-domain of the VHL molecule to block the interaction between the
cytoplasmic domain of the IGF-IR and its downstream signaling
molecule PKCd, thereby blocking PKCd kinase activity. Interestingly,
this region is also found to be mutated in patients having VHL-
associated RCC (8). Intervention in the IGF-IR signaling pathway
may ultimately affect cell proliferation, differentiation, and apoptosis,
which might in turn affect tumor development (22–24, 26). Thus,
using a peptide coding for the 104–123 amino acid sequence of the
pVHL may inhibit tumor development.

To evaluate the effects of this specific region of pVHL on tumor
characteristics, we have used the TAT-mediated peptide delivery
system to facilitate the entry of a peptide corresponding to the 104–
123 region of the pVHL into renal cancer cells. The TAT protein is
derived from HIV (27) and is capable of entering the cell in a
receptorless fashion (28). Although the mechanism of this protein
transduction is unclear, it is believed that the TAT protein targets the
lipid bilayer component of the cell membrane and is rapidly internal-
ized in a concentration-dependent manner. An 11-amino acid region
of TAT protein, the PTD, when fused to a broad spectrum of proteins
regardless of size and function, potently facilitates entry into a ma-
jority of mammalian cell types (28–30). Using this peptide delivery
system, we tested our hypothesis that the 104–123 amino acid region
of VHL, conjugated with the HIV-TAT sequence, can inhibit the
growth of renal tumor.

Materials and Methods

Antibodies. Antibodies include anti-phosphoMAP kinase (0.2mg/ml; New
England BioLabs, Beverly, MA), anti-MAP kinase antibody (0.2mg/ml; New
England BioLabs), anti-FLAG antibody (4.4mg/ml; Sigma), chicken poly-
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clonal anti-FLAG IgG (Chemicon, Temecula, CA), biotinylated mAb anti-
PCNA IgG (ZYMED, San Francisco, CA), and mouse anti-PECAM-1 IgG
(PharMingen, SanDiego, CA). Normal rabbit serum and rabbit IgG were
obtained from Sigma (St. Louis, MI) and biotinylated rabbit antirat IgG from
Vector Laboratories (Burlingame, CA). Apoptosis was detected by the TUNEL
assay using the Tdt apoptosis kit (R&D Systems, Minneapolis, MN) and was
performed according to the manufacturer’s instructions.

Cell Culture. The human renal carcinoma cell line (786-O, ATCC CRL-
1932; American Type Culture Collection, Manassas, VA) was maintained in
DMEM containing 10% FBS (Fisher Scientific).

Cell Proliferation Assays. RCC 786-O cells were plated in 24-well
plates (13 103 cells/well) and starved for 16 h in DMEM (Fisher Scien-
tific) containing 0.1% FBS. The TATFLAGVHL(104 –123)-peptide, TAT-
FLAGVHL(152–171)-peptide, or TATFLAG-peptide (Genemade Synthe-
sis, Inc., San Francisco, CA), were added at different concentrations in
DMEM containing 0.1% FBS, whereupon 0.5mCi/ml [3H]thymidine
(NEN, Boston, MA) was added to each well and incubated for an additional
4 h. Cells were then washed three times with cold PBS and subsequently
precipitated with 5% ice-cold TCA for 15 min, rinsed twice with 75%
ethanol, and solubilized in 0.1M NaOH for scintillation counting (Perkin-
Elmer Wallac, Inc., Gaithersburg, MD).

Invasion Assays.Forty ml of an 8-mg/ml Matrigel solution (Fisher Scien-
tific) was overlaid on the upper surface of the transwell chambers with a
diameter of 6.5 mm and a pore size of 8mm (Corning CoStar Corporation,
Cambridge, MA). The Matrigel was allowed to gel by incubating the plates for
;4 h at room temperature. DMEM (0.6 ml) media containing 0.5mM IGF-I
used as a chemoattractant (Sigma) was then added to the bottom chamber of
the transwells. 786-O renal carcinoma cells were trypsinized and then resus-
pended in DMEM media containing 0.2% BSA and preincubated for 1 h with
medium containing 40mM of TATFLAGVHL(104–123)-peptide, TAT-
FLAGVHL(152–171)-peptide, or the TATFLAG-peptide. Thereafter, 23 104

cells in a volume of 100ml of medium were added to the upper chamber of
each well. Cells were then incubated for 5 h at37°C in a CO2 incubator. Cells
that remained in the upper chamber were removed by gently scraping with a
cotton swab. Cells that had invaded through the filter were fixed in 100%
methanol and then stained with 0.2% crystal violet dissolved in 2% ethanol.
Invasion was quantitated by counting the number of cells on the filter using
bright-field optics with a Nikon Diaphot microscope equipped with a 16-
square reticle (1 mm2). Three separate fields were counted for each filter.

Slot Blot, Western Blot, and Immunocytochemical Analysis.786-O
renal carcinoma cells were cultured to near confluency in 100-mm2 tissue
culture-treated plates in DMEM containing 10% FCS. The cells were then
incubated overnight with either TATFLAGVHL-peptide or TATFLAG-
peptide at a concentration of 20mM. Cells were then washed twice with
ice-cold PBS, lysed with ice-cold lysis buffer [50 mM Tris (pH 7.5), 1% NP40,
150 mM NaCl, 1 mM Na3VO4, 2 mM EGTA, 1 mM phenylmethylsulfonyl
fluoride, 10 mg/ml leupeptin, 0.5% aprotinin, and 2 mM pepstatin A) and
incubated for 10 min on ice. Cell lysates were centrifuged at 13,000 rpm for 10
min at 4°C. The supernatant from each sample was either transferred to a
nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA) for slot blot-
ting using Bio-Rad slot blot apparatus or was separated by SDS-PAGE.
Size-separated proteins were transferred (Trans-Blot SD; Bio-Rad) to a poly-
vinylidene difluoride membrane (NEN). For immunodetection, membranes
were blocked in washing buffer containing PBS [0.13M NaCl and 10 mM
sodium phosphate (pH 7.4)] and 0.1% Tween 20 with 4% milk or BSA and
incubated in washing buffer with either mAb anti-phosphoMAP kinase (0.2
mg/ml; New England BioLabs), mAb anti-MAP kinase antibody (0.2mg/ml;
New England BioLabs), or polyclonal anti-FLAG antibody (4.4mg/ml; Sig-
ma). The secondary antibodies used were goat antirabbit and goat antimouse
IgG coupled to horseradish peroxidase (Pierce, Rockford, IL). Immunolabeling
was detected by chemiluminescence (Pierce). To detect the internalization of
TAT peptides, the 786-O renal carcinoma cells were grown on coverslips in a
24-well plate. Cells were treated with different TAT peptides and then incu-
bated for 12 h. The cells were washed twice in PBS and fixed in fresh 4%
paraformaldehyde for 10 min at room temperature, rinsed in PBS, permeabi-
lized when appropriate in PBS10.1% Tween 20 for 15 min, rinsed, and then
blocked in PBS, 0.1% BSA, and 0.1M glycine. The cells were then incubated
with anti-FLAG IgG for 1 h, rinsed, and incubated with the biotinylated goat
antichicken IgG and rinsed. Staining was performed with the Vectastain ABC

Elite kit with diaminobenzidine as the peroxidase substrate. Coverslips where
then mounted in crystal mount (Biomedia, Foster City, CA).

RCC Tumor Model. Male Harlan Sprague Dawley nude mice 6–8 weeks
of age (National Cancer Institute, Bethesda, MD) were given s.c. injections in
the right dorsal flank with 3 million 786-O RCC cells suspended in 100ml
PBS. Tumors appeared 2 weeks after injection. Tumor size was measured
using calipers, and tumor volume was calculated using the formula, vol-
ume5 width2 3 length/2. After the tumors reached3200 mm3, the animals
were randomized to receive daily i.p. injections with either TATFLAG-peptide
or TATFLAGVHL(104–123)-peptide (2 nmoles/animal).

Surgical Specimens.At the end of the treatment period, mice were killed
by CO2 narcosis and tumors were excised. Tissues were embedded in OCT
compound and frozen in liquid nitrogen pending subsequent analysis. All
procedures were performed under hospital Institutional Review Board-ap-
proved protocols.

Immunohistochemical Staining. All antibodies were diluted in PBS con-
taining 0.1% BSA. Six-mm-thick serial cryosections were fixed in ice-cold
acetone and rinsed in PBS. IgG binding sites were blocked with normal rabbit
serum for 1 h atroom temperature. Sections were incubated with the primary
antibody for 60 min, rinsed, and incubated with 3% H202 in methanol for 15
min to deplete endogenous peroxidase. After rinsing, sections were incubated
with biotinylated rabbit antirat IgG (7.5mg/ml) for 30 min. Staining was
performed with the avidin-biotin complex technique, using the Vectastain
ABC Elite kit (Vector Laboratories) with 3,39-diaminobenzidine as the perox-
idase substrate. Finally, the sections were counterstained with Mayer’s hema-
toxylin. Sections were dehydrated in ethanol and cleared in xylene and then
mounted with permount.

Quantification of Proliferation and Apoptosis. Six-mm-thick cross sec-
tions through the entire tumor were subjected to PCNA or TUNEL staining
according to the manufacturer’s instructions and lightly counterstained with
Mayer’s hemotoxylin. The PCNA- or TUNEL-positive nuclei were manually
counted in the entire section. Thereafter, four fields of vision were photo-
graphed, the total number of nuclei were counted manually, and the average
number of nuclei/unit area was calculated. Photographs of the entire cross
section were digitized using a Scan Jet 11CX scanner (Hewlett Packard,
Grenoble, France). The area of the entire cross-section was calculated in mm2

using NIH imaging software. The total number of nuclei in the entire cross-
section was calculated by extrapolating the average number of nuclei/mm2

multiplied by the area of the cross-section. The proliferation index and apo-
ptosis index were calculated as the number of positive nuclei divided by the
total number of nuclei. To access heterogeneity with regards to proliferation
within an individual tumor, sections were taken from three different areas of
the tumor and the proliferative index was determined as described above.

Quantification of Vessel Density.To calculate vessel density, sections
were stained with a monoclonal antibody against PECAM-1 but were not
counterstained. Cross-sections were photographed at32.5 and digitized using
a Scan Jet 11CX scanner (Hewlett Packard). The digitized images were
analyzed using NIH imaging software and processed as follows. Images were
filtered using an edge enhancement filter. Subsequently, a threshold level was
introduced. All pixels with values below this threshold were excluded from
subsequent analysis. Thereafter, the number of remaining pixels, correspond-
ing to the area of PECAM-1 stain, was calculated and converted to mm2. The
area of PECAM-1-positive stain then was divided by the total area of the cross
section, resulting in the percentage of tissue area occupied by PECAM-1-
positive endothelium. Results from the TATFLAGVHL-peptideversusTAT-
FLAG-peptide groups were analyzed statistically using Student’st test and
were considered significant atP , 0.05.

Results

TATFLAG and TATFLAGVHL-Peptide Constructs and Its
Entry into the Cells. To investigate the affects of the 104–123 amino
acid sequence of the pVHL on tumor cell behavior, we synthesized a
peptide corresponding to the 104–123 amino acid sequence of pVHL,
which was conjugated with the PTD of the TAT protein, thereby
facilitating peptide entry into the cells. The FLAG sequence enabled
identification of the peptide in cells and tissues. Control peptides
containing only the PTD domain of the TAT protein and the FLAG
sequence (TATFLAG-peptide), or the 152–171 amino acid sequence
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of the VHL protein [TATFLAGVHL(152–171)-peptide] were syn-
thesized (Fig. 1). Slot-blot analysis of cell lysates derived from
cells that had been incubated with the TATFLAGVHL or TAT-
FLAG-peptide and then immunoblotted with an anti-FLAG anti-
body was performed to insure entry of these peptides into the cells
(Fig. 2A). Fig. 2B shows the immunostaining of the FLAG peptide
of the TATFLAGVHL(104 –123)-treated RCC only in permeabi-
lized cells (Fig. 2B, i), but not in nonpermeabilized cells (Fig. 2B,
ii ) or cells that had not been treated with any peptide (data not
shown). Therefore, the peptides detected in cell lysates as well as
in immunostaining represents peptide that has been internalized.

104–123 Amino Acid Sequence of pVHL Inhibits Proliferation
of 786-O Renal Carcinoma Cellsin Vitro . To evaluate the 104–123
amino acid sequence of the pVHL with regard to tumor cell prolifer-
ation, the 786-O RCC line was incubated with different concentrations
of the TATFLAGVHL(104–123)-peptide and the TATFLAG-
peptide, and incorporation of tritiated thymidine was measured. The
results show that TATFLAGVHL(104–123), at a concentration of 17
mM, inhibited thymidine incorporation into 786-O cells to nearly 80%

compared with TATFLAG-peptide-treated cells (Fig. 3A). Incubating
786-O cells with a TATFLAGVHL construct containing the elongin-
binding region of the VHL molecule (152–171 amino acid region) had
no significant inhibitory effect on cell proliferation (Fig. 3A). Further-
more, inhibition of tyrosine phosphorylation of MAP kinase was
observed in cells treated with the TATFLAGVHL(104–123)-peptide,
but not the TATFLAG-peptide (Fig. 3B). Phosphorylated MAP kinase
is an essential downstream molecule and nodal point for several signal
transduction pathways that lead to cell proliferation. Thus, the results
suggest that the 104–123 amino acid region of the VHL molecule is
sufficient for blocking IGF-1-induced RCC proliferationin vitro.

104–123 Amino Acid Sequence of pVHL Inhibits Invasiveness
of 786-O Renal Carcinoma Cells in Vitro . Previously, we had
shown that the entire pVHL is capable of inhibiting IGF-1-induced
invasion of 786-O cellsin vitro (25). In the present study, we exam-
ined whether the 104–123 amino acid region of pVHL is sufficient to
inhibit IGF-I induced invasion of 786-O RCC cells. An 81% reduction
in the number of cells capable of invading a Matrigel barrier was
observed in 786-O RCC cells in the presence of the TAT-
FLAGVHL(104–123)-peptide, as compared with that of TATFLAG-
peptide, at a concentration of 40mM (Fig. 4). Incubating 786-O cells
with the TATFLAGVHL(152–171)-peptide had no significant inhib-
itory effect on cell invasiveness (Fig. 4). Thus, our results suggest that

Fig. 1. Peptide sequences for TATFLAG, TATFLAGVHL(104–123), and TAT-
FLAGVHL(152–171).

Fig. 2. Detection of TAT peptides in 786-O cells.A, slot blot analysis was performed
on cell lysates or pure peptides. Peptides were detected by immunodecorating with a
mouse mAb recognizing the FLAG sequence. Cell lysates derived from 786-O cells that
had been exposed to either the TATFLAG-peptide, TATFLAGVHL-peptide, or no
peptide.B, immunostaining was performed of permeabilized (i) or nonpermeabilized (ii )
786-O cells treated with TATFLAGVHL(104–123)-peptides.

Fig. 3. Inhibition of cell proliferation and decreased levels of phosphoMAP kinase in
786-O cells in the presence of TATFLAGVHL-peptide.A, cell proliferation as accessed
by [3H]thymidine incorporation in the presence of increasing concentrations of TAT-
FLAG and TATFLAGVHL-peptides. The percentage of [3H]thymidine incorporation in
peptide-treated cells was compared with control cells not exposed to peptide and depicted
as a percentage of [3H]thymidine. Results from three independent experiments are shown.
E, TATFLAG; M, TATFLAGVHL(104–123);‚, TATFLAGVHL(152–171).B, proteins
from cell lysates derived from 786-O cells that had been incubated with either TATFLAG
or TATFLAGVHL-peptides were separated by SDS gel electrophoresis, transferred to
polyvinylidene difluoride membranes, and subjected to immunoblotting with antibodies
recognizing phosphoMAP kinase and MAP kinase. Phosphorylation levels of MAP
kinase, but not total MAP kinase protein, is decreased in TATFLAGVHL-peptide-treated
cells compared with control cells treated with TATFLAG-peptide and no peptide.
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the 104–123 amino acid sequence of the pVHL is sufficient to inhibit
IGF-I-induced invasion of renal carcinoma cellsin vitro.

104–123 Amino Acid Sequence of pVHL Inhibits Growth,
Proliferation, and Invasiveness of Renal Tumor in a Xenograft
Model. From our tissue culture experiments, it is clear that the amino
acid region 104–123 of pVHL has the potential to inhibit both the
DNA synthesis and invasiveness of the renal cancer cells. We there-
fore chose to use this peptide in our subsequentin vivo experiments.
To determine whether or not the TATAFLAGVHL(104–123)-peptide
had similar effects on tumor cell proliferation and invasionin vivo,
786-O RCC cells were injected s.c. in the dorsal flank of nude mice,
and tumors were allowed to develop to;200 mm3. At this point,
either TATFLAGVHL(104–123)-peptide or TATFLAG-peptide (2
nmol/mouse) was injected i.p. once daily for 11 days, and tumor
volume was measured daily. The mice were subsequently killed for
histopathological analysis. In contrast to the TATFLAG-peptide-
treated group, tumor growth was arrested after approximately 4 days,
and a limited regression of tumor size was noted beginning 7 days
after initiation of treatment in the TATFLAGVHL(104–123)-peptide-
treated mice (Fig. 5). Tumor size after 11 days of peptide treatment
was significantly smaller in TATFLAGVHL(104–123)-treated mice
compared with TATFLAG-peptide-treated mice: 3576 156 mm2 and
839 6 194 mm2, respectively (Table 1).

TATFLAGVHL(104–123)-peptide and TATFLAG-peptide were
detected immunohistochemically using a polyclonal antibody recog-
nizing the FLAG sequence. Both peptides were homogeneously pres-
ent throughout the tissue and showed no differences in intensity
between the central and peripheral portions of the tumor (Fig. 6,B and
D). Both peptides were localized to the tumor cells. Stromal cells also
stained for the peptides, albeit with a lesser intensity. Therefore, these
results suggest that the peptide effectively penetrated the entire tumor
mass and was able to enter individual cells within the tumor. Tumors
derived from untreated mice did not show immunoreactivity to the
antibody recognizing the FLAG sequence (Fig. 6,A andC).

To elucidate the underlying mechanism responsible for the growth
arrest noted in the TATFLAGVHL(104–123)-treated group, PCNA
and TUNEL staining was used to evaluate the proliferative and
apoptosis indexes, respectively. Heterogeneity of proliferative index
between different microscopic fields within the same cross section
was ;30%. Furthermore, heterogeneity in the proliferative index
between different regions of the tumor biopsy was;28%. Thus, the
proliferative index as determined through the total number of PCNA-
positive nuclei divided by the total number of cell nuclei in a cross

section of an individual tumor is representative of the entire tumor’s
proliferative index. The apoptotic index did not differ significantly
between tumors in TATFLAGVHL(104–123)-peptide-treated mice as
compared with mice treated with the TATFLAG-peptide, amounting
to 0.49% and 0.59%, respectively (Table 1). In contrast, a 56%
decrease of the proliferative index was observed in tumors of TAT-
FLAGVHL(104–123)-peptide treated mice as compared with that of
TATFLAG-peptide treatment (Table 1). A 56% reduction in the
proliferative index would theoretically result in 4-fold larger tumors in
TATFLAG-peptide- versus TATFLAGVHL(104–123)-peptide-treated
mice after 50 cell cycles, indicating that an actual treatment benefit can be
achieved from a 56% reduction in the proliferative index (Fig. 7). Fur-
thermore, no difference in vascular density between TAT-
FLAGVHL(104–123)-peptide- and TATFLAG-peptide-treated tumors
was observed (Table 1). Compared with TATFLAG-peptide-treated tu-
mors, TATFLAGVHL(104–123)-treated tumors exhibited an increase in
cellular density and a decrease in the size of the stromal compartment.
This suggests that the TATFLAGVHL(104–123)-peptide may have an
effect on the nonendothelial component of the stromal compartment
(Table 1). The observed decrease in proliferative index with a constant
apoptotic index might explain the observed regression of tumors in the
TATFLAGVHL(104–123)-peptide-versus TATFLAG-peptide-treated
mice, as has been described in other animal tumor models (31). In
conclusion, the TATFLAGVHL(104–123)-peptide inhibits tumor
growth by inhibition of tumor cell proliferationin vivo, in agreement with
our in vitro observations.

On the basis of the ability of the TATFLAGVHL(104–123)-
peptide to inhibit tumor cell invasionin vitro, tumor invasivenessin
vivo was evaluated in TATFLAGVHL(104–123)-peptide-versus
TATFLAG-peptide-treated mice. Tumor invasiveness was determined
by gross and microscopic invasion of underlying tissues and micro-
scopic detection of tumor cells inside tumor vessels. Grossly, tumors
in 10 of 10 TATFLAGVHL(104–123)-peptide-treated mice were
nonadherent to the skin and the underlying muscle fascia and could
easily be removed with minimal damage to surrounding tissues,
indicating minimal tumor invasion (Fig. 6G). In contrast, tumors in 10
of 10 TATFLAG-peptide-treated mice were firmly adherent to the
underlying muscle (Fig. 6F) and/or skin, which was indurated and
hyperemic (not shown). Tumors in the TATFLAG-peptide-treated
mice exhibited marked invasion deep into the underlying muscle layer

Fig. 5. The TATFLAGVHL-peptide blocks the growth of RCCin vivo. 786-O cells
were injected s.c. into the dorsal flank of nude mice and permitted to grow to a certain size
before initiation of treatment with daily i.p. injections of TATFLAGVHL-peptide and
TATFLAG-peptide for 11 days. Tumor size (mm3) was measured daily during the
treatment period.●, TATFLAG; f, TATFLAGVHL.

Fig. 4. Inhibition of invasion of RCC cells in the presence of TATFLAGVHL-peptide.
Invasion of 786-O cells across a Matrigel barrier using IGF-1 as a chemoattractant in the
presence of TATFLAGVHL-peptide and TATFLAG-peptide. Results are the average of
three independent experiments.M, TATFLAG; o, TATFLAGVHL(104–123);;, TAT-
FLAGVHL(152–171).
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(Fig. 6H) and, in two mice, invasion into the spinal column was
observed (data not shown). Corresponding tissue planes allowing the
radical removal of tumors in TATFLAGVHL(104–123)-peptide-
treated mice could not be found in TATFLAG-peptide-treated mice.
Histologically, islands of tumor cells were seen invading the skin and
underlying muscle in TATFLAG-peptide-treated mice (data not
shown). In contrast, consistent with the macroscopic findings, no
invasion of tumor into surrounding normal tissue was observed in
TATFLAGVHL(104–123)-peptide-treated mice (data not shown).
Furthermore, in tumors in mice treated with the TATFLAG-peptide,
but not the TATFLAGVHL(104–123)-peptide, invasion of tumor
cells into blood vessels was frequently observed (Fig. 6I; Ref. 32).
Autopsy revealed no gross distant metastatic disease in the lung, liver,
kidney, and intestine in either the TATFLAGVHL(104–123)-peptide-
treated mice or the TATFLAG-peptide-treated mice. These results
show that the 104–123 amino acid region of the VHL molecule
delivered as the TATFLAGVHL(104–123)-peptide construct inhibits
RCC invasionin vivo.

Discussion

The results of the present investigation show that a unique amino
acid sequence of theb-domain of the pVHL delivered as a fusion
protein with the TAT-PTD sequence of the immunodeficiency virus is
sufficient to inhibit RCC proliferation and invasion in tissue culture.
Furthermore, this specific amino acid sequence of the pVHL also
exclusively inhibits the phosphorylation of MAP kinase, an important
downstream mediator of cell proliferation. Importantly, using the
same peptide in a xenograft model where RCCs were grown on the
dorsal flank of nude mice, we were able to arrest and partially regress
renal tumor growth and invasion. A prerequisite that the observed
biological effects are attributable to the administered TAT-
FLAGVHL-peptide is that this peptide crosses the cell membrane.
This was confirmedin vitro by slot blot analysis of cell lysates from
peptide-treated cells, as well as by immunohistochemical staining for
the FLAG sequence, in permeabilized cells that had previously been
treated with peptide. Immunostaining for the FLAG sequence in
tumors from TATFLAGVHL- and TATFLAG-treated mice, was lo-
calized both in the cytoplasm and in the nucleus of tumor and stromal
cells, suggesting that entry of the TATFLAGVHL-peptide into these
cell-types also occurredin vivo.

The biological activities of IGFs are, for the most part, mediated
through IGF-IR. IGF-I activates an intrinsic tyrosine kinase activity in
the receptor, resulting in its autophosphorylation and subsequently by
the presentation of its substrate-binding sites (33). Substrates contain-

ing either the Src homology domain or phosphotyrosine binding
domain can interact with IGF-IR to promote various downstream
signal transduction cascades that ultimately lead to cell proliferation,
differentiation, anti-apoptosis and, in pathological conditions, tumor
development (26, 34, 35). Importantly, embryonic fibroblasts estab-
lished from IGF-IR(2/2) mice show resistance to transformation
induced by different oncogenes, growth factor receptors, and viral
proteins that can be reversed by reconstitution with wild-type IGF-IR
(26). Also, blocking of IGF-IR signaling by any of several strategies
(antisense, dominant negative, or neutralizing antibody against IGF-
IR) abolishes or delays the progression of a variety of tumors in
animal models (22–24). Recent studies have shown that PKCd plays
an important role in IGF-IR-mediated cell proliferation and transfor-
mation (36). It associates with IGF-IR and gets tyrosine-phosphor-
ylated, resulting in increased activity. It has also been demonstrated
that the ATP-binding mutant of PKCd can inhibit the transforming
ability of IGF-I (36). Because the amino acid region 104–123 in the
b-domain of the pVHL has the potential to block the IGF-IR-mediated
downstream signaling pathway (25), we hypothesized that introducing
this region into the renal cancer cell would restore the antiproliferative
and anti-invasive properties of the pVHL. Therefore, we used the
TAT-mediated peptide delivery system by which VHL(104–123)-
peptide was delivered efficiently into the renal cancer cells both in the
tissue culture as well as in the animal model (Figs. 2 and 6,B andD).
We found that in bothin vitro and in vivo systems, this TAT-
FLAGVHL(104–123)-peptide can inhibit renal cancer cell prolifera-
tion as well as invasion (Figs. 3A, 4, and 6; Table 1). Interestingly,
using the same peptide delivery system, the 152–171 amino acid
region of the pVHL, known for its ubiquitination function (13, 14, 16,
19, 20), is unable to inhibit either renal cancer cell proliferation or
invasion (Figs. 3A and 4). This finding thus suggests a different
function of VHL apart from its role in the ubiquitination pathway.

VHL-associated tumors are highly vascularized. Both VHL dis-
ease-associated and sporadic renal cell carcinomas overexpressVPF/
VEGF, a potent angiogenic factor, and its receptors, suggesting that
these genes may be VHL target (37–39). We and others have dem-
onstrated that VPF/VEGF is indeed a target for the VHL tumor
suppressor gene product (39–41). Interestingly, when tumor-bearing
mice were treated with TATFLAGVHL-peptide(104–123), no differ-
ence in vascular density was observed as compared with that of the
control peptide-treated mice, which might indicate that the TAT-
FLAGVHL(104–123)-peptide is not primarily inhibiting tumor
growth by targeting angiogenesis (Table 1). Future studies are in

Table 1 Tumor characteristics in TATFLAG-peptide-treated mice and in TATFLAGVHL-peptide-treated mice

Tumor size
Proliferation
index (%)

Apoptosis
index (%)

Total
nuclei/mm2 Vessel index (%)

TATFLAG-peptide-treated mice
A1 787 7.30 0.75 2560 3.18
A2 787 5.15 0.52 3103 3.80
A3 1099 4.32 0.38 4042 4.76
A4 666 2.92 0.70 4139 5.57
A5 1094 6.88 NDa ND ND
A6 600 5.00 ND ND ND
Median6 SD 8396 194 5.36 1.6 0.66 0.2 34616 760 4.36 1.0

TATFLAGVHL-peptide-treated mice
B1 364 3.20 0.31 4339 4.31
B2 245 1.64 0.73 5336 3.87
B3 416 1.80 0.44 4181 4.77
B4 665 4.40 0.49 3834 3.76
B5 208 2.20 ND ND ND
B6 245 1.10 ND ND ND
Median6 SD 3576 156 2.46 1.2 0.56 0.2 44226 644 4.26 0.5

P 0.018 0.006 0.46 0.10 0.80
a ND, not determined.
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Fig. 6. The TATFLAGVHL-peptide effectively enters tumor cells
and inhibits tumor invasiveness in RCCin vivo. 786-O cells were
injected s.c. into the dorsal flank of nude mice and permitted to grow
to a certain size before initiation of treatment with daily i.p. injections
of TATFLAGVHL-peptide, TATFLAG-peptide, or no peptide for 11
days.a–d, immunohistochemical staining was performed on sections
derived from RCCs implanted in the dorsal flanks of nude mice that
had been treated with no peptide (a and c) and treated with TAT-
FLAGVHL-peptide (b andd). a andc, absence of staining for FLAG
in RCCs derived from a mouse that had not been treated with peptide.
b and d, homogeneous staining for FLAG in tumors derived from a
mouse treated with the TATFLAGVHL-peptide. Note staining of
tumor cells (p) as well as stromal cells (arrow). e–h, renal cell
carcinomas implanted in the dorsal flank in nude mice were photo-
graphed under a dissecting microscope before (eandf) and after (g and
h) dissection in mice treated with TATFLAG-peptide (e and g) or
TATFLAGVHL-peptide (f andh). e, tumor (p) in a mouse treated with
TATFLAG-peptide before dissection.f, tumor (p) in a mouse treated
with the TATFLAGVHL-peptide before dissection.g, tumor (p) in a
mouse treated with TATFLAG-peptide upon dissection showing gross
invasion of the underlying muscle (arrows). h, tumor (p) in a mouse
treated with the TATFLAGVHL-peptide upon dissection showing
excision of the tumor without underlying damage to the tissue (arrow),
suggesting a lack of gross tumor invasion. Similar tissue planes
allowing for radical excision of the tumor could not be found in tumors
in TATFLAG-peptide-treated mice (g). i, double immunohistochem-
ical staining was performed on sections derived from RCCs implanted
in the dorsal flanks of nude mice that had been treated with TAT-
FLAG-peptide.i, cytokeratin positive (blue) tumor cell invasion (p) of
PECAM-1-positive vessels (brown) in TATFLAG-peptide-treated
mice.Bars, 50 mm (a, b, and i) and 200mm (c andd).
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progress to define the region(s) of VHL that might be accountable in
the suppression of the angiogenesis response of the tumors.

The ramifications of these TATFLAGVHL(104–123)-peptide-
induced effects on renal cancer biology and treatment are several-fold.
(a) Tumor invasion of blood vessels and surrounding tissues are
important prognostic factors that are routinely evaluated in the his-
tology of RCCs. Thus, inhibition of this process would theoretically
improve the prognosis of these patients. (b) RCC is noted for its
resistance to radiation and chemotherapies. It also shows only a
modest palliative response in a subset of patients to immunomodula-
tion therapies. For this reason, the only treatment alternative that
offers the possibility of cure is radical surgical excision. The inhibi-
tion of invasion and reduction in size after TATFLAGVHL(104–
123)-peptide treatment would therefore all be factors that would
potentiate the chances of complete surgical excision of the tumor
and/or its metastases. (c) Treatment of solid tumors with drugs is
hampered by the relative inability of drugs to penetrate the tumor.
This is believed to be, to a large extent, attributable to increased
interstitial pressure, composition of the tumor stroma, and poor blood
perfusion. Therefore, using a low-molecular-weight drug such as
VHL peptide conjugated with the TAT sequence would be advanta-
geous for the treatment of solid tumors because tumor penetration
would be predicted to be less of a problem. In support of this notion,
penetration of the VHL peptide was homogeneous throughout the
tumors, and it entered a great majority of the tumor cells and, to a
lesser extent, the stromal cells (Fig. 6).

In summary, our studies show the importance of the 20-amino acid
sequence in theb-domain of pVHL for its tumor growth- and inva-
sion-inhibitive property. This region of VHL peptide is not related to
the well-known function of VHL, where it acts as a part of ubiquiti-
nation machinery (13, 14, 16, 19, 20). Here, we also describe a novel
approach by using a part of a tumor suppressor gene product to inhibit
the tumor growth and invasiveness of an existing tumor. Therefore,
our findings will help to formulate a potential anticancer drug for the
treatment of RCC in the near future.
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