
Introduction

Renal cell carcinoma (RCC) is the most common form of kidney
cancer arising from the renal tubule as well as the most common
type of kidney cancer in adults. One-third of patients diagnosed
with RCC present with or will develop metastatic lesions during
the course of the disease [1]. Because RCC is notoriously resist-
ant to radiation therapy and chemotherapy as only some cases
respond to immunotherapy with interferon-alpha (IFN-�) or inter-
leukin-2 (IL-2), the initial treatment of choice is surgery. Recent
reports state the objective response rates with IFN-� range from
10 to 15%; and in phase III studies, improvements in median 
survival are only 3–7 months compared with a placebo using
equivalent therapy [2]. The outlook from cases using IL-2 cytokine
treatment is not much better with a median survival period of
approximately 10 months [3] and a 5-year survival rate of �10% [4].
In addition, many studies have suggested that the use of a high

dose of IL-2 results in toxicity and thus, limits the applicability of
the cytokine to RCC patients [5, 6].

Vascular permeability factor (VPF/VEGF) is a tumour-secreted
cytokine of critical importance in both normal and tumour-associated
angiogenesis. It is the most potent proangiogenic protein
described to date with biological effects relevant to tumour angio-
genesis. VEGF expression is regulated by a number of factors,
including cytokines [7, 8], growth factors [9–11], hormones [12],
hypoxia [13, 14] and tumour suppressor genes [15]. As found in
the majority of RCC patients, VEGF expression is caused from the
inactivation of a VHL tumour suppressor gene, and this distin-
guishing factor makes VEGF a relevant and critical therapeutic tar-
get with clinical potential. A number of targeted agents have been
evaluated to treat RCC, including monoclonal antibodies (mAbs)
and tyrosine kinase inhibitors such as sunitinib and sorafenib [16],
and rapamycin is often used as it inhibits mTOR proteins that pro-
mote tumour growth [17].

Compounds interfering with microtubule function form an
important class of anticancer agents and are widely used in combi-
nation with chemotherapy regimens for treating many solid tumours
as well as leukaemia [18]. One of the best-known classes of these
agents is the dimeric vinca alkaloids. The vinca alkaloids are known
to inhibit cell growth by their effects on the mitotic spindle micro-
tubules. Cells accumulate in metaphase at a low concentration of
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vinca alkaloids and, during exposure to higher levels of drugs,
mitotic spindles deteriorate as a result of altered tubulin dynamics
[19]. Among different vinca alkaloid derivatives, vinorelbine was a
third generation drug selected for development; this molecule has
shown markedly improved clinical efficacy and is the least toxic [20].
The actions of vinorelbine on the mitotic spindle may constitute only
one aspect of its cytotoxic action, as it has also been shown to mod-
ulate receptor binding of epidermal growth factor to breast cancer
cells with potential consequences for cell viability [21].

In our study, a novel drug combination consisting of a cytotoxic
agent (vinorelbine) with a recombinant mouse monoclonal antibody
against human VEGF (2C3) has been evaluated for the treatment of
metastatic RCC. We have chosen two cell lines: the highly malignant
A498 cells and the lesser malignant 786-O cells for in vitro and in
vivo study. Both of these cell lines are VHL-negative. As a control,
the VHL-positive Caki1 cell line was used to check the effect of
vinorelbine on in vitro cell viability. The results obtained justify pre-
clinical studies to evaluate the effectiveness of a combined therapy
using vinorelbine and 2C3 as a potential treatment for RCC.

Materials and methods

Reagents

Drugs: Vinorelbine is available from Gensia Sicor Pharmaceuticals, Inc. (Irvine,
CA, USA); and the anti-VEGF antibody 2C3 is a mouse monoclonal antibody
developed to target human VEGF, as described previously [22]. Control anti-
body (IgG) was purchased from Peregrine Pharmaceuticals (TX, USA). Anti-
caspase-3 (#9662), caspase-8 (#9746), caspase-9 (#9502), anti-Cyclin A
(#4656), p-mTOR (#2971), mTOR (#2972) antibodies were purchased from
Cell Signaling (Danvers, MA, USA), anti-mouse �-Actin and Cdk1 antibodies
were purchased from BD-Pharmingen (San Diego, CA, USA), anti-p-Akt 1/2/3
(Ser473) (sc-7985), anti-Akt1 (sc-1618) anti-Cyclin B1 (sc-245), PCNA (sc-
25280) antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA) and anti-pH3 antibody was from Upstate, NY. The TUNEL assay
kit was obtained from Promega (Madison, WI, USA), the vWF staining kit from
Chemicon (Temecula, CA, USA), and the PCNA staining kit from Zymed
Laboratories (South San Francisco, CA, USA).

Cell culture

The human renal carcinoma cell lines (A498; ATCC HTB-44, 786-O; CRL-
1932 and Caki1; HTB46; American Type Culture Collection, Manassas, VA,
USA) were maintained in MEM, DMEM and McCoy’s 5A (Hyclone
Laboratories, Logan, UT, USA) medium, respectively, containing 10% FBS
(Fisher Scientific, Pittsburgh, PA, USA) and 1% penicillin-streptomycin
(Invitrogen, Carlsbad, CA, USA).

In vitro cell growth inhibition assay

Cell viability was measured by MTT colorimetric assay system, which
measures the reduction of a tetrazolium salt (MTS) to an insoluble 

formazan product by the mitochondria of viable cells. The RCC cell lines
A498, 786-O and Caki1 cells were plated in 96-well plates (5 � 103

cells/well) overnight in a CO2 chamber. On the following day, cells were
treated with different concentrations of vinorelbine and A498, 786-O and
Caki1 cells were incubated at 37�C for 72 hrs, 48 hrs and 24 hrs, respec-
tively, in a 5% CO2 chamber. Twenty �l of MTS/PMS solution from the MTT
assay kit (Promega, Madison, WI, USA) was then added into each well 
containing 100 �l of complete medium, and the plate was incubated for 
30 min. at 37�C in a 5% CO2 chamber. Absorbance was measured at 
490 nm using an ELISA plate reader. The average of three separate exper-
iments has been documented.

Cell cycle assay

A cell cycle assay was carried out following the standard protocol; DNA
content was measured following the staining of cells with propidium
iodide. After A498 and 786-O cells were treated with different concentra-
tions of vinorelbine for 72 hrs and 48 hrs, respectively, they were harvested
by trypsinization and washed three times in phosphate buffered saline
(PBS) (1X) and fixed in 95% ethanol for 1 hr. Cells were then rehydrated
and washed in PBS and treated with ribonuclease A (RNaseA; 1 mg/ml),
followed by staining with PI (100 �g/ml). Flow cytometric quantification of
DNA was carried out with the use of a FACScan flow cytometer (Becton-
Dickinson, San Jose, CA, USA) and data analysis was performed using
Modfit software (Verity Software House, Topshaw, ME, USA). An average
of three separate experiments has been shown.

Invasion assay

One hundred �l of 3 mg/ml Matrigel solution (BD Bioscience, San Diego,
CA, USA) was overlaid on the upper surface of transwell chambers with a
diameter of 6.5 mm and a pore size of 8 �m (Corning CoStar Corporation,
Cambridge, MA, USA). The Matrigel was allowed to solidify by incubating
the plates for ~1 hr at 37�C. Respective medium (Hyclone) (0.6 ml) contain-
ing 10% FBS were then added to the bottom chamber of the transwells.
A498 and 786-O RCC cells (treated with different concentrations of vinorel-
bine for 24 hrs) were trypsinized and then resuspended in corresponding
medium containing no FBS. Subsequently, 2 � 105 cells/ml in a volume of
200 �l of medium were added to the upper chamber of each well. Cells were
then incubated for 6 hrs at 37�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 reticule
(1 mm2). Four separate fields were counted for each filter. The average of
three separate experiments has been documented.

In vitro apoptosis assay using Annexin V-FITC kit

A498 and 786-O cells were cultured in MEM and DMEM medium, respec-
tively (10% FBS), overnight; and thereafter, the cells were treated with dif-
ferent concentrations of vinorelbine as well as with different concentrations
of 2C3 for 72 hrs and 48 hrs, respectively. Surface exposure of phos-
phatidylserine from apoptosis was measured by adding Annexin-V-FITC
(Biovision, Mountain View, CA, USA) before analysis using a FACScan flow
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cytometer (Becton-Dickinson). Additional exposure to propidium iodide
(PI) made it possible to differentiate early apoptotic cells (Annexin-positive
and PI-negative) from late apoptotic cells (Annexin- and PI-positive).
Again, an average of three separate experiments has been documented.

Western blot analysis

Western blot analysis was performed to detect the levels of Cyclin A,
Cyclin B1, Cdk1, p-histone and PCNA expression, Akt and mTOR phos-
phorylation, and caspase activation in vinorelbine-treated A498 and 
786-O cells. A498 and 786-O cells were washed with PBS and lysed with
RIPA buffer supplemented with a protease inhibitor cocktail after 72 hrs
and 48 hrs of treatment, respectively. Mitotic shake-off cells were also
incorporated into the study to check cell-cycle protein expression.
Supernatant was collected by centrifugation at 13,000 rpm for 10 min.
Samples were then subjected to SDS-PAGE and then transferred to
polyvinyl difluoride membranes and immunoblotted. Antibody-reactive
bands were detected by enzyme-linked chemiluminescence (Amersham,
Piscataway, NJ, USA) and quantified by laser densitometry. These exper-
iments were repeated at least three times.

Tumour model

Six-week-old female nude mice were obtained from NIH and were housed
in the institutional animal facilities. All animal work was performed under
protocols approved by the Mayo Clinic Institutional Animal Care and Use
Committee. To establish tumour growth in mice, 5 � 106 A498 and 
786-O cells, resuspended in 100 �l of PBS, were injected subcutaneously
into the right flank.

In vivo anti-tumour activity

Tumours were allowed to grow for 7 days without treatment. On day 8 post-
tumour cell injection, mice were randomized into four groups (five animals
per group), and treatment was initiated. Group 1 was treated with control
antibody alone, while Group 2 was treated with vinorelbine at doses of 5
mg/kg/week intraperitoneally. Group 3 was treated with anti-VEGF antibody
2C3 alone, administered at 50 �g per injection intraperitoneally three times
per week during the first week and twice during the following weeks. Group
4 was treated with anti-VEGF antibody 2C3 combined with vinorelbine.
Tumours were measured weekly, and primary tumour volumes were calcu-
lated with the formula V � 1/2a � b2, where ‘a’ is the longest tumour axis,
and ‘b’ is the shortest tumour axis. After 8 weeks of treatment, all A498
tumour-bearing mice were killed by asphyxiation with CO2; tumours were
removed, measured, and prepared for immunochemistry and the TUNEL
assay. In 786-O tumour-bearing mice, treatments continued for 4 weeks.

Histological study

A498 tumours were removed and fixed in neutral buffered 10% formalin
at room temperature for 24 hrs prior to embedding in paraffin and sec-
tioning. Sections were deparaffinized and then subjected to vWF and
PCNA immunochemistry staining and TUNEL staining for apoptosis
according to the manufacturer’s instructions. Stable diaminobenzidine

was used as a chromogen substrate, and the sections were counter-
stained with a haematoxylin solution. The PCNA- or TUNEL-positive nuclei
were counted in the entire section. Thereafter, 10 fields of vision were
photographed, the total number of nuclei was counted, and the average
number of nuclei/unit area was calculated. Photographs of the entire
cross-section were digitized using an Olympus camera (DP70). The pro-
liferation index and apoptosis index were calculated as the number of pos-
itive nuclei divided by the total number of nuclei. To access heterogeneity
with regards to proliferation within an individual tumour, sections were
taken from three different areas of the tumour and the proliferative index
was determined as described above.

Statistical analysis

Statistical analysis was performed with the statistical SPSS software (ver-
sion #11.5; Chicago, IL, USA). The independent-samples t-test was used
to test the probability of significant differences between groups. Statistical
significance was defined as P � 0.05(*); statistical high significance was
defined as P � 0.01(**). Error bars were given on the basis of calculated
standard deviation values.

Results

Inhibition of cell growth

The anti-proliferative effect of vinorelbine against different human
cell lines has already been established [23–25]. To verify its effect
on renal cancer cell growth, A498 and 786-O cells were treated
with increasing concentrations of vinorelbine (10 nM, 100 nM,
and 1�M) and cell survival was assessed with the MTT assay. As
shown in Fig. 1, survival was inversely correlated with drug con-
centration. Significant loss of A498 and 786-O viability was
detected at 100 and 10 nM of vinorelbine, respectively, in a dose-
dependent manner (Fig. 1, P � 0.01 compared to untreated cells).
In Caki1 RCC cells, 10 nM of vinorelbine treatment caused signif-
icant growth inhibition after only 24 hrs of treatment (Fig. S1).

Effect on cell cycle

Regulators of cell cycle phase transitions could be important tar-
gets for cancer treatment using cytostatic chemotherapy. There
are several reports describing the effect of vinca alkaloids on cell
cycle phase perturbations and on vinorelbine treatment causing
general G2/M phase arrest [24, 26]. Cell cycle analysis with differ-
ent concentrations of vinorelbine treatments in A498 cells is
shown in Fig. 2A. A 100 nM concentration of vinorelbine led to
increases in both the G2/M (P � 0.01) as well as S-phase (P �

0.01) fractions, whereas only a 10 nM dose caused significant
G2/M arrest in 786-O cells (P � 0.01). There was also a moderate
increase in the S-phase fraction of 786-O cells after a 10 nM
vinorelbine treatment (Fig. 2A).

© 2008 The Authors
Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



650

Effect of vinorelbine on Cyclin A, Cyclin B1, Cdk1,
p-histone H3 and PCNA expression

Cell cycle is the orchestrated series of molecular events.
Progression through successive stages of cell cycle is accompa-
nied by the altered expression and lack of expression of specific
regulatory proteins. Cyclin B1, expressed in the G2/early M phase
of the cell cycle [27], and Cyclin A seem to be required for both
the S and M phases [28]. A498 and 786-O cells were treated with
three different doses of vinorelbine for 72 hrs and 48 hrs, respec-
tively. In both cell lines, we observed a significant decrease in
Cyclin A expression with a 1.0 �M dose (Fig. 2B). In both A498
and 786-O cells, a steady increase of Cyclin B1 was detected with
10 nM to 1.0 �M dose treatments. Furthermore, phosphorylated
histone H3 was expressed during mitosis [27]. In both cell lines,
the level of histone H3 phosphorylation progressively increased in
a dose-dependent manner after treatment with vinorelbine 
(Fig. 2B). The G2/M transition is triggered by the regulation of the
Cyclin B1–Cdk1 complex, which promotes the breakdown of the

nuclear membrane, chromatin condensation and microtubule
spindle formation [29]. Immunoblotting revealed that vinorelbine
drug treatment resulted in a significant induction of Cdk1 protein
levels but not in PCNA expression.

Effect of vinorelbine on cell invasion

Invasion of tumour cells through the matrix of the microenviron-
ment is an early process of metastasis. It was reported that expo-
sure to vinorelbine inhibits in vitro invasiveness of transitional cell
bladder carcinoma [23]. To determine whether vinorelbine plays
an inhibitory role in the invasion of renal cancer cells, we per-
formed a Matrigel invasion assay in the presence or absence of the
drug. Figure 3 shows a 10 nM dose of vinorelbine was sufficient
to inhibit the invasion of both A498 and 786-O cells (P � 0.01).

Effect of vinorelbine on cell apoptosis

A therapeutic approach will most likely require a drug-mediated
induction of apoptotic activity on the cancer cell. Figure 4A
describes apoptosis measurement using Annexin/PI. We observed
a dose-dependent induction of apoptosis in A498 and 786-O cells
after vinorelbine treatment. A 100 nM dose of the drug induced
significant apoptosis in A498 cells, whereas in 786-O cells only a
10 nM dose of vinorelbine was sufficient to induce marked apop-
tosis. No induction in apoptosis was observed when treating with
2C3 (data not shown).

Effect of vinorelbine on Akt and mTOR 
phosphorylation

Akt is involved in the cellular survival pathways by inhibiting apoptotic
processes, because it can block apoptosis and thereby promote
cell survival. Akt activation may contribute to tumour invasion/
metastasis by stimulating the secretion of matrix metallopro-
teinases [30]. A498 and 786-O cells were treated with three differ-
ent doses of vinorelbine for 72 hrs and 48 hrs, respectively. With a
100 nM dose of vinorelbine, a significant inhibition of Akt phospho-
rylation was observed in A498 cells (Fig. 4B). In 786-O cells, only
minor decreases in Akt phosphorylation were observed with 10 nM
and 100 nM doses. However, 1.0 �M dose of vinorelbine treatment
resulted in a clear decrease in Akt phosphorylation. Vinorelbine has
no effect on mTOR phosphorylation (data not shown).

Effect on apoptosis markers: 
increased caspase activity

The caspase cascade system plays a vital role in the induction,
transduction and amplification of intracellular apoptotic signals.
Researchers have shown that vinorelbine treatment induces 
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Fig. 1 Effect of vinorelbine on A498 and 786-O renal cancer cell growth
in vitro. A498 and 786-O cells were treated with three different doses of
vinorelbine for 72 hrs and 48 hrs, respectively, and cell viability was meas-
ured by the MT T colorimetric method (see Materials and Methods). A
dose-dependent inhibition was observed for A498 and 786-O cell growth
with vinorelbine. A dose of 100 nM was sufficient to inhibit A498 cell
gowth. 786-O cells growth was significantly inhibited with a 10 nM dose.
**, P � 0.01 (heated group versus control group).
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caspase-3 activation in leukaemia and lymphoma cells [31]. We
found that a 100 nM dose was sufficient for the induction of acti-
vated capase-3 and -9 activity in A498 cells after 72 hrs treatment
(Fig. 4C). A 48-hr vinorelbine treatment of 100 nM in 786-O cells
caused little increase in both caspase-3 and caspase-9, but a sig-
nificant increase was detected with a 1.0 �M dose (Fig. 4C).
However, no change in the level of activated caspase-8 was
detected in A498 and 786-O cells after vinorelbine treatment.

Effect of vinorelbine in combination with 
anti-vascular endothelial growth factor antibody
2C3 on tumour volume in vivo

To investigate the effect of vinorelbine alone or in combination
with anti-VEGF antibody 2C3 on renal tumour growth, we injected
A498 and 786-O human RCC cell lines subcutaneously into nude

mice. After 7 days, vinorelbine alone (5 mg/kg), 2C3 alone 
(50 �g/injection) and both in combination were administered
intraperitoneally. Treatments were continued for 4 and 8 consecu-
tive weeks for mice bearing 786-O and A498 tumours, respec-
tively. All control mice received an equal volume of the control
antibody. We found a significant effect on tumour suppression
among the A498 tumour-bearing mice treated with vinorelbine and
2C3 compared to mice treated with vinorelbine alone (P � 0.012)
(Fig. 5A). In A498 renal carcinoma, the combination therapy also
significantly improved the response compared to the single 2C3
therapy (P � 0.031) (Fig. 5A). The average tumour volume was
observed to be 1320.8 	 186.0 mm3 in the control group, 886.0 	
196.0 mm3 in the vinorelbine-treated group, 159.2 	 49.0 mm3 in
the 2C3-treated group and 31.2 	 5.8 mm3 in the group receiving
both vinorelbine and 2C3. In the 786-O renal cancer model, the
effect of the combination therapy was moderately active compared
to the A498 model (P � 0.01, compared to control) (Fig. 5B).
However, in 786-O-tumour bearing mice, the effect of the single
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Fig. 2 In vitro effect of vinorelbine on A498 and 786-O cell cycle regulation and cell cycle protein expression. (A) Three different doses of vinorelbine
were used to assess the effect of vinorelbine on cell cycle regulation in A498 and 786-O cells. At a 100 nM dose, a significant G2/M phase arrest 
(P � 0.01 compared to untreated cells) was observed in A498, whereas 786-O cells arrested at the G2/M phase with a 10 nM dose of vinorelbine. 
**, P � 0.01(treated group versus control group). (B) When A498 and 786-O cells were treated with vinorelbine for 72 hrs and 48 hrs, respectively,
increased Cyclin B1, phospho-histone H3, and Cdk1 were detected with doses of 100 nM and 10 nM of vinorelbine in A498 and 786-O tumours cells,
respectively. In both cell lines, Cyclin A was decreased with a 1 �M dose. PCNA expression did not change with any treatments. In each case, �-Actin
was used as a loading control.
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vinorelbine treatment was significant (P � 0.026 compared to con-
trol). Single 2C3 treatment was also effective in this group but not
statistically significant (P � 0.065 compared to control). In this
group, the average tumour volume was observed to be 381.2 	
177.0 mm3 in the control group, 161.4 	 35.4 mm3 in the vinorel-
bine-treated group, 169.6 	 132.1 mm3 in the 2C3-treated group
and 103.4 	 87.2 mm3 in the group receiving both vinorelbine and
2C3 (Fig. 5B) at the end of the 4th week of treatment.

Effect of vinorelbine in combination with 
anti-vascular endothelial growth factor antibody
2C3 on PCNA expression in vivo

To determine whether the observed tumour growth suppression
was caused by inhibition of cell proliferation, we investigated the
effect of vinorelbine alone and in combination with 2C3 on tumour

cell proliferation as measured by proliferating cell nuclear antigen
(PCNA) (Fig. 6A and B). The average number of PCNA-positive
nuclei in 10 randomly selected microscopic fields is shown in 
Fig. 6A. No significant effect was observed in the inhibition of
renal tumour cell proliferation in the vinorelbine-treated group
compared to the control group in relation to PCNA expression.
However, there was significant inhibition in PCNA expression in
the vinorelbine and 2C3-treated group (P � 0.05, treated group
versus control group).

Effect of vinorelbine in combination with 
anti-vascular endothelial growth factor antibody
2C3 on tumour cell apoptosis in vivo

To further investigate the mechanism of the observed tumour-
suppressive activities, we examined the effect of vinorelbine
alone and in combination with 2C3 on A498 tumour cell apop-
tosis in vivo with the TUNEL assay (Fig. 7A and B). The average
number of TUNEL-positive cells measured in 10 randomly
selected microscopic fields in different treatment groups was
calculated. A significant increase in the number of apoptotic
cells was observed in the group treated with vinorelbine alone
(P � 0.01, compared to the control group) and in the combina-
tion treatment group (P � 0.01, treated group versus control
group) (Fig. 7A).

Effect of vinorelbine in combination with 
anti-vascular endothelial growth factor antibody
2C3 on tumour angiogenesis

In our next step, we were interested to determine the effect of
vinorelbine alone and in combination with 2C3 on tumour angio-
genesis. Therefore, we stained tumour sections from the A498
renal cancer model with anti-vWF antibody (Fig. 8A and B) and
measured the average number of vWF-positive vessels. A signifi-
cant decrease in the number of stained vessels was found in the
2C3-treated group (P � 0.01, compared to control group) and the
2C3- and vinorelbine-treated groups (P � 0.01, treated group ver-
sus control group) (Fig. 8A).

Discussion

The management of RCC has constituted a therapeutic challenge
and no standard therapy has been established until now.
Conventional clear cell RCC comprises two-thirds of renal
masses and has a less favourable outcome compared to papillary
RCC and chromophobe RCC [32]. Though several treatment
strategies have been investigated for RCC, the best therapeutic
option is yet to be discovered.
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Fig. 3 Effect of vinorelbine on A498 and 786-O invasion in vitro. The
effect of vinorelbine on A498 and 786-O cells invasion was assayed after
24 hrs of treatment. A 10 nM dose of vinorelbine was sufficient to inhibit
both A498 and 786-O cells invasion after 6 hrs (P � 0.01 compared to
untreated cells). The values represent an average of three separate exper-
iments. **, P � 0.01 (treated group versus control group).
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Fig. 4 Effect of vinorelbine on A498 and 786-O apoptosis, Akt phosphorylation and caspase activity in vitro. (A) A498 and 786-O apoptosis were meas-
ured following treatment with different doses of vinorelbine after 72 hrs and 48 hrs, respectively, by the Annexin/PI method. At a 100 nM concentra-
tion, significantly higher levels of Annexin/PI staining were recorded in vinorelbine-treated A498 cells (P � 0.01). In 786-O renal cancer cells, only 
10 nM dose of vinorelbine induced significant apoptosis (P � 0.01). **, P � 0.01(treated group versus control group). (B) After A498 cells were treated
with vinorelbine for 72 hrs, a down-regulation of Akt phosphorylation was observed in the 100 nM treatment group. In 786-O, a marked down-
regulation in Akt phosphorylation was observed at a 1.0 �M dose after 48 hrs of treatment. Total Akt1 was used as a loading control. (C) A498 and 786-O
cells were treated with vinorelbine for 72 hrs and 48 hrs, respectively, and increased caspase-3 and -9 activity was detected in the 100 nM and 1.0 �M
dose treatment groups of A498 and 786-O, respectively. �-Actin was used as a loading control.
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Vinca alkaloids are a very important class of drugs used for the
treatment of different cancers. Of these, vinblastine, vincristine,
vindesine and vinflunine have been used either singly or in combi-
nation with other drugs in different phases of clinical trials for
patients with advanced RCC [33–36].

Vinorelbine, a semi-synthetic vinca alkaloid with a broad spec-
trum of anti-tumour activity, has been used as a single agent in
inoperable or advanced non-small cell lung cancer (NSCLC) and
was also found to be effective in slowing metastasis in advanced
breast cancer as a first liner or later chemotherapy [37].
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Fig. 6 Effect of vinorelbine alone and in combination with VEGF antibody 2C3 on PCNA expression in vivo. (A) Nude mice were treated with vinorel-
bine, 2C3, or vinorelbine in combination with 2C3 after subcutaneous injection of the renal cancer cell line A498. The control group received control
antibody. Treatment of vinorelbine in vivo showed no considerable effect on PCNA expression. 2C3 alone or in combination with vinorelbine demon-
strated a significant effect on the inhibition of the PCNA level. *, P � 0.05 (treated group versus control group). (B) PCNA-stained tumour sections.
(A) Control group received only control antibody, (B) received vinorelbine only, (C) received 2C3 only and (D) received both vinorelbine and 2C3.

Fig. 5 Effect of vinorelbine alone and in combination with
VEGF antibody 2C3 on renal cancer tumour growth in vivo.
Mice received subcutaneous injections of A498 and 786-O
cell lines, and tumours were allowed to grow for 7 days
before the initiation of single-agent treatment with vinorel-
bine, single-agent treatment with 2C3, or combination
treatment with vinorelbine and 2C3. The control group
received only control antibody. (A) Average A498 tumour
volumes at week 8 in control and treatment groups.
Animals that received vinorelbine alone did have moderate
response. By contrast, combination therapy-treated group
showed ~98% tumour growth inhibition. (B) Average 
786-O tumour volumes at week 4 in control and 
treatment groups. The animals receiving the combination
treatment showed a significant response in terms of
tumour growth regression (P � 0.01). *, P � 0.05 and **,
P � 0.01(treated group versus control group).
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Vinorelbine has also emerged as a therapeutic option for breast
cancer chemotherapy during pregnancy with a very favourable
toxicity profile [38]. It was reported that the combination of
vinorelbine and trastuzumab for the treatment of metastatic breast
cancer was effective and well tolerated [39]. Despite broad-
spectrum use of vinorelbine in the management of different can-
cers, there are very few reports on the use of vinorelbine for the
treatment of metastatic RCC [40]. In this study, our data indicate
that vinorelbine in combination with anti-angiogenic therapy
strongly inhibits primary RCC tumour growth in vivo. Here, we
intend to show the effect of vinorelbine on the various phases of

RCC tumour progression. Prior to beginning the in vivo experiment,
we investigated the in vitro effect of vinorelbine on cell growth, cell
cycle, invasion, and apoptosis in A498 and 786-O metastatic RCC
cell lines. We observed that vinorelbine was more active against
less aggressive 786-O cells than highly aggressive A498 cells.
Vinorelbine caused cell cycle G2/M arrest and induced apoptosis
by up-regulating caspases 3 and 9, down-regulating Akt phospho-
rylation and inhibiting tumour cell invasion. PCNA is a nuclear pro-
tein essential for DNA synthesis in eukaryotic cells, and its expres-
sion normally indicates the G1/S-phase transition [41]. However,
because vinorelbine induces cell arrest by inhibiting the G2/M

© 2008 The Authors
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Fig. 7 Effect of vinorelbine alone and in combination with VEGF antibody 2C3 on tumour cell apoptosis in vivo. Nude mice were treated with vinorel-
bine, 2C3, or vinorelbine in combination with 2C3 after subcutaneous injection of the A498 renal cancer cell line. The control group received control
antibody alone. (A) To detect apoptosis, a TUNEL assay was performed. The average number of TUNEL-positive cells was scored in 10 randomly
selected microscopic fields. Vinorelbine as a single therapeutic agent and in combination with 2C3 caused significant tumour cell apoptosis. *, P � 0.05
and **, P � 0.01(treated group versus control group). (B) TUNEL-positive nuclei in different treatment groups. (A) Control group received only con-
trol antibody (B) received vinorelbine only, (C) received 2C3 only and (D) received both vinorelbine and 2C3.

Fig. 8 Effect of vinorelbine alone and in combination with VEGF antibody 2C3 on tumour angiogenesis in vivo. Nude mice were treated with vinorelbine,
2C3, or vinorelbine in combination with 2C3 after subcutaneous injection of A498 renal cancer cell line. The control group received control antibody
alone. (A) To determine the effect of vinorelbine alone and in combination with 2C3 on tumour angiogenesis, tumour sections were stained with 
anti-vWF antibody using a vWF staining kit (see Materials and Methods). Vinorelbine might have no effect on the inhibition of tumour angiogenesis. 
**, P � 0.01 (treated group versus control group). (B) vWF-positive cells in different treatment groups. (A) Control group received only control anti-
body, (B) received vinorelbine only, (C) received 2C3 only and (D) received both vinorelbine and 2C3.
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transition, this may explain why it did not affect PCNA expres-
sion either in vitro or in vivo. We also observed that in the case
of VHL positive Caki1 cells, vinorelbine was successful in inhibit-
ing cell growth. The results obtained in vitro with the A498 and
786-O cell lines would justify the suitability of vinorelbine for the
treatment of RCC.

Bevacizumab, an anti-VEGF antibody, already has evolved to
be one of the primary targeting agents for the treatment of RCC
[42, 43]. It is an FDA-approved drug, which has shown efficacy in
both the first and second line stages of Phase II clinical trials with
metastatic RCC [44]. Bevacizumab has also demonstrated clinical
activity in metastatic RCC in other Phase II trials [45, 46]. 2C3, an
anti-VEGF monoclonal antibody, prevents VEGF from binding to
the VEGF receptor VEGFR-2/KDR/Flk-1 but not VEGFR-1/Flt-1.
2C3 is specific to human VEGF (both VEGF121 and VEGF165), and
its role has already been established in the treatment of different
cancer models in mice [47–49].

Researchers have employed varying doses of vinorelbine for
the treatment of different cancers (e.g. lung cancer, ovarian can-
cer) in mice xenograft models [50, 51]. Here, we have used a 
5 mg/kg dose of vinorelbine and 50 �g of 2C3 for the treatment of
mice with RCC. It is critical to note that in our study we have been
able to achieve tumour inhibition while using half of the normal
dose of the 2C3 antibody [48]. We found that a single-agent treat-
ment with vinorelbine failed to produce significant A498-tumour
growth inhibition in mice compared to the untreated group.
However, a desired anti-tumour response was obtained when mice
were treated with vinorelbine in combination with anti-VEGF 2C3.
This combination therapy was highly active against the A498 solid
tumour and we observed ~98% tumour growth inhibition (P �

0.01). In 786-O-tumour bearing mice, single vinorelbine and com-
bination treatments induced marked inhibition of tumour growth
(P � 0.026 and 0.01 compared to control, respectively) after only
4 weeks of treatment. The difference in treatment outcome
between A498 and 786-O was not due to the p53 status (both have
wild type p53) [52] but could be explained that administration of
2C3 in A498 tumour bearing mice sensitizes the tumour cells to
the anti-tumour activity of vinorelbine.

However, from the TUNEL assay and PCNA staining, it was evi-
dent that in vivo vinorelbine caused a significant induction of apop-

tosis but failed to inhibit tumour cell proliferation in terms of PCNA
expression. The suppression of tumour growth in the combination
therapy-treated group, therefore, was caused by a combinatorial
effect of both vinorelbine and 2C3. Vinorelbine plays a major role in
regulating cell apoptosis and 2C3 is important for inhibiting tumour
angiogenesis. Previous reports have already shown that vinca alka-
loid impaired tumour growth by inhibiting HIF-1 levels [53]. Hence,
vinorelbine-mediated down-regulation of HIF-1 might also be one of
the potential mechanisms for tumour growth inhibition.

Consequently, our work shows that a combination therapy of
vinorelbine and anti-VEGF antibody 2C3 could be a new and 
promising strategy for the treatment of RCC compared to a 
single-agent therapy.
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