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Abstract. The von Hippel-Lindau tumor suppressor (VHL; 
E3 ubiquitin ligase gene) is frequently mutated or undetect-
able in clear cell renal cell carcinoma (CCRCC), and therefore 
these tumors are highly resistant to chemotherapeutic agents, 
including adriamycin (ADM) and sunitinib. A mutation in the 
tumor protein p53 (TP53) also leads to chemoresistance in 
tumors; however, in CCRCC, TP53 is frequently functional, 
yet the tumors remain highly insensitive to chemotherapy. This 
indicates the possibility of a synergistic effect of VHL and P53 
in CCRCC. The present study aimed to detect the chemosen-
sitivity of CCRCC. The expression of VHL in the MZ1257 
cell line sensitized these cells to ADM and sunitinib, and a 
knockdown of VHL in the ACHN cells increased their chemo-
resistance. To confirm that VHL and P53 are both required for 
chemosensitivity, VHL and P53 were co-expressed in 786-O 
cells. The results of the functional antagonist assay (which 
assessed the IC50 values, i.e. the half maximal inhibitory 
concentration) confirmed that VHL and P53 act in synergy 
to promote chemosensitivity. Cell cycle arrest was measured 
by propidium iodide staining following treatment with ADM 
or sunitinib. Further analysis indicated that co-expression 
of VHL and P53 inhibited cell proliferation by completely 
inhibiting the cell cycle at the G0/G1 phase, and promoted 
apoptosis following treatment with ADM or sunitinib. These 
findings demonstrated that VHL and P53 act synergistically in 
the regulation of cell proliferation and apoptosis in CCRCC. 
Overall, VHL and P53 have important roles in the regulation 

of cell proliferation and apoptosis in CCRCC. Furthermore, 
the regulatory role of VHL is dependant on the activation P53.

Introduction

Renal cell carcinoma (RCC) is a public health problem 
worldwide, and is responsible for significant cancer‑associated 
mortalities, accounting for more than 3% of all malignancies. 
Patients with RCC have a median survival time of 13 months. 
As the predominant form (>80%) of RCC, clear cell RCC 
(CCRCC) is highly aggressive and unresponsive to radiation or 
chemotherapy (1). The combination of surgery with radiotherapy 
or chemotherapy is the most effective treatment option for the 
majority of patients; however, patients with CCRCC often suffer 
recurring tumors as distant metastases, with only 4-6% of them 
responding to chemotherapy. One of the most important current 
treatment strategies is the administration of interleukin-2 (IL-2). 
However, high doses of IL-2 exhibit a low response rate with 
marked toxicity to patients (1). Although various other drugs, 
including the vascular endothelial growth factor receptor-2, 
platelet-derived growth factor and the receptor-β inhibitors, 
sorafenib (Nexavar) and sunitinib (Sutent), have been used for 
clinical trials, they did not prove to be highly effective in inhib-
iting the growth of metastatic CCRCC cells (2).

Inactivation of the von Hippel-Lindau tumor suppressor 
(VHL; E3 ubiquitin ligase gene) is associated with RCC (3,4), 
particularly in the case of CCRCC. Sporadic CCRCC may 
arise due to the biallelic inactivation of the VHL protein, and 
is characterized by somatic mutations or hypermethylation 
of the VHL region (5,6). VHL encodes two protein isotypes 
with molecular masses of 30 and 19 kDa. They have different 
functions due to their subcellular localization (7). Although 
hypoxia-inducible factor (HIF)-α is a confirmed substrate of 
VHL, the larger (30 kDa) isotype of VHL was reported to bind 
to P53 through its α domain (155-213 amino acids) (6). The 
association of VHL and P53 stabilized P53 by suppressing 
mouse double minute 2 homolog (MDM2)-induced ubiquiti-
nation and the nuclear export of P53 (8). This has also been 
identified to increase the transcriptional activity of P53 and 
P53-mediated cell cycle arrest and apoptosis (8).

The P53 protein, encoded by tumor protein p53 
(TP53), controls multiple cellular functions, including cell 
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proliferation, DNA repair, senescence and apoptosis (9). 
Dysfunction of, and mutations in, the P53 signaling pathway 
were also reported to contribute to the resistance of tumors 
to chemotherapeutic agents through a failure of transcrip-
tional regulation of its target genes, such as cyclin-dependent 
inhibitor 1A (also termed P21), Bcl2-associated X protein 
(Bax) and B-cell CCL/lymphoma 2 (10), suggesting that the 
efficacy of chemotherapy often depends on P53‑mediated cell 
cycle arrest and apoptosis. Thus, P53 mutations are associated 
with chemoresistance and, if present, often are predictors of an 
unfavorable prognosis for patients (11). Although >50% of P53 
genes are mutated in tumors, it is notable that P53 mutations 
are infrequently detected in CCRCC (12). The predominant 
research focus, to the best of our knowledge, has been to eluci-
date the mechanism underlying the development of resistance 
in CCRCC. CCRCC cells lacking VHL are resistant to tumor 
necrosis factor (TNF) and receptor-mediated cell death due to 
the upregulation of nuclear factor κB (NF-κB) (13). However, 
studies on the role of P53 in the development of chemore-
sistance in RCC or CCRCC have not been widely reported, 
and the mechanism underlying the involvement of P53 in the 
development of chemoresistance in RCC or CCRCC has yet 
to be fully elucidated. Notably, CCRCC with functional P53 
is commonly insensitive to chemotherapy, thus indicating that 
P53 dysfunction is not the only mechanism contributing to the 
progression of CCRCC. In the present study, it was hypoth-
esized that the stabilization of P53 by VHL, which leads to an 
inhibition of its ubiquitination, may be the potential mecha-
nism to account for how the elimination of functional P53 
causes chemosensitivity. 

Although there is no general consensus, RCC cells lacking 
VHL are often resistant to chemotherapy (13). The most common 
form (75%) of kidney cancer is CCRCC, which is resistant to 
radiation and chemotherapy when VHL is mutated (1) The 
current study determined that the proper functioning of VHL 
and P53 is required for chemosensitivity in RCC and CCRCC. 
VHL stabilized P53 by inhibiting its ubiquitination following 
chemotherapy, and led to the upregulation of the target genes of 
P53, P21 and Bax. Consequently, upregulation of P21 led to cell 
cycle arrest at the G2 phase and completely inhibited cell prolif-
eration, whereas the upregulated level of Bax induced apoptosis. 
These findings provided the potential mechanistic link between 
VHL and P53-dependent chemoresistance in CCRCC.

Material and methods

Cell cultures. The cell lines used in the current study, 786-O, 
ACHN and MZ1257, were purchased from the American Type 
Culture Collection (Manassas, VA, USA). 786-O and ACHN 
cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% fetal bovine serum (FBS; Gibco; 
Thermo Fisher Scientific, Inc.). MZ1257 cells were cultured in 
RPMI‑1640 medium (Thermo Fisher Scientific, Inc.) supple-
mented with 10% FBS. Cells were cultured in a humidified 
atmosphere of 5% CO2 at 37˚C.

Overexpression of VHL or P53. The VHL expression plasmid, 
pcDNA3-VHL, and the P53 expression plasmid, pcDNA3-P53, 
were kept in our laboratory. Briefly, the coding sequences of 

VHL or P53 was amplified and inserted behind the cytomega-
lovirus promoter of pcDNA3 expression vector, respectively. 
The cells were transfected with 0.8 µg of the desired plasmid 
using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.). 
After 24 h, G418 (600 µg/ml for 786-O; 450 µg/ml for MZ1257; 
Thermo Fisher Scientific, Inc.) was added for 2 weeks in order 
to select for cells that had taken up the plasmids. Colonies 
were individually selected, and subsequently were analyzed by 
semi-quantitative western blot analysis.

RNA interference. Plasmid-based short hairpin (sh)RNAs 
were constructed, with target sequences 5'-GAG AAC TGG 
GAC GAG GCCG-3' (for VHL shRNA) (14) and 5'-GAC TCC 
AGT GGT AAT CTAC-3' (for P53 shRNA) (15). The shRNAs 
were cloned into a pcDNA-based plasmid downstream of the 
U6 promoter. Cells which stably expressed the plasmid were 
obtained as described above.

Functional agonist assay. The cell lines ACHN (containing 
wild-type VHL), 786-O (VHL null) and MZ1257 (VHL null) 
were selected for ADM and sunitinib treatment. The IC50 
values (i.e. the concentration required to give half-maximal 
inhibition) of adriamycin (ADM) and Sunitinib for 786-O, 
MZ1257 and ACHN cells were determined using a Cell 
Counting Kit-8 (Shanghai Shenggong Biology Engineering 
Technology Service, Ltd., Shanghai, China) to detect cells 
with metabolic activity. The absorbance at 450 nm was quanti-
fied using a microplate reader (Thermo Fisher Scientific, Inc.) 
following treatment with the drugs. Cells (2x104) suspended in 
DMEM supplemented with 10% FBS were seeded into 6-well 
plates and incubated overnight at 37˚C. Cells were treated with 
ADM (1, 2, 5, 10, 20 and 50 mg/l) or sunitinib (1, 2.5, 5, 7.5, 10, 
15 and 20 µM) were added in the medium for 24 h treatment.

Flow cytometric analysis. Following treatment with the drugs, 
the cells were trypsinized (trypsin; Thermo Fisher Scientific, 
Inc.) and harvested the cells were trypsinized and harvested 
by centrifugation using an Eppendorf 5415D (Eppendorf, 
Hamburg, Germany) at 4˚C, 1000 x g. Then cells were fixed in 
70% ethanol (Shanghai Shenggong Biology Engineering Tech-
nology Service, Ltd.) pre‑cooled to 4˚C for 12‑24 h pre-cooled 
to 4˚C for 12‑24 h. Subsequently, the cells were washed three 
times using ice-cold phosphate-buffered saline for 5 min. Fixed 
cells were subjected to propidium iodide (PI; Sigma-Aldrich, 
St. Louis, MO, USA)/ribonuclease (RNase; Shanghai Sheng-
gong Biology Engineering Technology Service, Ltd.) staining. 
Flow cytometric analysis was determined using a flow 
cytometer (Navios; Beckman Coulter, Inc., Brea, CA, USA). 
Briefly, cells (1x106) were resuspended in 0.5 ml binding buffer 
(Abcam, Cambridge, UK) containing 5 µl annexin V and 
5 µl PI, and incubated at room temperature for 30 min in the 
dark. The apoptotic rate was detected by flow cytometry. For 
the flow cytometric analysis of apoptosis, the apoptotic rate 
was assessed using an annexin V-fluorescein isothiocyanate 
apoptosis detection kit (Beyotime Institute of Biotechnology, 
Haimen, China), according to the manufacturer's protocol.

Western blot analysis. The total protein was extracted using 
RIPA lysis buffer (Thermo Fisher Scientific, Inc.) by adding 
Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific, 
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Inc.) to prevent protein degradation. The Pierce BCA Protein 
Assay kit (Thermo Fisher Scientific, Inc.) was used to determine 
the protein concentration that was extracted. For semiquanti-
tative analysis, equivalent quantities of protein were resolved 
and mixed with 5X sodium dodecyl sulphate-polyacrylamide 
gel electrophoresis (SDS-PAGE) loading buffer (Shanghai 
Shenggong Biology Engineering Technology Service, Ltd.) 
containing 10% SDS, and transferred onto a polyvinylidene 
fluoride membrane (Merck Millipore, Darmstadt, Germany) 
at 110 V for 1.5 h. Subsequently, the blotted membranes were 
blocked with 5% bovine serum albumin in Tris-buffered 
saline and then incubated with primary antibodies as 
follows: Monoclonal mouse anti-human VHL antibody (cat 
no. ab140989;1:1,000; monoclonal mouse anti-human P53 
antibody, (cat no. ab28; 1:2,000; and monoclonal mouse 
anti-human β-actin antibody, (cat no. ab182951; 1:5,000), all 
from Abcam, Cambridge, UK). β-actin was detected as the 
housekeeping gene. The step was followed by incubation with 
the relevant horseradish peroxidase-conjugated secondary 

antibody, including: Anti-VHL, cat no. ab140989, 1:1,000; 
anti-p53 antibody, cat no. ab28, 1:2,000; and anti-gamma 
actin antibody, 1:2,000; cat no. ab182951, all rabbit anti-mouse 
IgG Ab; Abcam. The signal was detected using an enhanced 
chemiluminescence detection system (Pierce ECL Western 
Blotting Substrate; Thermo Fisher Scientific, Inc.).

Statistical analysis. Quantitative results are expressed as 
the mean ± standard deviation. Differences between groups 
were analyzed using one-way analysis of variance, followed 
by Bonferroni post hoc analysis. Statistical analysis was 
performed using SPSS software (version 19.0; SPSS, Inc., 
Armonk, NY, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Expression of VHL contributes to chemosensitivity in CCRCC 
cells. Therefore, the aim of the current study was to investigate 

Figure 1. Expression of VHL increased the chemosensitivity of 786-O, MZ1257 and ACHN cells to ADM and sunitinib. (A) IC50 values of ADM and sunitinib 
for 786-O, MZ1257 and ACHN cells were determined using a Cell Counting Kit-8 assay. (B) The protein expression levels of VHL were determined by western 
blot analysis following overexpression or KD. (C) IC50 values of ADM and sunitinib for the modified cells were also assessed. IC50, concentration of drug 
required to give half-maximal inhibition;ADM, adriamycin; IB, immunoblot; VHL, von Hippel-Lindau tumor suppressor, untr, untreated; KD, knockdown. 
*P<0.05 vs. control group.
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  B
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Figure 2. Modification of P53 expression in 786‑O, MZ1257 and ACHN cells regulated the chemosensitivity of the cells to ADM and sunitinib. (A) Original 
and (B) modified P53 expression levels in MZ1257 and ACHN cells were assessed by Western blot analysis. The IC50 values of ADM and sunitinib in 
(C) MZ1257-VHL, MZ1257-VHL/P53KD, ACHN, ACHN-P53KD and (D), 786-O and 786-O-VHL/P53 cells were compared using a Cell Counting Kit-8 assay. 
IC50, concentration of drug required to give half-maximal inhibition; ADM, adriamycin, KD, knockdown. *P<0.05 vs. control group.

  C

  A   B

  D

Figure 3. Co-expression of VHL and P53 synergistically contribute to chemosensitivity in clear cell renal cell carcinoma. (A) The (co-)expression of VHL and 
P53 in 786-O cells was assessed with respect to IC50 analysis for ADM and sunitinib, (B) cell phase determination and (C) analysis of the apoptotic rate following 
treatment with the drugs. IC50, concentration of drug required to give half-maximal inhibition; ADM, adriamycin; VHL, von Hippel-Lindau tumor suppressor. 
*P<0.05 vs. control group 

  A

  B   C
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the importance of VHL in the development of chemoresis-
tance in CCRCC. The functional agonist assay, which was 
used to assess the half-maximal inhibition of cell prolifera-
tion (IC50 values), indicated that, compared with 786-O and 
MZ1257, which were VHL null, the ACHN cell line was 
sensitive to ADM and sunitinib (Fig. 1A). To confirm that 
VHL contributes to chemosensitivity, VHL was introduced 
into the 786-O (786-O-VHL) or the MZ1257 (MZ1257-VHL) 
cells, or was knocked down by introducing shRNA into the 
ACHN (ACHN-VHLKD) cells (Fig. 1B). These results indi-
cated that the expression of VHL led to cell chemosensitivity 
in MZ1257-VHL, and that suppression of VHL reduced the 
chemosensitivity in ACHN-VHLKD cells (Fig. 1C). 

Presence of VHL and P53 is required for chemosensitivity in 
RCC cells. The introduction of VHL into the MZ1257 cells 
led to a greater sensitivity to ADM and sunitinib treatment; 
however, the 786-O-VHL cells exhibited no detectable change 
on treatment with the drugs (Fig. 1C). The main difference 
between the 786-O and MZ1257 cell lines was that 786-O is 
P53 null, whereas MZ-1257 contains wild-type P53, which 
is shown in Fig. 2A by the western blot analysis. Therefore, 
the present study focused on the expression of P53 and its 
contribution to CCRCC chemosensitivity. In the ACHN 
and MZ1257-VHL cells, when P53 was knocked down by 
the shRNA target to P53 mRNA, their chemosensitivity to 
ADM and sunitinib decreased markedly (Fig. 2B). Compared 
with the MZ1257-VHL cells, the chemosensitivity of the 
MZ1257-VHL/P53KD cells to ADM and sunitinib decreased 
and became similar to that of MZ1257, which indicated the 
importance of P53 in chemosensitivity (Fig. 2C). Co-expres-
sion of VHL and P53 in the 786-O cells led to an even greater 
sensitivity to chemotherapy (Fig. 2D).

Presence of VHL and P53 enhances apoptosis following 
treatment with drugs in CCRCC. In order to confirm the 
importance of VHL and P53 in CCRCC chemosensitivity, 
the 786-O, 786-O-VHL, 786-O-P53 and 786-O-VHL/P53 
cell lines were employed in the further analyses. The cell 
survival time and chemosensitivity to sunitinib are presented 
in Fig. 3A, which shows that, compared with the original cells, 
cells co-expressing VHL and P53 were notably more sensi-
tive to sunitinib. However, cells expressing VHL or P53 alone 
did not exhibit an increased chemosensitivity to a similar 
extent, thereby indicating the importance of co-expression 
of VHL and P53 in enhancing chemosensitivity in CCRCC. 
As p53 is an established cell cycle regulator, the cell cycle 
progression was investigated using flow cytometric analysis. 
The cell cycles of the 786-O-VHL/P53 and 786-O-P53 cells, 
compared with those of 786-O and 786-O-VHL, were revealed 
to be arrested at G0/G1 prior to sunitinib treatment. Addition-
ally, following sunitinib treatment, the G0/G1 phase in the 
786-O-VHL/P53 cells was significantly higher compared 
with 786-O-P53, demonstrating the synergistic effect of VHL 
and P53 in CCRCC (Fig. 3B). The apoptotic rate was further 
examined 48 h following treatment with the drugs. The flow 
cytometric data revealed that, following sunitinib treatment, 
the apoptotic rate of 786-O-VHL/P53 was 24.1±3.4%, which 
was markedly higher compared with that of any of the other 
cell groups (Fig. 3C). 

Discussion

In the kidney, the loss of functional tumor suppressor gene 
VHL often leads to genetic or epigenetic dysfunction, and 
is an early event that promotes tumorigenesis, leading to 
CCRCC. As the most common form (75%) of renal cancer, 
CCRCC is typically aggressive and chemoresistant (1). VHL 
is important in sensitizing RCC and CCRCC to chemo-
therapeutic agents. Qi and Ohh (13) reported that CCRCC 
cells that are devoid of functional VHL and are resistant 
to TNF-α-mediated cytotoxicity (RC3 cells) restored their 
sensitivity to TNF-α cytotoxicity following VHL reconstitu-
tion. An et al (16) also determined that the expression of VHL 
sensitizes RCC cells to bortezomib by reducing constitutive 
NF-κB activity.

In the majority of cancers, the efficacy of chemotherapy 
is dependent on a successful execution of p53-mediated 
apoptosis induced by the chemotherapeutic agent. Accord-
ingly, it is reported that, in CCRCC, VHL and P53 act in 
synergy to promote sensitization to chemotherapeutic 
agents. In CCRCC, the overexpression of HIF-2α, which 
is induced by the loss of VHL, leads to MDM2-mediated 
suppression of P53 and promotes chemoresistance to 
sunitinib (17). Functional P53 may be restored by down-
regulating MDM2, HIF2α or reconstituting VHL, thereby 
reversing chemoresistance. Although >50% of P53 genes 
are mutated in cancer cells, P53 mutations are infrequently 
detected in CCRCC (12,18). It may have been anticipated 
that this infrequent mutation rate of P53 would be beneficial 
in the chemosensitivity of CCRCC; however, this has proven 
not to be the case. It is possible that both VHL and P53 are 
required for CCRCC to be sensitive to chemotherapeutic 
agents.

The present study determined that VHL and P53 are 
required for CCRCC to be chemosensitive to chemothera-
peutic agents. First, CCRCC cells that express wild-type 
VHL (ACHN) are more sensitive to chemotherapeutic 
agents, including ADM and sunitinib, when compared with 
VHL‑deficient (786‑O) or P53‑deficient (MZ1257) CCRCC 
cells. Secondly, reconstitution of VHL in MZ1257 cells 
promoted resistance to the chemotherapeutic agent, although 
not in 786-O cells, suggesting the necessity of both VHL and 
P53. Thirdly, 786-O cells co-expressing VHL and P53 were 
more sensitive to chemotherapeutic agents when compared 
with the 786-O, 786-O-VHL or 786-O-P53 cells, indicating 
the synergistic effect of VHL and P53.

In conclusion, the current study determined that co-expres-
sion of VHL and P53 sensitizes cells to ADM and sunitinib. 
This may have relevance for the clinical management of 
CCRCC. Specifically, the present findings suggest that VHL 
and P53 may be used as molecular markers to identify patients 
with CCRCC who would benefit from ADM or sunitinib 
therapy. The present study provides important implications in 
the diagnosis and treatment of CCRCC.
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