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Abstract. There is no curative treatment for advanced renal 
cancer, and a novel treatment approach is urgently required. 
Inducing ubiquitinated protein accumulation and endoplasmic 
reticulum (ER) stress has recently emerged as a new approach 
in the treatment of malignancies. In the present study, we 
hypothesized that the histone deacetylase inhibitor belinostat 
would increase the amount of unfolded proteins in cells by 
inhibiting heat-shock protein (HSP) 90, and that the protea-
some inhibitor bortezomib would inhibit their degradation by 
inhibiting the proteasome, thus causing ubiquitinated protein 
accumulation and ER stress synergistically. The combination 
of bortezomib and belinostat induced significant increases in 
apoptosis and inhibited renal cancer growth synergistically 
(combination indexes <1). The combination also suppressed 
colony formation significantly (P<0.05). As co‑treatment with 
the pan-caspase inhibitor Z-VAD-FMK changed the number 
of Annexin V-positive cells, this combination-induced apop-
tosis was considered caspase dependent. Mechanistically, the 
combination synergistically caused ubiquitinated proteins to 
accumulate and induced ER stress, as evidenced by the increased 
expression of glucose-regulated protein 78 and HSP70. To the 
best of our knowledge, this is the first study demonstrating the 
beneficial combined effect of bortezomib and belinostat in renal 
cancer cells. The study provides a basis for clinical studies with 
the combination in patients with advanced renal cancer.

Introduction

There is no curative treatment for advanced renal cancer. 
Innovative treatments using tyrosine kinase inhibitors and 
inhibitors of the mammalian target of rapamycin have been 
tested, however, they were not curative (1-3). Development of a 
novel treatment approach is urgently required.

Inducing endoplasmic reticulum (ER) stress and ubiquiti-
nated protein accumulation has emerged as a new approach for 
the treatment of malignancies (4). How effectively ER stress 
can be induced depends on how effectively unfolded proteins 
can be accumulated in the cell. Combining a proteasome 
inhibitor and histone deacetylase (HDAC) inhibitor is one 
efficient way to induce ER stress. HDAC inhibitors generally 
inhibit HDAC6, and ablation of HDAC6 induces hyperacety-
lation of heat-shock protein (HSP) 90, disrupting its chaperone 
function (5) and increasing unfolded proteins in the cell. 
These unfolded proteins, however, are normally degraded by 
the proteasome (6), so a proteasome inhibitor in combination 
with an HDAC inhibitor is expected to effectively accumulate 
unfolded proteins in the cell by inhibiting degradation of 
the unfolded proteins increased by the HDAC inhibitor. Our 
previous study revealed that the combinations of the proteasome 
inhibitor bortezomib and the HDAC inhibitor suberoylanilide 
hydroxamic acid (7) or panobinostat (8) induced ER stress 
and inhibited renal cancer growth synergistically. Combining 
bortezomib and HDAC inibitors would thus be a promising 
approach to causing ER stress in renal cancer cells.

Belinostat is a novel pandeacetylase inhibitor that has 
been clinically tested in patients with solid tumors, such as 
liver cancer (9), ovarian cancer (10), malignant pleural meso-
thelioma (11) and thymic epithelial tumors (12), as well as in 
patients with hematological malignancies (13,14). Favorable 
antineoplastic effects of belinostat in combination with bort-
ezomib have been reported (15-18), however, there has been no 
study evaluating the effect of the combination on renal cancer 
cells and investigating ER stress induction as a mechanism of 
action. Furthermore, belinostat is the only HDAC inhibitor 
that can be administered in multiple ways (i.e., intravenously 
or orally) (19) and may thus be easier to use than other HDAC 
inhibitors.

In the present study, the efficacy of the combination of 
bortezomib and belinostat was evaluated in renal cancer cells 
and its underlying mechanism of action was clarified, focusing 
on ER stress induction and ubiquitinated protein accumulation.

Materials and methods

Cell lines. Renal cancer cell lines (769-P, 786-O and 
ACHN) were purchased from American Type Culture 
Collection (Rockville, MD, USA). Cells were grown in either 
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RPMI or DMEM medium containing 10% fetal bovine serum 
and 0.3% penicillin-streptomycin (Invitrogen, Carlsbad, CA, 
USA).

Reagents. Belinostat and bortezomib were purchased from 
Selleck Chemicals (Houston, TX, USA) and LC Laboratories 
(Woburn, MA, USA), respectively. They were dissolved in 
dimethyl sulfoxide and stored at ‑20˚C until use. Z‑VAD‑FMK 
was obtained from Enzo Life Sciences (Farmingdale, NY, 
USA).

Cell viability assay. In total, 5x103 cells were seeded in a 
96-well culture plate one day before treatment for 48 h with 
0-2 µM belinostat and either 0, 5, or 10 nM bortezomib. Cell 
viability was subsequently assayed using the MTS assay 
(CellTiter 96 AQueous kit; Promega Madison, WI, USA) 
according to the manufacturer's protocol.

Colony formation assay. A total of 100 cells were seeded 
in 6-well plates one day before culture for 48 h in media 
containing 1 µM belinostat and/or 10 nM bortezomib. The 
cells were subsequently provided fresh media and allowed to 
grow for one week before being fixed with 100% methanol, 
stained with Giemsa's solution and counted.

Cell cycle analysis. In total, 1.5x105 cells were plated in 
6-well culture plates one day before treatment for 48 h with 
2 µM belinostat and/or 10 nM bortezomib, washed with 
phosphate-buffered saline and harvested by trypsinization. 
The cells were resuspended in citrate buffer and stained 
with propidium iodide according to the procedure used by 
Vindeløv et al (20), and were analyzed by flow cytometry.

Annexin V assay. A total of 1.5x105 cells were plated in 6-well 
culture plates one day before culture for 48 h in media containing 
2 µM belinostat and 10 nM bortezomib with or without 40 µM 
of the pancaspase inhibitor Z-VAD-FMK. The cells were 
subsequently stained with Annexin V according to the manufac-
turer's protocol (Beckman Coulter, Marseille, France). In total, 
10,000 cells were counted and analyzed by flow cytometry.

Western blotting. Equal amounts of protein were subjected 
to SDS-PAGE and transferred to a nitrocellulose membrane. 
Following blocking with 5% skimmed milk, the membrane 
was incubated with a rabbit polyclonal antibody against 
glucose-regulated protein (GRP) 78 (1:200), a rabbit polyclonal 
antibody against ubiquitin (1:200) (Santa Cruz Biotechnology, 
Dallas, TX, USA), a mouse monoclonal antibody against actin 
(1:3,000) (Millipore, Billerica, MA, USA), a rabbit polyclonal 
antibody against HSP70 (1:1,000) and a rabbit polyclonal anti-
body against cleaved poly (ADP-ribose) polymerase (PARP) 
(1:1,000) (Cell Signaling Technology, Danvers, MA, USA). The 
samples were subsequently incubated with horseradish-perox-
idase-tagged secondary antibodies (Bio-Rad, Hercules, CA, 
USA) and visualization was performed by chemiluminescence 
(ECL, Amersham, Piscataway, NJ, USA).

Statistical analysis. Evaluation of synergism was carried out 
using commercially available software (CalcuSyn, Biosoft, 
Cambridge, UK). The statistical significance of the observed 

differences in the colony formation assay was evaluated using 
the Mann-Whitney U test (StatView software, SAS Institute, 
Cary, NC, USA). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Bortezomib and belinostat synergistically inhibit renal 
cancer growth. The combined effect of bortezomib and 
belinostat were first examined on cell viability. Bortezomib 
and belinostat each inhibited the growth of renal cancer cells 
in a dose-dependent manner and the combination inhibited 
their growth more than treatment with the agents individu-
ally (Fig. 1A and B). Subsequently, the interaction of these two 
agents was evaluated using the Chou-Talalay method to calcu-
late the combination indexes. Indexes <1 showed that their 
interaction was synergistic under a number of the treatment 
conditions (Table I). Whether the combination of bortezomib 
and belinostat interferes with colony formation by renal 
cancer cells was subsequently investigated. The combination 
suppressed colony formation significantly more than 10 nM 
bortezomib or 1 µM belinostat alone (Fig. 1C). Therefore, 
the combination of bortezomib and belinostat was shown to 
inhibit renal cancer growth effectively.

Bortezomib and belinostat induce apoptosis. Cell cycle anal-
ysis and the Annexin V assay were used to observe whether the 
combination of bortezomib and belinostat induced apoptosis. 
Cell cycle analysis (Fig. 2A) showed that the combination of 
10 nM bortezomib and 2 µM belinostat synergistically increased 
the number of the cells in the sub-G1 fraction (≤98.3%). The 
combination also markedly increased Annexin V-FITC 
fluorescence intensity (Fig. 2B) and increased the expres-
sion of cleaved PARP (Fig. 2C). Thus, the combination was 
shown to induce apoptosis. Whether the combination-induced 
apoptosis is associated with caspase activation was also 
examined. As co-treatment with a 40 µM concentration of the 
pan-caspase inhibitor Z-VAD-FMK changed the number of 
Annexin V-positive cells (reduced in 769-P cells and increased 
in 786-O and ACHN cells), the apoptosis was considered, at 
least in part, caspase dependent (Fig. 2B).

Table I. CI for the combination of bortezomib and belinostat.

 Bortezomib, nM
 -----------------------------------------
Cell line Belinostat, µM 5 10

769-P 0.5 1.029 0.529a

 1 0.685a 0.405a

 2 0.579a 0.286a

786-O 0.5 1.287 0.949a

 1 1.084 1.142
 2 1.099 0.813a

ACHN 0.5 0.075a 0.093a

 1 0.115a 0.127a

 2 0.073a 0.129a

aCI<1 indicates synergism. CI, combination indexes.
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Bortezomib and belinostat cause ubiquitinated protein 
accumulation and ER stress. Our hypothesis was that the 
combination of bortezomib and belinostat would increase 
ubiquitinated proteins in the cell and induce ER stress 
cooperatively, as belinostat would increase the amount 
of unfolded proteins and bortezomib would inhibit their 
degradation by inhibiting the proteasome. As expected, the 
combination synergistically caused ubiquitinated proteins to 
accumulate (Fig. 3). In all three cell lines, no accumulation 
of ubiquitinated protein was induced by 2 µM belinostat 
alone; however, in combination with 10 nM bortezomib, 
marked accumulation of ubiquitinated protein was induced. 
By contrast, 10 nM bortezomib caused small (in 769-P 
and ACHN cells) and moderate (in 786 cells) ubiquitinated 
protein accumulation that was markedly enhanced by beli-
nostat. The combination also increased the expression of the 
ER stress markers GRP78 and HSP70, confirming that the 
combination actually caused ubiquitinated unfolded protein 
accumulation and thereby induced ER stress.

Discussion

There is no curative therapy for advanced renal cancer, and a 
novel treatment approach is urgently required. Inducing ubiqui-
tinated protein accumulation and ER stress is a new approach 
to the treatment of malignancies (4) and our laboratory has 
been investigating ways to kill urological cancer cells using 
clinically feasible drugs to induce ER stress. To the best of our 
knowledge, for the first time the favorable combined effect of 
the proteasome inhibitor bortezomib and the HDAC inhibitor 
belinostat in renal cancer was revealed in the present study.

Combining a proteasome inhibitor and HDAC inhibitor 
is one effective way to induce ER stress, as HDAC inhibitors 
are considered to increase unfolded proteins by suppressing 
HSP90 function (5) and proteasome inhibitors inhibit the 
degradation of those unfolded proteins. This strategy has been 
shown to be effective in killing renal cancer cells (7,8).

The present analysis using the Chou-Talalay method showed 
that the combination of bortezomib and belinostat inhibited 

Figure 1. Bortezomib and belinostat kill renal cancer cells. (A) MTS assay (n=6, mean ± SD). Cells were treated for 48 h with the indicated concentrations of 
bortezomib and/or belinostat. (B) Photomicrographs of 769-P and 786-O cells treated with 10 nM bortezomib and/or 2 µM belinostat. The majority of the cells 
treated with the combination are floating. Original magnification, x40. (C) Colony formation assay. A total of 100 cells were plated in 6‑well plates one day 
before culture for 48 h in media containing 10 nM bortezomib and/or 1 µM belinostat. The cells were subsequently provided with fresh media and allowed to 
grow for 1-2 weeks (n=3, mean ± SD, *P=0.0495, **P=0.0463). SD, standard deviation.
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renal cancer growth synergistically. It caused ubiquitinated 
protein accumulation and ER stress cooperatively: 2 µM beli-
nostat induced marked accumulation of ubiquitinated protein 
only when it was combined with 10 nM bortezomib. Therefore, 
the increased amount of unfolded proteins due to 2 µM belino-
stat alone did not overwhelm the protein degrading ability of 
the proteasome; i.e., they were rapidly degraded by the protea-
some and therefore did not accumulate. By contrast, in 769-P 
and ACHN cells, 10 nM bortezomib alone caused only small 
ubiquitinated protein accumulation; however, in combination 

with belinostat it caused marked ubiquitinated protein accu-
mulation. Thus, in these cell lines the amount of unfolded 
protein must be increased for effective ubiquitinated protein 
accumulation, even though the proteasome is suppressed. 
Simultaneous inhibition of HSP90 and proteasome function is 
therefore of importance in causing unfolded proteins to accu-
mulate and inducing enough ER stress to kill cancer cells. As 
the proteasomes in renal cancer cells are overexpressed (21), 
this proteasome inhibition is considered particularly important 
when killing renal cancer cells by inducing ER stress.

Figure 3. Bortezomib and belinostat cause ubiquitinated protein accumulation and endoplasmic reticulum stress. Cells were treated for 48 h with 1-2 µM 
belinostat with or without 10 nM bortezomib and the expression of ubiquitinated proteins, GRP78 and HSP70 were evaluated using western blotting. Actin 
was used for the loading control. Representative blots are shown. GRP, glucose-regulated protein; HSP, heat-shock protein. 

Figure 2. Bortezomib and belinostat induce apoptosis. (A) Cell cycle analysis. Cells were cultured for 48 h in medium containing 10 nM bortezomib and/or 
2 µM belinostat. In total, 10,000 cells were counted and changes in the cell cycle were evaluated using flow cytometry. The inset in each graph is the percentage 
of cells in the sub-G1 fraction. (B) Annexin V assay. Cells were cultured for 48 h in medium containing 10 nM bortezomib and 2 µM belinostat with or without 
40 µM pancaspase inhibitor Z‑VAD‑FMK. In total, 10,000 cells were analyzed by the Annexin V assay using flow cytometry. The inset in each graph is the 
Annexin V‑FITC fluorescence intensity. (C) Western blot analysis results. Cells were treated with 1‑2 µM belinostat with or without 10 nM bortezomib for 
48 h. Actin was used for the loading control. Representative blots are shown.
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As indicated by the cell cycle analysis, Annexin V 
assay and western blot analysis detecting cleaved PARP, the 
combination induced apoptosis effectively. This apoptosis 
is considered to be associated with caspase activation as 
the pancaspase inhibitor Z-VAD-FMK affected the number 
of Annexin V-positive cells caused by the combination. 
Notably, the effect of Z-VAD-FMK differed among the cell 
lines: Decreasing the number of Annexin V-positive cells 
in 769-P cells and increasing it in 786-O and ACHN cells. 
Therefore, in 786-O and ACHN cells the inhibition of caspase 
paradoxically promoted apoptosis. A similar phenomenon 
was reported by Liu et al (22) who showed that Z-VAD-FMK 
sensitized neutrophils to tumor necrosis factor-α-induced 
apoptosis using the Annexin V assay. The study hypothesized 
that the caspase-dependent pathway normally suppresses or 
supersedes caspase-independent mechanisms; however, under-
standing the exact mechanism of this paradoxical phenomenon 
will require further study.

One limitation of the present study is that suppression 
of HSP90 function by belinostat was not shown. Belinostat 
individually induced histone acetylation at the indicated concen-
trations, so it is evident that belinostat suppressed the function 
of HDACs, and we hypothesized that belinostat would therefore 
cause HSP90 acetylation, leading to its functional suppression. 
However, formal functional evaluation of HSP90 under belinostat 
treatment would be the subsequent step in clarifying the actual 
mechanism of action of belinostat in this combination therapy.

In conclusion, the bortezomib-belinostat combination 
induced ubiquitinated protein accumulation and ER stress, 
and killed renal cancer cells synergistically. To the best of our 
knowledge, this is the first study to demonstrate the favorable 
combined effect of bortezomib and belinostat in renal cancer 
cells. As this combination kills renal cancer cells in a way 
that is completely different from the non-curative treatments 
currently used, we hypothesize that the present study, along 
with our previous studies, provides a framework for testing 
combinations of proteasome inhibitors and HDAC inhibitors 
in patients with advanced renal cancer.
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