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Abstract. Studies have shown that the 26S proteasome is 
involved in cell cycle control, transcription, DNA repair, 
immune response and protein synthesis. In the present study, 
we investigated the antiproliferative effects of the proteasome 
inhibitor bortezomib and heat shock protein (Hsp)70 inhibitors 
on the B16F10 melanoma cell line. The IC50 value of bortezomib 
was found to be 2.46 nM, while that of the Hsp70 inhibitor 
quercetin was 45 µM in the B16F10 cells. This indicates that 
bortezomib is more effective than quercetin in inhibiting cell 
growth. In response to treatment with 10 nM bortezomib for 
24 h, cells underwent rounding, shrinkage and detachment. 
Unexpectedly, such morphological changes were not observed 
in cells treated with 20 µM quercetin alone, nor in cells 
treated with bortezomib + quercetin, indicating that quercetin 
inhibited the cytotoxic effects of bortezomib. Quantitation of 
cell viability also indicated that quercetin interfered with the 
cytotoxic effects of bortezomib. However, the combination of 
quercetin with another proteasome inhibitor, MG132, caused 
significant cell death as compared to single-agent treatment. A 
DNA ladder assay also confirmed the inhibitory effect of quer-
cetin on the apoptosis-inducing effect of bortezomib. However, 
quercetin did not prevent the induction of apoptosis by MG132; 
on the contrary, it potentiated the apoptosis-inducing effect of 
MG132. These results suggest that the combination of quer-
cetin with clinically beneficial proteasome inhibitors (except 
bortezomib) may have increased efficacy in the treatment of 
cancer. We also tested the combination of two other Hsp70 
inhibitors, KNK-437 and schisandrin-B, in combination with 
bortezomib. Neither of these combinations was more effective 
than single-agent treatment. 

Introduction

Cellular homeostasis is maintained by the continual 
synthesis and degradation of proteins in a highly regulated 
manner (1,2). The ubiquitin-proteasome pathway is involved 
in cellular homeostasis by eliminating abnormal, mutant 
and misfolded proteins. The 26S proteasome is a large 
ATP-dependent protease and is found in both the cytosol and 
the nucleus. It is a multi-catalytic and multi-subunit protease 
formed by the assembly of approximately 64 subunits. The 
proteasome is composed of one 20S core complex and two 
19S regulatory complexes, which are attached to both ends 
of the 20S core complex. The eukaryotic 20S complex has a 
cylindrical structure and is made up of four rings. The two 
inner rings are formed from seven distinct β-subunits; the 
two outer rings are formed from seven distinct α-subunits. 
Substrate proteins are commonly degraded to peptides with 
an average length of 7-9 within the catalytic chamber of the 
20S core complex, which harbors at least three different 
proteolytic activities (i.e., trypsin-like, chymotrypsin-like 
and peptidylglutamyl‑peptide hydrolyzing activities) (3-7). 
The 19S regulatory complex is composed of a base and 
a lid and is believed to carry out several critical functions 
during the degradation of target proteins. For example, the 
six ATPases found in the base complex are thought to be 
involved in unfolding and threading substrate proteins into 
the catalytic chamber of the 20S complex, while the eight 
subunits found in the lid complex are mostly involved in 
the recognition of ubiquitinated proteins and the subsequent 
de-ubiquitination process (8,9). Studies have shown that 
a number of key regulatory proteins are degraded by the 
26S proteasome; among these are cyclin-dependent kinase 
inhibitors, M-, S-, G1-phase cyclins, p53, c-fos, ornithine 
decarboxylase and S-adenosylmethionine decarboxylase 
(4,10-13). The substrate proteins are commonly targeted to the 
26S by a polyubiquitin chain. The conjugation of ubiquitin (a 
76-amino acid protein) usually requires three enzymatic steps 
(14-18). Numerous studies have revealed that the ubiquitin-
proteasome system is responsible for the degradation of more 
than 80% of intracellular proteins (19). Given a broad array 
of substrates, the 26S proteasome was shown to be involved 
in cell cycle control, cell differentiation, transcription, DNA 
repair, immune response, retroviral budding and translation 
(3,4,20-23). 
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We previously showed that the level of most intracellular 
amino acids was increased as a result of a significant decrease 
in protein synthesis activity in response to the inhibition of 
the 26S proteasome in a short period of time. Moreover, we 
found that the decrease in protein synthesis activity was due 
to a significant increase in eukaryotic translational initiation 
factor 2α (eIF2α) phosphorylation (21). It was also previously 
found that the inhibition of the proteasome by MG132 or 
lactacystin induced the expression of heat shock protein 
(Hsp)25 and Hsp70, which are molecular chaperones involved 
in the folding of nascent proteins and the regulation of protein-
protein interactions (24,25). The induction of Hsp70 or Hsp27 
protein by a mild heat shock treatment or stable transfection 
was found to increase the resistance of U937 and Wehi-s cells 
to apoptotic cell death (26). Furthermore, it was shown that 
the depletion of intracellular Hsp70 by two different strategies 
(antisense technology or the bioflavonoid drug quercetin) 
led to apoptosis in the absence of stress (25). Therefore, to 
enhance the apoptotic effects of proteasome inhibition, we 
examined the effects of the combination of the proteasome 
inhibitor bortezomib and several Hsp70 inhibitors in B16F10 
melanoma cells.

Materials and methods

Materials. RPMI-1640 cell culture media, fetal bovine serum 
(FBS), trypsin and penicillin/streptomycin were obtained 
from Sigma-Aldrich Inc. MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) was kindly provided 
by Dr D iane McCloskey (Penn State University College of 
Medicine, Hershey, PA, USA). The Apoptotic-DNA Ladder kit 
was obtained from Roche Applied Science. All other reagents 
were purchased from Sigma-Aldrich Inc. unless otherwise 
mentioned.

Cell culture maintenance. B16F10 cells were maintained 
in RPMI-1640 (plus 4.5 g/l glucose, 10 mM HEPES, 1 mM 
sodium pyruvate, 0.15% sodium bicarbonate, 100 µg/ml 
streptomycin and 100 U/ml penicillin) supplemented with 
10% FBS. Cells were incubated in a humidified atmosphere 
at 37˚C in 5% CO2. Stock cultures were maintained in 25-cm2 
Corning flasks, and experimental cultures were grown in 
35x10-mm Corning plates. The cells were subcultured upon 
reaching 70-80% confluence.

MTT-based cytotoxicity assay. Equal numbers of cells were 
seeded in each plate (35x10 mm). Cells in the exponential 
phase of growth were treated with various doses of 
bortezomib (0.001, 0.01, 0.05, 0.1 or 1 µM) or quercetin (0.1, 
1, 10, 50, 100 and 200 µM) for 24 h for IC50 determination. 
After treatment, the cells were incubated with RPMI-1640 
medium containing 0.5% FBS + 0.5 mg/ml MTT at 37˚C in 
5% CO2 to determine the number of surviving cells. Control 
cells were incubated with the MTT-containing medium for 
4 h in the absence of bortezomib or quercetin. After removal 
of the medium and MTT, cells in each plate were incubated 
with 3% SDS (200 µl) + 1 ml 40  mM HCl/isopropanol for 
15 min at room temperature with intermittent shaking to 
dissolve the MTT-formazan crystals. The homogenate in 
each plate was pipetted well to dissolve the MTT-formazan 

crystals completely and centrifuged at 12,000 rpm for 5 min. 
Absorbance at 570 nm was recorded with a Bio-Rad Smartspec 
Plus spectrophotometer. The IC50 values were then obtained 
by fitting the data with GraphPad Prism 3.03 software to a 
sigmoidal dose-response curve (for quercetin) or to a sigmoidal 
dose-response (variable slope) curve (for bortezomib). 

Determination of DNA fragmentation. Cells (100,000) were 
seeded in 35x10-mm sterile Petri dishes. In the logarithmic 
phase of growth, cells were treated with 20 µM quercetin, 
10  nM bortezomib or 0.5 µM MG132 for 48 h. Cells were 
also treated with drug combinations (20 µM quercetin + 
10  nM bortezomib or 20 µM quercetin + 0.5 µM MG132) 
for 48 h. After treatment, both detached and attached cells 
were combined and resuspended in 200 µl PBS. DNA was 
then isolated using the Roche Apoptotic DNA Ladder kit 
as described in the manufacturer's protocol. Equal amounts 
of DNA (0.5 µg) from each sample were separated by 1.5% 
agarose gel electrophoresis at 80 V for 2 h. DNA was finally 
visualized by ethidium bromide staining under UV light.

Statistical analysis. Data were analyzed and graphed using 
GraphPad Prism 3.03 software. Where appropriate, one-way 
ANOVA and the Bonferroni's multiple comparison post-test 
were used to evaluate statistical significance. A p-value <0.05 
was considered significant.

Results

Initially, we examined the antiproliferative and cytotoxic 
effects of the proteasome inhibitor bortezomib in B16F10 
cells. Cells were treated with various concentrations of 
bortezomib (ranging from 1 nM to 1 µM) for 24 h, then 
viability was determined by an MTT-based cytotoxicity 
assay. Bortezomib caused a dose-dependent reduction in cell 
viability with an IC50 of 2.46 nM, indicating that B16F10 cells 
were highly sensitive to the proteasome inhibitor bortezomib. 
The B16F10 cells were also treated with increasing doses of 
the bioflavonoid quercetin (ranging from 100 nM to 200 µM) 
in a logarithmic growth phase for a period of 24 h. The anti-
proliferative effects of quercetin were similarly determined 
by the MTT-based assay. The Hsp70 inhibitor quercetin also 
reduced cell number in a concentration-dependent manner, 
with an IC50 of 45 µM. This result indicated that the B16F10 
cells were also sensitive to quercetin, though bortezomib was 
a more potent inducer of cell death than quercetin. 

In light of these findings, we treated the cells with low 
concentrations of bortezomib and quercetin in order to deter-
mine whether or not the two inhibitors act synergistically. As 
shown in Fig. 1, in response to treatment with 10 nM bortezomib 
for 24 h, cells underwent rounding, shrinkage and detachment, 
characteristic features of apoptotic cell death. However, such 
morphological changes were not observed in cells treated with 
20 µM quercetin alone for 24 h. Unexpectedly, in the combi-
nation treatment, it was observed that quercetin prevented the 
morphological changes induced by bortezomib (Fig. 1). This 
indicated that the addition of quercetin did not significantly 
enhance the cytotoxic effects of bortezomib. On the contrary, 
the addition prevented the bortezomib-induced morphological 
changes commonly observed in apoptotic cells. 
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Recently, Liu et al demonstrated a chemical reaction 
between quercetin and bortezomib, and found that the 
inhibitory effect of quercetin on bortezomib-induced apoptosis 
were reversed by boric acid pre-treatment in DoHH2 and CLL 
cells (27). We tested the effect of the combination of quercetin 
and bortezomib in the presence of 1 mM boric acid using an 
MTT assay. As shown in Fig. 2, in the control group treated 
with 0.1% DMSO, 97.7±2.2% of cells were viable. In the 
10 nM bortezomib-treated group, cell viability was estimated 
to be 38.2±0.9%. In contrast, in the 20 µM quercetin-treated 
group, 77.8±2.6% of cells remained viable after treatment, 

while in the bortezomib + quercetin group, 71.8±4.22% of 
cells remained viable (Fig. 2). In the boric acid + quercetin + 
borteozmib treatment group, cell viability was estimated to be 
63.4±3.7%, indicating that although boric acid supplementation 
increased cell death as compared to the bortezomib + quercetin 
group, it did not completely prevent the interaction between 
the two inhibitors at a concentration of 1  mM. Collectively, 
these findings suggest that i) quercetin prevents the cytotoxic 
effects of bortezomib in B16F10 cells, and ii) boric acid 
supplementation at a concentration of 1 mM does not prevent 
the interaction between quercetin and bortezomib. 

Figure 1. Analysis of cell morphology after treatment with a combination of quercetin and bortezomib. Cells were plated equally in sterile 35x10-mm Petri 
dishes and treated with DMSO (control), bortezomib (10 nM), quercetin (20 µM), or bortezomib (10 nM) + quercetin (20 µM) for 24 h. After treatment, cell 
morphology was visualized with an inverted microscope (magnification x100). The results are representative of three separate experiments.

Figure 2. Effect of the combination of boric acid, quercetin and bortezomib on B16F10 cell viability. Cells were plated equally in sterile 35x10-mm Petri dishes 
and treated for 24 h with DMSO (control), bortezomib (10 nM), quercetin (QC) (20 µM), or 1 mM boric acid (BA) alone, or with combinations of QC (20 µM) 
+ bortezomib (10 nM), BA (1 mM) + bortezomib (10 nM), BA (1 mM) + QC (20 µM), or BA (1 mM) + QC (20 µM) + bortezomib (10 nM). Cell viability was 
then determined by an MTT-based assay as described in Materials and methods. Results are presented as the mean ± SEM (n=3).
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Next, we determined the combined effect of another 
proteasome inhibitor, MG132, with quercetin in B16F10 
cells. As shown in Fig. 3A, 20 µM quercetin treatment did 
not prevent the morphological changes induced by MG132. 
In addition, as shown in Fig. 3B, the MTT assay indicated 
that the combined effect of MG132 + quercetin differed 
statistically compared to quercetin or MG132 treatment alone, 
suggesting that i) the combination of the two inhibitors is 
more potent than single-agent treatment, and ii) there is no 
chemical reaction between MG132 and quercetin. Analysis 

  A

Figure 3. Determination of the combined effect of MG132 + quercetin on B16F10 cells. (A) Cell morphology was analyzed by an inverted microscope 
(magnification x200). (B) Cells were treated for 24 h with 0.5 µM MG132, 20 µM quercetin or quercetin (20 µM) + MG132 (0.5 µM). Cell viability was then 
determined by the MTT assay. Results are presented as the mean ± SEM (n=3).

Figure 4. Analysis of DNA fragmentation. Cells (100,000) were seeded in 
35x10-mm petri dishes and treated for 48 h with 20 µM quercetin, 10 nM 
bortezomib, 0.5 µM MG132, 20 µM quercetin + 10 nM bortezomib or 20 µM 
quercetin + 0.5 µM MG132. After treatment, DNA was isolated using the Roche 
Apoptotic DNA ladder kit. For each DNA sample, 0.5 µg DNA was separated on a 
1.5% gel. M, 100 bp marker; lane 1, control; lane 2, quercetin; lane 3, bortezomib; 
lane 4, MG132; lane 5, quercetin + bortezomib; lane 6, quercetin + MG132.

  B
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of DNA ladder formation revealed that treatment with 10 nM 
bortezomib or 0.5 µM MG132 for 48 h induced apoptosis, 
while treatment with 20  µM quercetin for 48 h was not 
sufficient to induce apoptosis in the B16F10 melanoma cells, a 
result consistent with the above cytotoxicity assay using MTT 
(Fig.  4). A DNA ladder assay also confirmed that quercetin 
inhibited the apoptosis-inducing effect of bortezomib (Fig. 4, 
lane 5), but did not prevent that of MG132. On the contrary, 
quercetin potentiated the apoptosis-inducing effect of MG132 
(Fig. 4, lane 6). 

Finally, we examined the effects of two other Hsp70 
inhibitors, KNK-437 and schisandrin-B, in combination with 
bortezomib in B16F10 melanoma cells. As shown in Fig. 5A, 
neither KNK-437 nor schisandrin-B caused significant 
changes in cell morphology. In contrast to quercetin treatment, 
bortezomib-induced changes in cell morphology were not 
prevented by either KNK-437 or schisandrin-B, indicating that 
these two Hsp70 inhibitors did not interact with bortezomib. 
However, neither KNK-437 nor schisandrin-B enhanced the 
cytotoxic effects of bortezomib in the B16F10 cells (Fig. 5B). 

Figure 5. Effect of Hsp70 inhibitors KNK-437 and schisandrin-B (Sch-B) alone or in combination with bortezomib on B16F10 cells. Cells (50,000) were 
plated in sterile 35x10-mm petri dishes and treated for 24 h with DMSO (control), KNK-437 (20 µM), Sch-B (20 µM), or bortezomib (10 nM) alone,  or in 
combinations of KNK-437 (20 µM) + bortezomib (10 nM) or Sch-B (20 µM) + bortezomib (10 nM). (A) Analysis of cell morphology (magnification x200). (B) 
Analysis of cell viability determined by the MTT assay. Results are presented as the mean ± SEM (n=3).

  A

  B
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Discussion

Proteasome inhibitors cause antitumor activity in cancer 
cells by triggering apoptosis. Proteasome inhibitor-induced 
apoptosis is generally mediated by the inhibition of the 
processing of NF-κB and by the accumulation of the pro-
apoptotic proteins Bid, Bax, p53 and p27 (28). In contrast to 
peptide aldehyde inhibitors, bortezomib is a highly potent 
and selective inhibitor of the proteasome (29). This dipeptide 
boronic acid analogue was the first proteasome inhibitor used 
in clinical trials for the treatment of a number of malignancies 
(including multiple myeloma, non-Hodgkin's lymphoma and 
non-small cell lung cancer) (30,31). 

Here, we report that B16F10 cells are highly sensitive 
to the proteasome inhibitor bortezomib. We also previously 
noted that B16F10 cells are rapidly proliferating cells with a 
doubling time of 14.2 h (32). In agreement with these findings, 
it was previously found that proteasome inhibitors preferentially 
induced cell death in proliferating HL60 cells, while non-cycling 
differentiated cells were unresponsive to proteasome inhibition 
(33). In addition, we found that B16F10 cells were sensitive to 
quercetin; however, the IC50 value for quercetin was markedly 
higher than that of bortezomib. In a previous study, when 
B16F10 cells were treated with various doses of quercetin, 
the MTT colorimetric assay did not reveal significant changes 
in cell viability, which suggested that these cells were highly 
resistant to quercetin (34). However, consistent with the 
results presented here, Kubo et al (35) found that quercetin 
reduced cell number in a dose-dependent manner using both 
the MTT assay and trypan blue exclusion test, with an IC50 
value for quercetin in B16F10 cells of 20 µM (35). We believe 
that the sensitivity of cells to quercetin is strictly dependent on 
the proliferation state of the cells. For example, it was found 
that confluent B16F10 cells were highly resistant to 100 µM 
quercetin applied for 24 h (Yerlikaya and Şeker, unpublished 
data). As stated above, it was also previously reported that 
quercetin prevented borteozomib-induced apoptosis due 
to a chemical reaction between the two agents, while the 
inhibitory effect of quercetin was reversed by pre-treatment 
of the cells with boric acid (27). Therefore, we expected to 
observe an increase in the cytotoxic effects of the quercetin 
and bortezomib combination in the presence of boric acid. 

We found that boric acid at a concentration of 1 mM did 
not completely eliminate the inhibitory effect of quercetin 
on bortezomib-induced cytotoxicity in B16F10 melanoma 
cells. This result is inconsistent with a previously published 
report by Liu et al (27). The discrepancy may be due to the 
fact that we did not pre-treat the cells with boric acid, or that 
we did not use a high enough concentration of boric acid. 
However, the combination of quercetin with another protea-
some inhibitor, MG132, was more cytotoxic than single-agent 
treatment. Analysis of DNA fragmentation also confirmed that 
quercetin interacted with bortezomib and inhibited its apop-
tosis-inducing effects, while the apoptosis-inducing effects of 
MG132 were potentiated by quercetin supplementation. These 
results suggest that a combination of quercetin with clinically 
effective proteasome inhibitors (except bortezomib) may be 
useful in the treatment of solid cancers. 

We also examined the combination of the Hsp70 inhibi-
tors KNK-437 or schisandrin-B with bortezomib. KNK-437 

is a benzylidene lactam compound and a novel inhibitor of 
both the acquision of thermotolerance and various HSPs at 
the mRNA level (36). Schisandrin-B, on the other hand, is 
a dibenzocyclooctadiene compound that inhibits the prolif-
eration of human hepatoma SMMC7721 cells and induces 
apoptosis and the down-regulation of Hsp70 expression (37). 
We found that KNK-437 more effectively inhibited the growth 
of B16F10 than schisandrin-B. However, we also found that 
neither KNK-437 nor schisandrin-B increased the cytotoxic 
effect of bortezomib in the combination treatments. 

Bortezomib (Velcade®) has recently been approved for 
the treatment of multiple myeloma (28). However, despite 
the obvious efficacy of bortezomib in many cases, a Phase II 
trial of bortezomib treatment in 202 patients with refractory 
relapsed multiple myeloma demonstrated that as many as 65% 
of patients did not respond to the treatment (38). In addition, 
resistance to bortezomib treatment in DHL-4 lymphoma 
cells (39,40) and 4T1 breast cancer cells (32) was observed 
in in vitro experiments. Therefore, combination therapies with 
drugs that target different intracellular signaling pathways are 
warranted in order to overcome the resistance to proteasomal 
inhibition.
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