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Abstract. Glioma is the most aggressive form of primary 
brain tumor, with dismal patient outcome and no effective 
therapeutic approaches available. Targeting the ubiquitin-
proteasome pathway has recently emerged as a potent rational 
anticancer strategy. Bortezomib, a specific proteasome 
inhibitor, has been approved for the treatment of relapsed or 
refractory multiple myeloma and other hematological malig-
nancies as a single agent or as part of a combination therapy. 
However, bortezomib alone or in combination showed only 
minimal effects in the treatment of solid tumors. Myeloid cell 
leukemia-1 (Mcl-1) is an anti-apoptotic protein which protects 
tumor cells against spontaneous and chemotherapy-induced 
apoptosis. In multiple myeloma, specific downregulation 
of Mcl-1 induces apoptosis. Furthermore, previous studies 
demonstrated that proteasome inhibitors induce Mcl-1 
accumulation that, in turn, slows down their pro-apoptotic 
effects, and the cell survival in multiple myeloma is highly 
dependent on Mcl-1. In the present study, we investigated 
the role of Mcl-1 downregulation in bortezomib-induced 
apoptosis in gliomas. We observed that bortezomib triggers 
caspase-3 and PARP activation, upregulates cytochrome c 
expression and induces apoptosis. Furthermore, we demon-
strated that effective targeting of Mcl-1 in glioma cells by 
gene silencing technology augments the glioma cell sensi-
tivity to bortezomib-induced apoptosis. In conclusion, the 
present study demonstrates that Mcl-1 plays a critical role in 
bortezomib-induced apoptosis. Mcl-1 inhibitor in combina-
tion with bortezomib present a promising novel strategy to 
trigger cell death pathways in the treatment of gliomas.

Introduction

The proteasome is critical for the maintenance of homeostasis 
of the majority of intracellular proteins and is considered 
as a promising target for anticancer therapy. Bortezomib 
is the first proteasome inhibitor used for the treatment of 
relapsed or refractory multiple myeloma (1-3). In vitro, the 
drug is active against a wide variety of tumor cell types 
such as non‑Hodgkin's lymphoma, mantle cell lymphoma 
and non-small cell lung cancer  (4-7). Bortezomib has an 
acceptable toxicity profile and has shown clinical benefits, 
either alone or as part of a combination therapy, in induction 
of chemo/radio-sensitization or by overcoming drug resis-
tance (6,8). It was been proven that bortezomib is associated 
with apoptosis through upregulation of the pro-apoptotic 
proteins and downregulation of the anti-apoptotic factors. 
The latter includes the Bcl-2 subfamily proteins Bcl-xL, 
Bcl-2 and Mcl-1 (9-12).

Mcl-1 is a short-lived protein which opposes several 
apoptotic stimuli. These features distinguish it from other 
anti-apoptotic Bcl-2 members (13). Previous studies demon-
strated that Mcl-1 is the essential survival protein in multiple 
myeloma and can be accumulated as a result of treatment with 
bortezomib (14). Furthermore, RNA interference mediates 
Mcl-1 downregulation and sensitizes human myeloma cell 
line to bortezomib, highlighting the role of this protein in 
bortezomib-induced apoptosis (1).

Gliomas are the most common and highly invasive primary 
brain tumors in humans. Despite some recent advances in 
surgical, radiation and chemotherapy approaches, the prognosis 
remains poor (15). Glioma cells display extreme resistance to 
apoptotic stimuli which contributes to the limited effective-
ness of current therapies and the difficulty in developing new 
efficient treatment regiments (15,16). This resistance may be 
due to the overexpression of anti-apoptotic Bcl-2-like proteins, 
such as Mcl-1, Bcl-2 and Bcl-xL (16,17).

Bortezomib is successfully used for treating hematological 
malignancies. Its reported benefits in the treatment of solid 
tumors, however, are less than encouraging (18-22). Resistance 
to bortezomib in solid tumors further stimulates development 
of novel proteasome inhibitors, which would act differently 
from bortezomib, as well as novel natural compounds with 
proteasome-inhibitory activity that could be used as chemo/
radio-sensitizers. Current research efforts in solid tumors are 
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now focused on the use of bortezomib in combination with 
other pro-apoptotic agents (1,8).

In the present study, we examined the effect of Mcl-1 
and/or the proteasome inhibitors on glioma cell growth and 
survival. We aimed to assess the specific role of Mcl-1 in the 
response to bortezomib.

Materials and methods

Cell lines and reagents. The glioblastoma cell lines U251 
and U87 were purchased from the Chinese Academy of 
Medical Sciences (CAMS) and were grown as a monolayer 
in Dulbecco's modified Eagle's medium (DMEM) with 10% 
heat-inactivated fetal calf serum, 100 U/ml penicillin and 
100 mg/ml streptomycin and were maintained in a humidified 
incubator at 37˚C and 5% CO2. Bortezomib was obtained from 
Sigma (St. Louis, MO, USA). Antibodies against caspase-3 
(human mAb), PARP (F7 human mAb), cytochrome c (human 
polyclonal), and Mcl-1 (S19, human mAb) were from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA).

MTT cell viability assay. U87 and U251 cells were plated on 
96-well plates (2,000 cells/well) and treated with bortezomib 
(100 ng/ml; Sigma) for 24 h. Following the treatment, thia-
zolyl blue tetrazolium bromide (MTT, 5 mg/ml; Sigma) was 
added to each well, and the cells were incubated in the dark 
at 37˚C. MTT produces a yellowish solution that is converted 
to dark blue, water-insoluble MTT formazan by mitochondrial 
dehydrogenases of the living cells. After 4 h, the medium was 
aspirated and the dark blue crystals were dissolved in dimethyl 
sulfoxide (DMSO) (150 µl) and incubated for 10 min. The 
absorbance of each sample was measured at 490 or 570 nm 
using a microplate reader (GENios; Tecan Schweiz AG, 
Männedorf, Switzerland). The absorbance was proportional to 
the number of the viable cells and was expressed relative to the 
untreated negative control cultures.

Western blot analysis. Western blot analysis was performed on 
lysates prepared from U251 and U87 cells treated as indicated. 
The cells were homogenized in the lysis buffer containing 
0.5 mM Tris-Cl (pH 6.8), 2% SDS (w/v), 10% glycerin (w/v) 
and protease inhibitor cocktails (Sigma-Aldrich, Dublin, 
Ireland). After determining the protein concentration of the 
samples using the BCA protein assay (Pierce, Rockford, IL, 
USA), 20 µg samples were boiled in gel-loading buffer and 
separated on 10-15% SDS-PAGE. Proteins were transferred 
to the nitrocellulose membranes and analyzed following the 
standard procedures. The membranes were incubated with 
anti-human Mcl-1, anti-caspase-3 antibodies and anti-human 
PARP, anti-human cytochrome c (Sigma) overnight at 4˚C. The 
membranes were then incubated with horseradish peroxidase-
conjugated secondary antibodies (Jackson ImmunoResearch 
Laboratories, Plymouth, PA, USA), and protein bands were 
visualized using enhanced chemiluminescence detection 
(Pierce). Images were captured using Fujifilm LAS-3000 
(Fujifilm, Sheffield, UK).

Flow cytometry and analysis of apoptosis via Annexin V/prop-
idium iodide staining. U251 and U87 cells were plated in 24-well 
plates (15,000 cells/well) and were treated with bortezomib 

for 48 h. Following the treatment, the monolayer cells were 
harvested with trypsin-EDTA and washed with PBS. Cells 
were then incubated at room temperature in binding buffer 
(10 mM HEPES, 135 mM NaCl, 5 mM CaCl2) which contained 
Annexin V-FITC conjugate (1 µl/ml; BioVision, Mountain 
View, CA, USA) and propidium iodide (PI; 1 µl/ml; BioVision) 
for 15 min. Excitation of Annexin V-FITC was done with a 
488 nm laser, and fluorescence emission was collected in the 
FL1 channel through a 520-nm band pass filter. PI was excited 
with a 488-nm laser and fluorescence emission was collected 
in the FL3 channel through a 620-nm long pass filter. gated 
cells (1x104) were acquired for each sample, and flow cyto-
metric analysis was done on a FACSCalibur flow cytometer 
(BD Biosciences, San Jose, CA, USA) using the CellQuest 
software (BD Biosciences). Each analysis was performed 
using at least 10,000 events.

Mcl-1 RNA interference assay. The sequence of the small 
interfering RNA (siRNA) used to silence Mcl-1 gene (Mcl-1 
siRNA) was 5'-GUAAUUAUUGACACAUUUCUU-3'. Both 
siRNA and negative control siRNA were synthesized by 
Ambion (Life Technologies, Carlsbad, Ca, USA). U87 and 
U251 cells were electroporated using Amaxa Nucleofector 
system (Lonza, Walkersville, MD, USA) according to the 
manufacturer's instructions. Briefly, 5x106 U87 and U251 cells 
were re-suspended in 100  µl of R nucleofector solution 
containing 10  µM siRNA and electroporated using T01 
nucleofector program. Cells were transferred to culture plates 
and cultured at 5x105 cells/ml for 2 h before incubation with 
bortezomib.

Statistical analysis. All data are given as the mean ± SD. N 
is the number of the samples. Western blot data are expressed 
relative to the control, assigning a value of 1 to the control 
group baseline mean. Data were analyzed using Student's 
t-test or 2-way ANOVA by SPSS 17.0 software as appropriate. 
P-value <0.05 was considered as a significant difference 
between the data sets.

Results

Bortezomib can reduce the viability of U251 and U87 
glioma cells in a dose-dependent manner. Previous research 
has shown that proteasome inhibitor bortezomib can cause 
apoptosis in vitro in a variety of tumor cells, such as prostate, 
breast and colon cancer  (4-7). Therefore, we first used the 
MTT method to determine the effects of bortezomib on the 
glioma cell viability. We chose two common glioma cell lines, 
U251 and U87, for our experiments. Cells were cultured with 
or without various doses of bortezomib for 24 h. Bortezomib 
significantly reduced the survival rate of U251 and U87 cells 
in a dose-dependent manner (Fig. 1). The median inhibitory 
concentration (IC50) of bortezomib for U251 and U87 cells was 
25.52 and 29.37 nM (n=6/cell line).

Bortezomib induces apoptosis in U251 and U87 glioma cells. 
Since the MTT results showed that bortezomib can reduce 
the U251 and U87 cell viability, we investigated the effect 
of bortezomib on apoptosis in glioma cells. We recorded 
the influence of different bortezomib concentration on the 
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apoptosis by Annexin V and PI double dye staining using 
flow cytometry. Different concentrations of bortezomib can 
cause apoptosis of U251 and U87 cells (Fig. 2). Bortezomib 
at concentration of 10-20 nM can induce apoptosis effectively 
in U87 and U251 cells, as established mainly through the 
detection of apoptosis-related proteins caspase-3 and PARP 
by western blot analysis.

Bortezomib triggers dose-dependent cleavage and activa-
tion of caspase-3, PARP activation and upregulation of the 
cytochrome c expression in U251 and U87 glioma cells. 
Several members of the Bcl-2 family are known to be targets 
for bortezomib. In order to further determine the effect of 
bortezomib on the apoptosis in the two glioma cell lines, we 
checked the expression levels of apoptosis-related proteins 
by using western blot analysis. Under normal circumstances, 
caspase-3 can exist in an inactive form. PARP, as a DNA repair 
enzyme, is also the substrate of caspase. After being cleaved, 
the activated form of caspase-3 mediates cell apoptosis. 
Cytochrome c is an important component in the mitochondrial 
apoptosis signaling pathways. Following the change of the 
mitochondrial membrane permeability, cytochrome c which 
is located between the mitochondrial membrane and the outer 

membrane can be released into the cytoplasm and can trigger 
the apoptosis cascade. Bortezomib can significantly increase 
the level of the cleaved form of caspase-3, PARP and cyto-
chrome c expression in a dose-dependent manner (Fig. 3).

Bortezomib upregulates Mcl-1 while Mcl-1 siRNA down-
regulates the Mcl-1 expression. Studies have shown that 
anti-apoptotic protein Mcl-1 is degraded by the ubiquitin-
proteasome pathway. As a proteasome inhibitor, bortezomib 
can induce apoptosis in glioma cells. Using western blot 
analysis, we explored the effect of Mcl-1 on the apoptosis 
induced by bortezomib in two types of glioma cells, U251 
and U87. Bortezomib increases the protein expression level of 
Mcl-1 in both cell lines (Fig. 4A). Furthermore, using siRNA 
technology, we checked the expression levels of Mcl-1 after 
siRNA transfection. As shown in Fig. 4B, 24 and 48 h after 
transfection of Mcl-1 siRNA plasmids, the Mcl-1 siRNA 
clearly inhibits the Mcl-1 expression in U251 and U87 cells.

Knocking down Mcl-1 expression increases glioma cell 
sensitivity to the inhibition of cell growth by bortezomib. 
To definitely establish the role of Mcl-1 in the bortezomib-
induced apoptosis in glioma cells, we made use of RNA 

Figure 1. Bortezomib reduces cell viability in a dose-dependent manner. U87 and U251 cells were cultured in DMEM supplemented with 10% FBS in the 
presence of various doses of bortezomib. Cell viability was measured by an MTT assay at 24 h relative to the control. Values are the mean ± SD; n=6. **p<0.05 
compared with the control group.

Figure 2. Bortezomib induces apoptosis in glioma cell lines. (A) The effect of bortezomib on U251 cell apoptosis, as assessed by flow cytometry. (B) The effect 
of bortezomib on U87 cell apoptosis, as assessed by flow cytometry. The percentage (%) of cells in each fraction was determined by positivity for Annexin V 
and PI staining at the different doses of bortezomib.
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interference (RNAi) technology. We transfected U87 and 
U251 cells with Mcl-1 siRNA and control siRNA to evaluate 
the potential effects on the cell viability due to Mcl-1 down-
regulation. The MTT assay demonstrated that the combined 
treatment with bortezomib and Mcl-1 siRNA can significantly 
inhibit U251 and U87 cell viability. The inhibition of Mcl-1 
expression can increase the sensitivity of both cell types to 
bortezomib (Fig. 5).

Knockdown of Mcl-1 augments apoptosis induced by bort-
ezomib in U251 and U87 glioma cells. Based on previous 
experimental results which demonstrated that Mcl-1 siRNA 
can increase the inhibition of cell growth, we used siRNA 
to knock down Mcl-1 expression in order to determine 
whether Mcl-1 played an essential role in bortezomib-
induced apoptosis. Using flow cytometry, we observed that 
Mcl-1 siRNA can significantly enhance bortezomib-induced 

Figure 3. Bortezomib triggers a dose-dependent activation of caspase-3 and PARP and upregulates the cytochrome c expression. The U87 and U251 cells were 
treated with 10, 15 and 20 nM bortezomib for 4 h. Cell lysates were subjected to western blot analysis. Membranes were probed with the respective antibodies. 
Tubulin was used as a loading control. (A) The effect of bortezomib on the expressions of caspase-3 in U251 and U87 cells. (B) The effect of bortezomib on the 
expression of PARP in U251 and U87 cells. (C) The effect of bortezomib on the expression of cytochrome c in U251 and U87 cells. Values are the mean ± SD; 
n=3. **p<0.01 compared with the control group.
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apoptosis compared with the control siRNA in U251 and U87 
glioma cells (Fig. 6). We also checked the protein expression 

level of caspase-3 and PARP by western blot analysis. We 
found that Mcl-1 siRNA in combination with bortezomib 

Figure 4. Bortezomib upregulates Mcl-1 protein, and Mcl-1 siRNA downregulates Mcl-1 expression. U251 and U87 cells were transfected with Mcl-1 siRNA 
or control siRNA. (A) The effect of bortezomib on the expressions of Mcl-1 in U251 and U87 cells. (B) The effect of Mcl-1 siRNA on the expressions of Mcl-1 
in U251 and U87 cells. Values are the mean ± SD; n=3. **p<0.01 compared with the control group.

Figure 5. Knocking down Mcl-1 expression increases glioma cell sensitivity to the inhibition of cell growth in U251 and U87 cells. U251 and U87 cells were 
transfected with Mcl-1 siRNA or control siRNA. Two hours after transfection, U251 and U87 cells were treated with bortezomib (10 nM) for 72 h. After 
treatment, the MTT assays were carried out to assess cell viability. Values are the mean ± SD; n=3. *p<0.05 compared with the control group.

Figure 6. Knockdown of Mcl-1 augments apoptosis induced by bortezomib in U251 and U87 glioma cells. U251 and U87 cells were transfected with Mcl-1 
siRNA or control siRNA. Two hours after transfection, U251 and U87 cells were treated with bortezomib (10 nM) for 24 h. The induction of apoptosis was 
determined by Annexin V and PI staining using flow cytometry. The percentage (%) of cells in each fraction was determined by positivity for Annexin V and 
PI staining at the different combination of bortezomib and siRNA treatment.
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can significantly increase the expression of caspase-3 and 
PARP (Fig. 7A and B). Furthermore, the expression level of 

cytochrome c was increased after the Mcl-1 siRNA treatment 
(Fig. 7C).

Figure 7. Altered expression of apoptosis-associated proteins in U251 and U87 cells following the treatment with bortezomib and Mcl-1 siRNA. U251 and U87 
cells were transfected with Mcl-1 siRNA or control siRNA. Two hours after transfection, U251 and U87 cells were treated with bortezomib (10 nM) for 24 h. 
Western blot analysis of expression of the apoptosis-associated proteins was carried out on U251 and U87 cells. Tubulin was used as a loading control. (A) The 
effect of Mcl-1 siRNA on the expression of cleaved caspase-3 in U251 and U87 induced by bortezomib. (B) The effect of Mcl-1 siRNA on the expression of 
PARP in U251 and U87 induced by bortezomib. (C) The effect of Mcl-1 siRNA on the expression of cytochrome c in U251 and U87 induced by bortezomib. 
Values are the mean ± SD; n=3. *p<0.05 compared with the control group.
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Discussion

The ubiquitin-proteasome pathway represents the major 
pathway for intracellular protein degradation  (23,24). The 
26S proteasome is responsible for the degradation of ~80% 
of all cellular proteins and plays an important role in the 
regulation of cell growth and survival (25-27). Inhibition of 
the proteasomal function in cancer cells would promote apop-
tosis and has been shown to induce pro-apoptotic ER stress 
in multiple myeloma (1), pancreatic (21), prostate cancer (18)  
and non-small cell lung carcinoma  (7). Therefore, protea-
some inhibitors represent a novel class of compounds with 
promising antitumor activity and potential of becoming a new 
important tool for the treatment of cancer. Bortezomib, the 26S 
proteasome inhibitor, is the first proteasome inhibitor to enter 
clinical trials (2), and has demonstrated encouraging efficacy 
against multiple myeloma, where it has become an approved 
therapy. In addition, bortezomib often induces apoptosis on 
its own or when used together with other novel therapeutic 
or chemotherapeutic agents  (6-8). After the major success 
achieved with bortezomib in hematological malignancies, its 
effect on solid tumors was also investigated, but the results 
reported so far were significantly less impressive (28). In the 
present study, we provided novel information on the cellular 
effects of bortezomib and Mcl-1 in glioma cell lines.

Bortezomib has been observed to target many molecules 
that are associated with tumor progression and treatment 
resistance, such as nuclear factor-κB (NF-κB), pro-apoptotic 
and anti-apoptotic Bcl-2 family proteins and p53 (1,3). One 
major mechanism of bortezomib associated with its anticancer 
activity has been attributed to the inhibition of IκB degrada-
tion, which leads to the suppression of the NF-κB signaling 
pathway and results in the downregulation of its anti-apoptotic 
target genes (3,29). For example, bortezomib can decrease the 
increment rate of multiple myeloma cells more than twice by 
reducing the activity of NF-κB compared with chemotherapy-
sensitive cells. Bortezomib can enhance radiation sensitivity 
in colon cancer cells when NF-κB activation is inhibited. 
Another important mechanism of this drug involves upregula-
tion of Noxa, a pro-apoptotic protein which may interact with 
the anti-apoptotic proteins of the Bcl-2 subfamily, Bcl-xL and 
Bcl-2 (1,30). Bortezomib-mediated apoptosis is accompanied 
by induction of c-Jun N-terminal kinase, generation of reactive 
oxygen species, release of cytochrome c (the second mito-
chondria-derived activator of caspases and apoptosis-inducing 
factor), and activation of the intrinsic caspase-9 and extrinsic 
caspase-8 pathways. In non-small cell lung cancer H460 cells, 
bortezomib can trigger cell arrest in the G2-M phase and thus 
initiate apoptosis (31). Cell cycle arrest can increase the phos-
phorylation and degradation of Bcl-2 and the accumulation of 
cyclins A and B1 (32). It is very important to further explore 
the different mechanisms of bortezomib in the induction of 
apoptosis in different tumor cells.

The pivotal role Mcl-1 plays in protecting cancer cells 
from apoptosis is well documented (33,34). In glioma cells, the 
downregulation of Mcl-1 through the use of siRNA has been 
proven to significantly decrease cell proliferation and increase 
apoptosis (35). Since upregulation of anti-apoptotic factors 
by bortezomib could negatively affect its antitumor effect (4), 
we explored the implication of using the RNAi technology 

on Mcl-1 level in glioma cells. Initially, we observed Mcl-1 
downregulation following Mcl-1 siRNA treatment. However, 
this downregulation was not sufficient to induce a significant 
level of apoptosis due, in part, to lack of caspase-3 activation 
in these cells. Compared with the limited effects observed 
with the single agent therapy, addition of bortezomib 
together with Mcl-1 inhibitor triggered the release of the 
pro-apoptotic protein cytochrome c into the cytosolic frac-
tion and accumulation of increased levels of cleaved caspases 
and PARP, hallmarks of apoptosis (36). We have previously 
shown that Mcl-1 downregulation is important to make 
multiple myeloma cells susceptible to BH3-only proteins and 
therefore to mitochondrial disruption (37,38). As a result of 
Mcl-1 downregulation following siRNA treatment, BH3-only 
proteins may block the anti-apoptotic effect of the members of 
the Bcl-2 superfamily (Bcl-2, Bcl-xL or Mcl-1), and/or induce 
Bax/Bak conformational change. Activated Bax and Bak 
form pores in the outer mitochondrial membrane, resulting in 
the release of cytochrome c and activators of caspases from 
the intermembrane space into the cytosol (37-41). Noxa is 
capable of displacing the activator BH3-only protein, Bim, 
and the pro-apoptotic protein, Bak, from Mcl-1/Bim and 
Mcl-1/Bak complexes, respectively, thereby triggering mito-
chondrial dysfunction, caspase activation and, ultimately, 
apoptosis (42,43). Recently, Han et al (40) have demonstrated 
that Mcl-1 is a direct substrate for caspase-8, and that loss of 
Mcl-1 generates Mcl-1-free Bim that is involved in the apop-
totic events. This observation suggests the potential existence 
of novel cross-talk mechanism between the extrinsic and the 
intrinsic apoptotic pathways in the initiation of apoptosis.

Collectively, the present study demonstrates the efficient 
induction of apoptosis by proteasome inhibitor bortezomib 
in the glioma cell lines and provides novel evidence that a 
combinational therapeutic treatment regime modulating the 
Mcl-1 expression levels may be an efficacious approach to 
sensitize glioma to the apoptosis-inducing effects of bort-
ezomib. Bortezomib can inhibit the expression of Mcl-1 
and increase the bortezomib sensitivity in the glioma U251 
and U87 cells. The combined use of bortezomib and Mcl-1 
inhibitor can effectively inhibit the proliferation of glioma 
cells. Elucidation of the pathways of cell death induced by 
Mcl-1 downregulation in combination with bortezomib treat-
ment may help to identify key molecular targets that govern 
the viability of glioma cells. These targets could be further 
manipulated to provide antitumor effects and warrant further 
investigation.
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