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Proteasome inhibitor MG132 enhances TRAIL-induced apoptosis
and inhibits invasion of human osteosarcoma OS732 cells
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MG132 as a proteasome inhibitor could induce apoptosis in various cancer cells. This study aimed to dis-
cuss the effect of proteasome inhibitor MG132 on the TRAIL-induced apoptosis of human osteosarcoma
OS732 cells. MG132 and TRAIL were applied on OS732 cells respectively or jointly. Cell survival rates,
changes of cellular shape, cell apoptosis and cell invasion were analyzed, respectively, by 3-
(4,5)-dimethylthiahiazo(-z-y1)-2,5-di-phenytetrazoliumromide (MTT) assay, inverted phase contrast
microscope, flow cytometry, and transwell invasion chamber methods. The protein levels of DR5, cas-
pase-3, caspase-8, p27kip1 and MMP-9 were measured by Western blot analysis. The results indicated that
combination of MG132 and TRAIL had the effect of up-regulating expression of DR5, caspase-3, caspase-8
and p27kip1, down-regulating expression of MMP-9 and inducing apoptosis as well as suppressing the
ability of invasion of OS732 cells. The survival rate of combined application of 10 lM MG132 and
100 ng/ml TRAIL on OS732 cells was significantly lower than that of the individual application
(p < 0.01). Changes of cellular shape and apoptotic rates also indicated the apoptosis-inducing effect of
combined application was much stronger than that of individual application. Cell cycle analysis showed
combination of MG132 and TRAIL mostly caused OS732 cells arrested at G2–M-phase. The invasion abil-
ity of OS732 cells was restrained significantly in the combined group compared with the individual group
and control group.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Osteosarcoma is the most common malignant tumor of bone,
usually occurring in children and adolescents and early pulmonary
metastasis is liable to occur with bad prognosis [1]. Five-year dis-
ease-free survival has increased up to 70% with combination of limb
salvage and neoadjuvant chemotherapy [2–4]. Unfortunately, the
resistance to chemotherapy and metastatic spread has become
the most difficult obstacle of the therapy. It was reported the intrin-
sic resistance to apoptosis is one important mechanism by which
osteosarcoma cells can escape therapeutic control [5–7]. Therefore,
novel, safe and more effective anti-cancer treatments are needed
for patients with chemotherapy-resistant osteosarcoma.

Most human tumor cells are sensitive to the apoptotic induced
by TRAIL. However, many osteosarcomas are resistant to TRAIL
[8]. Induction of apoptosis requires additional treatment with other
chemotherapeutic agents that damage normal cells and tissues.
Thus, safe and more effective adjuvant treatments for osteosarcoma
are needed. The ubiquitin–proteasome pathway, responsible for
mediating most intracellular proteolysis, plays a crucial role in the
regulation of many normal cellular processes, including the cell cy-
cle, differentiation and apoptosis [9]. Apoptosis in cancer cells is clo-
sely connected with the activity of ubiquitin–proteasome pathway.
MG132 acts as a blocker in ubiquitin–proteasome pathway. The
ubiquitin–proteasome pathway is the major pathway of intracellu-
lar protein degradation, more than 80% of intracellular proteins,
including a variety of proteins that regulate the cell cycle [10]. Re-
cent reports have demonstrated that a variety of tumor cells can
be sensitized to TRAIL-induced apoptosis by combining TRAIL with
proteasome inhibitors such as bortezomib [11,12]. In our research,
we investigated susceptibility to TRAIL in human osteosarcoma
OS732 cells, and examined the efficacy of combination therapy with
TRAIL and the proteasome inhibitor MG132 and also examined
changes of TRAIL receptors DR5,caspase-3, 8, p27Kip1 and MMP-9
after treatment to clarify the related molecular mechanisms.

2. Materials and methods

2.1. Reagents

OS732 was purchased from Orthopaedics Graduate School in
Beijng Jishuitan Hospital (Beijing, China). RPMI-1640 medium were
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bought from Gibco (Gaithersburg, MD, USA). Trypsin and MTT were
purchased from Sigma (St. Louis, MO, USA). z-VAD-fmk, z-IETD-fmk
and MG132 were purchased from Calbiochem (Gibbstown, NJ,
USA); Rabbit polyclonal to DR5, rabbit monoclonal antibody to cas-
pase-3 and rabbit polyclonal to caspase-8 were bought from Abcam
(Cambridge, UK). Rabbit antibody to MMP-9 was bought from Pro-
teintech Group (Chicago, IL, USA), and p27Kip1 was bought from Cell
Signaling Technology (Danvers, MA, USA).
2.2. Cell culture and research methods

OS732 was cultured in RPMI-1640 medium with 10% fetal bo-
vine serum in a humidified atmosphere containing 5% CO2. We se-
lected the concentration of 1, 10, 100 ng/ml for the single TRAIL
group; the concentration of 0.1, 1, 10 lM for the MG132 group,
TRAIL (100 ng/ml) and MG132 (10 lM) for the combined group,
meanwhile setting PBS blank control group. All trials were re-
peated three times.
2.3. Measurement of the survival rates of tumor cells with MTT method

5 � 105/ml of cells were seeded in the 96-well plate with 200 ll
each well, and added to the culture medium containing agents of
different concentrations or control PBS with 100 ll each well, each
concentration for parallel 4 wells after adherence. After culturing
for 24 h, 48 h, 72 h, newly made-up 20 ll MTT was added, and con-
tinued to incubate at 37 �C for 4 h, then the supernatant was dis-
carded and dissolved in 150 ll DMSO. The absorptance was
measured at 540 nm wavelength after mixed. Survival rate of tu-
mor cells (%) = experimental group A value/control group A
value � 100%.
2.4. Observation of the morphology of apoptotic cells

The morphology, number and adherence of tumor cells were di-
rectly observed with inverted phase contrast microscope.
2.5. Determination of cell apoptosis

After culturing for 24 h, apoptosis was detected using the An-
nexin V-FITC Apoptosis Detection Kit. Cells were detached by tryp-
sinization and washed three times in PBS, centrifuged at 1000g for
5 min and resuspended in 195 ll Annexin V-FITC binding buffer.
5 ll Annexin V-FITC was added and mixed. Then, the OS732 cells
were stained in the dark for 10 min at room temperature. After
that, cells were centrifuged at 1000g for 5 min and resuspended
in 190 ll of Annexin V-FITC binding buffer. Last, 10 ll propidium
iodide staining solution was added and mixed. The OS732 cells
were kept on ice in the dark and immediately subjected to flow
cytometry analysis. The data were analyzed using the Cell Quest
software. The experiment was repeated three times.
2.6. Cell cycle analysis

Cell cycle distribution was determined by DNA content analysis
after PI staining. After treating for 24 h, OS732 cells (105 per condi-
tion) were harvested and fixed with cold 70% ethanol at �20 �C
overnight. Cells were incubated with PI at room temperature for
1 h. Flow cytometric determination of DNA content was analyzed
by a FACScan (BD FACSCalibur) flow cytometer. For each sample,
10,000 events were stored. The fractions of the cells in G0–G1, S,
and G2–M phases were analyzed using CELL Quest software. The
experiment was repeated three times.
2.7. Determination of the invasion ability

The invasive ability of OS732 cells was calculated by the num-
ber of cells passed through a polycarbonate membrane (8-lm pore
size). The chamber was washed with serum-free medium, and then
20 ll matrigel was added to evenly cover the surface of the poly-
carbonate membrane. 200 ll preprocessed DMEM medium with
10% FBS containing 2 � 105 cells was seeded in the upper chamber
of the Transwell invasion system while 600 ll DMEM medium
with 10% FBS was added into the lower chamber. Then placing
the transwell invasion system into a cell culture incubator for
24 h, taking out the upper chamber, and removing the cells on
the upper surface of the membrane with a sterile cotton swab,
those cells that invaded to the lower surface of the membrane were
stained with 1% crystal violet. The results are presented as the
mean ± SD, with three repeated experiments for each group.
2.8. Western blot analysis

The methods for Western blot have been described previously
[13]. After electrophoresis, protein blots were transferred to a
PVDF membrane. The membrane was blocked with 5% nonfat milk
in TBST and incubated with primary antibody in TBST containing
5% BSA overnight at 4 �C. After washing three times with TBST,
the membrane was incubated at room temperature for 2 h with
horseradish peroxidase-conjugated secondary antibody diluted
with TBST. The detected protein signals were visualized by an
ECL system.
2.9. Statistic method

Statistical analysis was performed using Windows SPSS 17.0
software. Data were given as mean ± SD and three independent
experiments were analyzed. Data were compared using standard
ANOVA methodology for repeated measurement, followed by Stu-
dent–Newman–Keuls test. Differences were considered statisti-
cally significant at the 5% level (p < 0.05).
3. Results

3.1. Changes of survival rates of tumor cells

When the concentration of TRAIL was used respectively at 1, 10,
100 ng/ml, we did not observe a very significant dose-inhibition ef-
fect between different groups (p > 0.05) (Fig. 1A). However, when
the concentration of MG132 was used respectively at 0.1, 1,
10 lM, the cell growth was obviously suppressed between differ-
ent groups (p < 0.05) (Fig. 1B). With the combination of 10 lM
MG132 and 100 ng/ml TRAIL, the survival rate was significantly
lower (p < 0.01), compared with individual group, showing that
the combined use of TRAIL and MG132 have stronger inhibition ef-
fect than the single agent (Fig. 1C).
3.2. Morphological changes of apoptosis of OS732 cells

Under the inverted phase contrast microscope, the normal
OS732 cells were attached to the dish, the cells looked like fusiform
and angular (Fig. 2A). With 10 lM MG132 or 100 ng/ml TRAIL, only
part of cells became small and round (Fig. 2B and C), however, with
the combined application of 10 lM MG132 and 100 ng/ml TRAIL,
chromatin and cytoplasm were condensed, and many cells became
non-adherent and suspended in the culture medium (Fig. 2D). Cell
death was blocked in the combination of TRAIL and MG132 after
using of a pan-caspase inhibitor z-VAD-fmk (150 lM) or a



Fig. 1. The inhibition effect on OS732 after 24 h, 48 h, 72 h measured by MTT. (A) The survival rate of OS732 with different concentration of TRAIL. (B) The survival rate of
OS732 with different concentration of MG132. (C) The survival rate of OS732 with combination of 100 ng/ml TRAIL and 10 lM MG132.
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caspase-8 inhibitor z-IETD-fmk (150 lM) (Fig. 2E), indicating that
this cell death requires activation of caspases.

3.3. Effect of TRAIL and MG132 used individually or jointly on
apoptosis of OS732 cells

Annexin V and PI staining results showed that the number of
apoptotic cells in the combination of 100 ng/ml TRAIL and 10 lM
MG132 group was more than that in the blank control group and
the individual group (p < 0.01). These data indicated that the com-
bination of TRAIL and MG132 could induce more apoptosis on
OS732 cells (Fig. 3A and B).

3.4. Cell cycle of OS732 cells treated with TRAIL and MG132
individually or jointly

Combined treatment of TRAIL and MG132 resulted in an in-
crease of cell numbers at G2–M phase and a decrease of the cell
numbers at G1 phase. Combined group resulted in 44.8% of cells
that arrested at G2–M phase, only 22.3% of cells at G2–M phase
in the control group (p < 0.05) (Fig. 3C).

3.5. Effect of TRAIL and MG132 used individually or jointly on the
invasive ability of OS732 cells

The transwell invasion chamber experiments showed that the
number of OS732 cells passing through the polycarbonate mem-
brane in the combination of 100 ng/ml TRAIL and 10 lM MG132
group was significantly less than that in the control group and
the individual group (p < 0.01) (Fig. 3D and E). These data indicated
that the combination of TRAIL and MG132 could diminish the inva-
sion of OS732 cells than used individually.
3.6. The expression of DR5, caspase-3, caspase-8, p27Kip1 and MMP-9
of OS732 cells

After exposure to 100 ng/ml TRAIL, 10 lM MG132 or combina-
tion of 100 ng/ml TRAIL and 10 lM MG132 for 72 h, expression of
DR5, caspase-3, caspase-8, p27Kip1 and MMP-9 in OS732 cells was
tested. We observed the increasing levels of DR5, caspase-3, cas-
pase-8 and p27Kip1, in both 100 ng/ml TRAIL group and 10 lM
MG132 group. The levels of DR5, caspase-3, caspase-8 and
p27Kip1 in the combined group were much higher than the individ-
ual group and control group (p < 0.05) (Fig. 4A–D), however, the
expression of MMP-9 in the combined group was much lower than
the individual group and control group (p < 0.05) (Fig. 4C and D).

4. Discussion

Tumor necrosis factor related apoptosis-inducing ligand is a
member of the TNF super family of cytokines [14]. TRAIL induces
apoptosis through interactions with its death domain containing
receptors death receptor 4 (DR4) and death receptor 5 (DR5)
[15,16]. Once activated, TRAIL receptors recruit FADD as a major
cellular adaptor protein. FADD engages the initiator protease cas-
pase-8. FADD triggers the auto-activation of caspase-8 and subse-
quently leads to the activation of downstream caspases such as
caspases-3, -7, and -9 resulting in the cleavage of cellular sub-
strates and which leads to the ultimate cell death. TRAIL is a poten-
tially important anticancer agent, since it selectively kills
malignant cells while leaving normal cells unaffected [17]. Similar
to other TNF family members such as TNF-a and Fas-L, TRAIL in-
duces apoptosis by interactions with its death domain containing
receptors death receptor 4 (DR4) and death receptor 5 (DR5)
[18,19]. However, unlike most cancers, many osteosarcomas are



Fig. 2. Morphological changes of OS732 cells after 48 h with different drugs. (A) Morphological appearance of OS732 under inverted phase contrast microscope 100�. (B)
Morphological changes of OS732 treated with 100 ng/ml TRAIL under inverted phase contrast microscope 100�. (C) Morphological changes of OS732 treated with 10 lM
MG132 under inverted phase contrast microscope 100�. (D) Morphological changes of OS732 treated with combination of 100 ng/ml TRAIL and 10 lM MG132 under inverted
phase contrast microscope 100�. (E) OS732 cells were co-treated with TRAIL (100 ng/ml) and MG132 (10 lM) in the presence or absence of z-VAD-fmk (150 lM) or z-IETD-
fmk (150 lM) and photographed under the microscope 100�.

182 X. Li et al. / Biochemical and Biophysical Research Communications 439 (2013) 179–186
resistant to TRAIL. When using TRAIL individually, we found the
apoptosis rate is very low which was consistent with the previous
research and further confirmed the tolerance of OS732 cells to
TRAIL (Fig. 1A).

Ubiquitin-mediated protein degradation is an important part of
numerous cellular processes, involving cell-cycle regulation, signal
transduction, gene transcription and apoptosis. As novel anti-can-
cer agents, proteasome inhibitors are currently under intensive
investigation [20,21]. Several proteasome inhibitors exert anti-tu-
mor activity in vivo and induce apoptosis in tumor cells in vitro
[22,23]. There are two pathways in apoptosis: the cell surface
death receptor pathway and the mitochondria-initiated pathway.
In the cell surface receptor pathway, activation of caspases follow-
ing their recruitment to the death-inducing signaling complex is
the critical event that transmits the death signal. Apoptosis is an
intrinsic cell death program that is involved in the regulation of
various physiological and pathological processes [24,25]. Several
reports have shown a close correlation between apoptosis and
the inhibition of the ubiquitin–proteasome pathway [26–28].
MG132 is a natural triterpene proteasome inhibitor extracted from



Fig. 3. Apoptosis in OS732 cells treated with different drugs after 24 h. (A) The four groups (blank control group, 100 ng/ml TRAIL group, 10 lM MG132 group, 100 ng/ml
TRAIL and 10 lM MG132 group) were incubated for 24 h, cells were stained with FITC-conjugated Annexin V and PI, followed by flow cytometric analysis. Early apoptotic
populations are found in the lower-right quadrants, while necrotic or late apoptotic cells are localized in the upper-right quadrant. (B) The percentage of early apoptosis, late
apoptosis, and total cell death in blank control group, TRAIL group, MG132 group as well as the combination group of TRAIL and MG132 group for 24 h. The mean ± SD of the
results were obtained from three independent experiments (⁄p < 0.01 versus the control group, #p < 0.01 versus TRAIL and MG132 group). (C) TRAIL and MG132 induces G2–
M-phase arrest in OS732 cells. OS732 cells were exposed to TRAIL and MG132 individually or jointly. After exposure, cells (1 � 105) were stained with propidium iodide as
described above. Each bar represented cell cycle distributions. The mean ± SD of the results were obtained from three independent experiments (⁄p < 0.05 versus the control
group). (D) Invasion in OS732 cells treated with different drugs after 24 h. The crystal violet staining of the OS732 cells that passed through the polycarbonate membrane
(blank control group, 100 ng/ml TRAIL group, 10 lM MG132 group, 100 ng/ml TRAIL and 10 lM MG132 group). (E) The number of cells passed through transwell invasion
chamber. All experiments were repeated three times. (⁄p < 0.01 versus the control group, #p < 0.05 versus TRAIL and MG132 group).
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a Chinese medicinal plant. It is a peptide aldehyde that inhibits 20S
proteasome activity by covalently binding to the active site of the
beta subunits and effectively blocks the proteolytic activity of the
26S proteasome complex [29,30]. MG132 inhibits the growth of
tumor cells by inducing the cell cycle arrest as well as triggering
apoptosis [31]. Our research indicated that MG132 increased



Fig. 3 (continued)

Fig. 3 (continued)
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apoptosis rate in dose- and time-dependent manner, with the con-
centration increased from 0.1 lM to 10 lM, the survival rate de-
creased from 80.28% to 70.62% after 24 h (Fig. 1B). Therefore,
MG132 could promote the OS732 cells apoptosis, but the effect
was not very strong which was also reflected from the results of
FCM. P27Kip1 is a member of the Cip/Kip family of cyclin-dependent
kinase inhibitors, which is degraded by the ubiquitin–proteasome
system. By the accumulation of p27Kip1, proteasome inhibitor in-
duced apoptosis is accompanied [32]. We found that application
of TRAIL and MG132 individually or jointly could increase the
expression of p27Kip1 in OS732 cells, which is consistent with pre-
vious studies that over-expression of p27Kip1 leads to apoptosis in
various cancer cell lines (Fig. 4C and D) [33,34]. Accumulation of
p27Kip1 may play an important role in inducing apoptosis.

Some researches had revealed that combination of TRAIL and
chemotherapy drugs could improve sensitivity to TRAIL in osteo-
sarcoma cells, not including the combination of TRAIL and protea-
some inhibitors applied in the OS732 cells [35,36]. So we proposed
whether there will be a combined effect using MG132 and TRAIL
jointly in the OS732 cells owe to increasing the sensitivity to TRAIL
and apoptosis rate. MTT results showed that the combination of
TRAIL and MG132 may have stronger inhibition effect than single
agent (Fig. 1C). The effects of the joint group in inducing apoptosis
were stronger than single application group (Figs. 2A–D and 3A
and B). However, Cell apoptosis was blocked in the combination
of TRAIL and MG132 after using of a pan-caspase inhibitor z-
VAD-fmk or a caspase-8 inhibitor z-IETD-fmk (Fig. 2E), indicating
that this cell apoptosis requires activation of caspases. Our findings
provide useful information regarding the combined treatment of
TRAIL and proteasome inhibitor MG132 that they have a synergis-
tic apoptotic effect contrast with applied individually. In addition,
osteosarcoma is characterized by its strong invasion and early
hematogenous metastasis, which is the major reason of both treat-
ment failure and death. Therefore, it is important to detect the
molecular mechanism for invasion and metastasis of osteosar-
coma. Our data indicated that the combination of MG132 and
TRAIL had a greater effect in diminishment of invasion of OS732
cells than MG132 and TRAIL used individually (Fig. 3D and E)
and we also found that the expression level of MMP-9 was signif-
icantly decreased in combined group than in individual group and
control group (Fig. 4C and D). To identify the mechanism of the



Fig. 4. Western blot analysis the expression of DR5, caspase-3,8, p27Kip1, MMP-9. (A) The levels of DR5, caspase-3,8 were analyzed by Western blot analysis. There was an
increase of DR5, caspase-3,8 obviously in the combination group of 100 ng/ml TRAIL and 10 lM MG132 group. (B) The mean ± SD of the results were obtained from three
independent experiments. (⁄p < 0.01 versus the control group, #p < 0.05 versus TRAIL and MG132 group). (C) The levels of p27Kip1 and MMP-9 were analyzed by Western blot
analysis. There was an obviously up-regulation of p27Kip1 and down-regulation of MMP-9 in the combination group of 100 ng/ml TRAIL and 10 lM MG132 group. (D) The
mean ± SD of the results were obtained from three independent experiments (⁄p < 0.01 versus the control group, #p < 0.05 versus TRAIL and MG132 group).
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combination treatment of MG132 and TRAIL restores sensitivity to
TRAIL-induced apoptosis, we investigated changes of TRAIL recep-
tors DR5 and caspase-3, 8 after treatment with TRAIL and MG132
individually or jointly. Our results found out that the expression
of DR5, caspase-3,8 are increased (Fig. 4A and B), suggesting that
the synergistic effect is mediated via the activation of caspase
pathway. We deduced MG132 could increase the expression of
DR5, the number of TRAIL receptor increasing, thus increasing
the sensitivity to TRAIL. Our findings may throw light on the
treatment of osteosarcoma. However, drug trial in vitro may be dif-
ferent from that in vivo given the impact of human pharmacokinet-
ics. Usually, drug tests are more complex in vivo. For this reason,
our findings may need further researches to clarify the molecular
mechanisms underlying the present important results, but this re-
search provided us with a promising treatment which will bring
hope to the clinical treatment of the osteosarcoma patients.
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