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Abstract

Many researchers have reported that proteasome inhibitors could induce apoptosis in a variety of cancer cells, such as breast cancer cell, lung
cancer cell, and lymphoma cell. However, the effect of proteasome inhibitors on osteocsarcoma cells and the mechanisms are seldom studied. In
this study, we found proteasome inhibitor MG132 was an effective inducer of apoptosis in human osteosarcoma MG-63 cells. On normal human
diploid fibroblast cells, MG132 did not show any apoptosis-inducing effects. Apoptotic changes such as DNA fragment and apoptotic body were
observed in MG132-treated cells and MG132 mostly caused MG-63 cell arrest at G,—M-phase by cell cycle analysis. Increased activation of
caspase-8, accumulation of p27%"P!, and an increased ratio of Bax:Bcl-2 were detected by RT—PCR and Western blot analysis. Activation of
caspase-3 and caspase-9 were not observed. This suggests that the apoptosis induced by MG132 in MG63 cells is caspase-8 dependent, p27

and bcl-2 family related.

© 2007 International Federation for Cell Biology. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Osteosarcoma (OS) is the most common malignant bone tu-
mor, mainly occurring in children and adolescents. Five-year
disease-free survival has increased up to 60% with current pro-
tocols, including a combination of limb salvage and neoadju-
vant chemotherapy (Bacci et al., 2000; Meyers et al., 1998).
Despite the dramatic improvement, resistance to chemother-
apy and metastatic spread are the two most important mecha-
nisms responsible for the failure of current therapy (Bacci
et al., 2000; Marina et al., 2004; Meyers et al., 1998; Scotlandi
et al., 1996). Various studies suggest that an intrinsic resis-
tance to apoptosis is one important mechanism by which
OS cells escape therapeutic control (Chano et al., 2004;
Fellenberg et al., 2003; Flintoff et al., 2004; Serra et al.,
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2004). Therefore, new therapeutical strategies that bypass
this resistance are necessary.

Recently, various researchers found that there was a 26S
protease complex existing in eukaryote cells. This can degrade
many kinds of proteins associated with immune recognition,
transcript regulation, cell cycle progression, cell differentia-
tion, stress response and apoptosis (Ferrari et al., 2005; Naujo-
kat et al., 2000). The ubiquitin—proteasome system plays
a key role in cell proliferation and cell death (Chen et al.,
2000; Rock et al., 1994). It can be considered the fundamental
system in the appropriate elimination of intracellular damaged
proteins and in the rapid proteolysis of a variety of short-lived
functional proteins (Ciechanover, 1998; Shah et al., 2001). We
now know that the ubiquitin—proteasome pathway can in-
crease amounts of cell cycle related proteins (p27%P',
p21€"P' p16, INK family, etc.) and tumor inhibition protein
p53. It also can induce synthesis of death receptor and activa-
tion of caspase family. Inhibition of the ubiquitin—proteasome
pathway by proteasome inhibitors has been an active area of
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investigation. Proteasome inhibitors have been regarded as po-
tently cytotoxic agents against a variety of cancer cells in vitro
and in vivo, including breast cancer cell, lung cancer cell and
lymphoma cell (Cohen, 1997; Cohen et al., 1992; Ellis et al.,
1991; Miller, 1997). Therapy of osteosarcoma using protea-
some inhibitors is seldom reported.

The results described in this report showed that MG132 (z-
Leu-Leu-Leu-CHO), an inhibitor of chymotrypsin-like activity
of the proteasome, was an effective inducer of apoptosis in hu-
man OS MG-63 cells. Its effect was mediated by G,—M-phase
arrest, accumulation of p27%"! protein, and degradation of ap-
optosis-related proteins. Proteasome inhibitor is also a potent
chemotherapeutic agent in the treatment of osteosarcoma.

2. Materials and methods
2.1. Reagents

z-Leu-Leu-Leu-CHO (MG132) was purchased from Sigma—Aldrich
Chemical Co. (St. Louis, MO, USA) and dissolved in DMSO (10 mmol/L)
as a stock solution. Mouse monoclonal antibodies specific for p275"P! (sc-
1641) and caspase-3 were obtained from Sigma—Aldrich. MTT, mouse mono-
clonal antibodies specific for Bcl-2, rabbit polyclonal antibodies specific for
Bax, caspase-8, caspase-9 and horseradish peroxidase-conjugated goat anti-
mouse, horseradish peroxidase-conjugated goat antirabbit secondary antibody
were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).
Hoechst 33258 fluorescence kit was purchased from Beyotime Institute of Bi-
otechonolgy (NanJing, China).

2.2. Cells and cell culture

The human OS cell line MG-63 and human diploid fibroblast cell line WI-
38 used in this study were obtained from American Type Culture Collection
(Manassas, VA, USA). Cells were grown in MEM medium (Gibco Life Sci-
ences) supplemented with 10% (v/v) heat activated fetal bovine serum (Gibco
Life Sciences) in a humidified atmosphere of 5% CO, and 95% air at 37 °C.

2.3. Cytotoxicity assay

MG-63 and fibroblastic cells were exposed to varying concentrations of
MG132 for the indicated times, and then the cytotoxicity was determined by
MTT assay, as described previously (Frankfurt and Krishan, 2003). Following
incubation with drugs, 50 pl of 2 mg/ml MTT was added to each well, plates
were incubated at 37 °C for 4 h and the medium was replaced with 150 pl of
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DMSO. The absorbance in control and drug-treated wells was measured at
490 nm using a Dynatech MR7000 microplate reader. Each experimental
data point represented the average value obtained from four replicates, and
each experiment was performed in triplicate. The concentrations inhibiting
growth by 50% (ICsp) were calculated using the linear regression analysis,
with SPSS 11.5 software.

2.4. Fluorescence microscopy

To determine nuclear condensation by Hoechst 33258 staining, harvested
MG-63 cells were washed in ice-cold PBS twice, fixed with 1 ml of 90%
(v/v) cold ethanol for 10 min and then incubated with 3 pg/ml Hoechst
33258 for 5 min in the dark. Cells were then rinsed with distilled water,
mounted on glass microscopic slides in 50% glycerol, and examined under
a fluorescent microscope (Axioskop, Zeiss).

2.5. Electron microscopy

Cells were fixed with 2.5% glutaraldehyde, postfixed in 1% osmium
tetroxide, and embedded in epoxy resin. Thin sections were stained in uranyl
acetate and lead citrate, examined under a Philips TECNAII0 transmission
electron microscope.

2.6. Determination of DNA fragmentation

For qualitative analysis of DNA fragmentation, cells were harvested after
24 h incubation with different concentrations of MG132 by centrifugation and
lysed in lysis buffer consisting of 10 mM Tris—HCI (pH 7.4), 10 mM EDTA,
and 0.1% of Triton X-100. They were incubated with RNase A and proteinase
K at 37 °C for 60 min. After centrifugation, the soluble DNA fragments were
precipitated by the addition of 0.5 volume of 7.5 M ammonium acetate and 2.5
volumes of ethanol. DNA pellets were dissolved in TE and loaded onto a 2.0%
agarose gel and separated at 100 V for 45 min. DNA fragments were visual-
ized after staining with ethidium bromide by transillumination under UV light.

2.7. Quantification of apoptosis

Cells were treated with various concentrations of MG132 for 24 h or
1.0 pmol/L. MG132 for the indicated times before cells were harvested and
fixed, and the DNA was stained by PI (propidium iodide) as described previ-
ously Shah et al., 2001. Samples were then analyzed by flow cytometry
(FACScan, BD Biosciences) and cells with sub-G1 DNA content were scored
as apoptotic cells.
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Fig. 1. Effect of MG132 on cell viability of MG-63 cells (A) and WI-38 cells (B). Cell viability was determined by MTT assay, as described in Section 2. Each
point represents the X £ s of three independent experiments (*P < 0.05, compared to the same point of WI-38 cells).
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2.8. Cell cycle analysis

Cell cycle distribution was determined by DNA content analysis after PI
staining. After exposure, MG-63 cells (10° per condition) were harvested
and fixed with cold 70% ethanol at —20 °C overnight. Cells were incubated
with PI (50 pg/ml in PBS containing 100 pg/ml RNase A) at room temperature
for 3 h. Flow cytometric determination of DNA content was analyzed by
a FACScan (BD Biosciences) flow cytometer. For each sample, 20,000 events
were stored. The fractions of the cells in Go—Gy, S, and G,—M phases were
analyzed using CELLQuest cell cycle analysis software.

2.9. RT—PCR analysis

RNA was prepared from cultured cells using the Trizol (Life Technologies)
1 ml. For RT—PCR analysis, total RNA was reverse transcribed with Mo-MLV
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reverse transcriptase (Life Technologies) at 42 °C for 1 h, followed by 10-min
denaturation at 70 °C and then quick cooling. The resulting cDNA was
subjected to the PCR-based amplification with the following oligonucleotides:
for human p27%"®!, 5-ATGTCAAACGTGCGAGTGTC-3 and 5-CTCTGC
AGTGCTTCTCCAAG-3; for human GAPDH, 5-ACCTGACCTGCCGTCT
AGAA-3 and 5-TCCACCACCCTGTTGCTGTA-3. PCR was performed under
the conditions: 5 min 94 °C preincubation, followed by 30 cycles of denatur-
ation (30 s, 94 °C), annealing (1 min, 63 °C), and extension (1 min, 72 °C),
followed by a final extension of 10 min at 72 °C. PCR products were electro-
phoresed in a 2% neutral agarose gels and visualized by ethidium bromide
staining.

2.10. Western blot analysis

Cells were harvested by trypsinization and then suspended in 30 pl of
Western blot lysis buffer containing 50 mmol/L Tris—HCl (pH 7.5),

Fig. 2. Morphological change of MG-63 cells treated with proteasome inhibitor. MG-63 cells were observed by phase-contrast microscopy (A and B), by fluo-
rescence microscopy after Hoechst 33258 staining (C and D) and by electron microscopy (E and F). MG-63 cells were incubated with 1.0 pmol/L MG132,
for the following time: no treatment (A, C and E) and 24 h of treatment (B, D and F).
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Fig. 3. Apoptotic rate of MG63 and WI-38 cells. MG-63 cells () and WI-38
cells ([J) were incubated with 1.0 pumol/L MG132 for 12—72 h, and cell ap-
optotic rate was quantitatively determined by flow cytometry. Each point rep-
resents the X & s of three independent experiments (*P < 0.05, compared to
the same time of WI-38 cells).

150 mmol/L. NaCl, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate,
1 mmol/L PMSF, 100 umol/L leupeptin and 2 pg/ml aprotinin at 0—4 °C for
15 min. After centrifugation at 1500 x g for 10 min at 0 °C, the supernatants
were collected, and the proteins were separated on 12% SDS—PAGE. After
electrophoresis, protein blots were transferred to a nitrocellulose membrane.
The membrane was blocked with 5% nonfat milk in TBST and incubated
overnight with antibody at 4 °C. After washing three times with TBST, the
membrane was incubated at room temperature for 1 h with horseradish perox-
idase-conjugated secondary antibody diluted with TBST (1:10,000). The de-
tected protein signals were visualized by an enhanced chemiluminescence
reaction system (Amersham, Arlington Heights, IL). Densitometric quantifica-
tion of Bax/Bcl-2 rate was measured by Gel-Pro Analyzer 3.1 software.

MG132
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Fig. 4. DNA ladder of MG63 cells Genomic DNA was extracted from MG-63
cells incubated with different concentrations of MG132 for 24 h, and subjected
to 2% agarose gel electrophoresis.

2.11. Statistical analysis

Statistical significance was determined using Student’s t-test and ICs,
value was calculated using linear regression analysis, with SPSS 11.5 software.
P < 0.05 was considered significant.

3. Results

3.1. Cell viability of MG-63 cells and WI-38 cells treated
by MG132

The proteasome inhibitor, MG132, used in the present
study efficiently blocked activity of proteasomes in eukaryotic
cells (Rock et al., 1994). As shown in Fig. 1, MG132 markedly
reduced the viability of MG-63 cells in a concentration-depen-
dent manner (Fig. 1A). But WI-38 cells displayed a very weak
sensitivity towards MG132 (Fig. 1B). The ICsy values of
MG132 for MG-63 and WI-38 cells were 0.92 + 0.06 umol/
L and 9.13 £ 0.12 pmol/L, respectively.

3.2. Cell morphology of MG-63 cells treated with
MGI32

MG-63 cells treated with MG132 showed typical apoptotic
changes. At 24 h after the proteasome inhibitor treatment,
MG-63 cells gradually showed apoptotic morphological fea-
tures (Fig. 2B, D): cell shrinkage, and nuclear condensation.
Chromatin condensation, crescent nucleus and cytoplasmic
vacuoles were also observed by transmission electron micro-
scope (Fig. 2F).

3.3. Apoptotic rate of MG-63 cells and WI-38 cells
induced by MG132

The apoptotic rate of MG63 cells increased significantly
after cells were incubated with 1.0 pmol/L. MG132 for 24 h.
The apoptotic rate was above 50% after 48 h. However, in
WI-38 cells apoptotic rate did not increase compared to con-
trol, always below 5% (Fig. 3).

3.4. DNA ladder of MG63 cells treated with MG132

DNA isolated from MG63 cells cultured with 10 uM
MG132 for 24 h showed the characteristic “ladder” pattern
of apoptosis (Fig. 4). A comparison with molecular weight
markers indicated that the fragments were multiples of
approximately.

3.5. Cell cycle of MG-63 cells treated with MG132

MG132 treatment resulted in an increase of cell numbers at
G,—M phase and a decrease of the cell numbers at G; phase in
a concentration- and time-dependent manner (Fig. 5).
0.1 pmol/L to 10 pmol/L MG132 resulted in 27.7—72.1% of
cells that arrested at G,—M phase (Fig. 5A), only 17.2% of
cells at G,—M phase in the untreated cells (not shown).
MGI132 caused MG-63 cells to arrest at G,—M phase after
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Fig. 5. MG132 induces G,—M-phase arrest in MG-63 cells. MG-63 cells were exposed to various concentrations of MG132 for 24 h (A) or to 1.0 umol/L MG132
for the selected time intervals (B). After exposure, cells (1 x 106) were stained with propidium iodide as described in Section 2. The profiles of DNA content in
each sample (measured by a flow cytometer) are presented in the top panel. Each bar standing for cell cycle distributions is presented in the bottom panel rep-
resenting the ¥ + s of three independent experiments (*P < 0.05, compared to control).

9 h exposure, and the cell numbers at G,—M phase gradually
increased over longer exposure time (Fig. 5B).

3.6. Expression of p275"! protein in MG63 cells treated
with MG132

MG132 increased the transcriptional and translational level
of p27%! in a time-dependent manner in MG-63 cells. We
found the mRNA of p27%'P! increased 8 h after MG132 treat-
ment (Fig. 6A), as did the protein level (Fig. 6B).

3.7. Apoptosis related protein expression in MG63 cells
treated with MG132

After exposure to MG132, expression of caspase-3, -8, -9,
Bax and Bcl-2 in MG-63 cells were tested. Caspase-8 was
cleaved 48 h after MG132 treatment. The amount of cleaved
caspase-8 increased with the increase of the concentration of
MG132, but caspase-3 and -9 were not cleaved all the time
(Fig. 7A, B). Cleaved caspase-3 and -9 was not observed. It
was also found that Bcl-2 decreased and Bax increased as
time passed. We measured the optical density of these bands
and found that the Bax: cl-2 ratio increased in a time-
dependent manner (Fig. 7C, D).

4. Discussion

Presently, the ubiquitin—proteasome system is paid close at-
tention. Ubiquitin-mediated protein degradation is an important
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Fig. 6. Transcription of p27 mRNA and expression of p27 protein in MG-63
cells treated with proteasome inhibitor MG132. MG63 cells were treated
with 1.0 pmol/L MG132 for 0, 8, 16, and 24 h. Total RNA was isolated
from cells and RT—PCR was performed. Cell proteins were collected and
Western blot was performed as described in Section 2.
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Fig. 7. Expression of caspase-3, -8, -9, Bax and Bcl-2 in MG-63 cells treated with MG132. MG-63 cells were exposed to 1.0 pmol/L MG132 for indicated time or
different concentrations of MG132 for 48 h. Cell lysates were separated by 12% SDS—PAGE electrophoresis. Protein bands were detected by Western blot anal-
ysis. B-actin was used as an equal loading control. Densitometric quantification of Bax:Bcl-2 ratio in MG132-treated MG63 cells was measured by Gel-Pro

Analyzer 3.1 software (*P < 0.05, compared to control group).

part of numerous cellular processes, including cell-cycle regula-
tion, signal transduction, gene transcription and apoptosis
(Hershko, 1997; Liu et al., 2003). The ubiquitin—proteasome
system is also an important regulator of cell growth and apopto-
sis. The potential of specific proteasome inhibitors to act as
novel anti-cancer agents is currently under intensive investiga-
tion. Several proteasome inhibitors exert anti-tumor activity in
vivo and potently induce apoptosis in tumor cells in vitro, includ-
ing those resistant to conventional chemotherapeutic agents.

Apoptosis or programmed cell death is an intrinsic cell
death program that is involved in the regulation of various
physiological and pathological processes. Several reports
have shown a close correlation between apoptosis and the in-
hibition of the ubiquitin—proteasome pathway (Emanuele
et al., 2002; Frankel et al., 2000; Kelley et al., 2004). The find-
ings presented in this research demonstrated that MG132,
a member of the class of proteasome inhibitors, inhibited pro-
liferation of OS cells. The percentage of cells at G,—M phase
increased by up-regulating the concentration of MG132.
10 pmol/L. MG132 resulted in 72.1% cells accumulating at
G,—M phase, with an apoptotic rate of 34.6%; but with
1.0 pmol/L MG132 only about 60% of cells accumulated at
G,—M phase after 24 h incubation and the apoptotic rate
was only 5.4%.

Some studies demonstrated that G,—M phase accumulation
was associated with downregulation of p27%'?! (Devlin et al.,
2003). Nahreini et al. (2003) reported that partial proteasome
inhibition triggered apoptosis in neuroblastoma cells with G,—
M phase arrest and decreased level of p27%"P'. Fujii et al.
(1999) showed that 100 uM cisplatin induced MDA-231 hu-
man breast tumor cells to accumulate in G,—M phase while
downregulating p27. However, p275'?! is a member of the uni-
versal cyclin-dependent kinase inhibitor (CDKI) family, which
is degraded by the proteasome. Proteasome inhibitor will de-
crease the degradation of p27%"P" and increase its expression.
Moreover, apoptosis induced by proteasome inhibitor gener-
ally is accompanied by the accumulation of p27%P! (An
et al., 1998). In our study, MG132 increased the transcriptional
and translational level of p27Kipl in MG-63 cells, which is
consistent with recent reports that overexpression of p27<iP!
protein leads to apoptosis in various cancer cell lines (Wang
et al., 1997). Accumulation of p27%"' protein might play an
important role in apoptosis.

Generally, we know that there are two pathways in apopto-
sis: the cell surface death receptor pathway and the mitochon-
dria-initiated pathway. In the cell surface receptor pathway,
activation of caspase-8 following its recruitment to the
death-inducing signaling complex is the critical event that
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transmits the death signal. In the mitochondrial-initiated path-
way, caspase-9 is activated first. Then it activates downstream
caspases such as caspase-3, -6 and -7. Finally, activation of
caspases during apoptosis results in the cleavage of critical
cellular substrates, including poly(ADP-ribose) polymerase
(PARP) and lamins (Budihardjo et al., 1999; Coffey et al.,
2001; Wang and Lenardo, 2000).

Shinoura et al. (2001) reported that expression of P27%/P!
enhanced Fas ligand- or caspase-8-mediated apoptosis. Zhou
et al. (2006) demonstrated proteasome inhibitors could
decrease Fas-like inhibitor protein (FLIP) protein levels in
tumors, resulting in increased apoptosis signaling due to
increased caspase-8 activation. In this study, we found that
caspase-8 was activated in MG-63 cells treated with MG132
for 48 h (Fig. 6). When 40 pmol/L z-VAD-fmk, a broad spec-
trum caspase inhibitor, was added, caspase-8 was not activated
(data not shown). This suggests that the induction of apoptosis
in MG-63 cells by MG132 is caspase-8 dependent. Downregu-
lation of Bcl-2 and upregulation of Bax was also observed in
a time-dependent manner. But activation of caspase-9 and -3
was not observed even after cells were treated with 10 pmol/
L MG132 for 48 h (Fig. 6).

Hougardy et al. (2006) demonstrated that MG132 plus
rhTRAIL enhanced caspase-8 and caspase-3 activation, with
concomitant cleavage of X-linked inhibitor of apoptosis
(XIAP) in HelLa cells. Lauricella et al. (2003) treated Saos-2
cells with MG132 and found that MG132 induced fragmenta-
tion of procaspase-3 and production of the active form of
caspase-3 but was unable to induce fragmentation of procas-
pase-8. However, we found the opposite results on MG-63
cells. Saos-2 cells lack p53 and contain a nonfunctional
form of pRb. MG-63 cells lack p53 gene but have functional
pRb. p53 and the retinoblastoma protein (pRb) are products
of tumor-suppressor genes, which are fundamental in the con-
trol of cell proliferation. The expression level of pRb phos-
phorylation is important to MG-63 cells (Merli et al., 1999)
De Blasio et al. (2003) hypothesized a cross-talk between
pRb and PARP. It is known that non-caspase proteases are
able to interact with apoptosis via the caspase pathways (John-
son, 2000). We thought induction of the mitochondrial path-
way not to be involved in apoptotic effects of MG132, and
that activated procaspase-8 may directly activate PARP by
the expression of RB gene. When the activation of procas-
pase-8 was inhibited, the accumulation of p27 and pRb protein
dephosphorylation could not induce apoptosis alone.

In conclusion, we found that proteasome inhibitor MG132
was able to induce apoptosis in osteosarcoma MG-63 cells.
The apoptosis was accompanied by activation of caspase-8,
accumulation of p27 at the transcriptional and translational
level, and increased ratio of Bax:Bcl-2. Activation of cas-
pase-3 and caspase-9 was not observed.
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