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Proteasome inhibitor MG132 inhibits the proliferation
and promotes the cisplatin-induced apoptosis of
human esophageal squamous cell carcinoma cells

LIFENG DANG!", FENGBIAO WEN?>*", YANG YANG?*, DONGLEI LIU>?, KAI WU>*, YU QI**”,
XIANGNAN LI*#, JIA ZHAO**, DENGYAN ZHU?*, CHUNYANG ZHANG?” and SONG ZHAQ**?

1Physical Examination Centre, 2Department of Thoracic Surgery, First Affiliated Hospital,

Zhengzhou University; 3Open Key Clinical Medical Experimental Laboratory

Institute of Henan Province; “Institute of Molecular Cancer Surgery of Zhengzhou University;

5Key Thoracic Tumour Experimental Laboratory of Zhengzhou, Zhengzhou, Henan 450052, PR. China

Received December 15, 2013; Accepted February 20, 2014

DOI: 10.3892/ijmm.2014.1678

Abstract. Comprehensive treatment based on chemotherapy
is regarded as the first-line treatment for patients with
unresectable or metastatic esophageal squamous cell carci-
noma (ESCC). However, chemoresistance is common among
patients with ESCC. Therefore, there is a need to explore
new therapeutic strategies or adjuvant drugs. One promising
possibility is to use dietary agents that can increase tumor
cell sensitivity to drugs. In this study, we initially investi-
gated the antitumor activity of proteasome inhibitor MG132
in vitro and in vivo. Effects of MG132 on the enhancment of
the anticancer functions of cisplatin were then investigated in
human esophageal cancer EC9706 cells in relation to apop-
tosis and cell signaling events. Exposure of cells to MG132
resulted in a marked decrease in cell viability in a dose- and
time-dependent manner. Administration of MG132 markedly
inhibited tumor growth in the EC9706 xenograft model.
MG132 significantly enhanced cisplatin-induced apoptosis
in association with the activation of caspase-3 and -8. These
events were accompanied by the downregulation of NF-«B,
which plays a key role in cell apoptosis. Taken together,
these findings demonstrate a novel mechanism by which
proteasome inhibitor MG132 potentiates cisplatin-induced
apoptosis in human ESCC and inhibitory activity of tumor
growth of the EC9706 xenograft model.
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Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the
most lethal types of cancer worldwide owing to its extremely
aggressive nature and poor survival rate (1). The early
diagnosis of esophageal cancer is difficult, therefore, once
diagnosed, most of the patients lack the optimal time required
for surgical treatment. Comprehensive treatment based on
chemotherapy is regarded as the first-line treatment for
patients with unresectable or metastatic ESCC (2). However,
tumor cells often develop resistance to chemotherapeutic
agents during the treatment (3). For this reason, it is crucial
to identify new therapeutic strategies or adjuvant drugs. A
promising possibility is to use dietary agents that can increase
tumor cell sensitivity to drugs (4).

MG132, which acts as a blocker in ubiquitin-proteasome
pathway, is involved in >80% of intracellular protein
degradation (5). Recently, it was shown that the intrinsic
resistance to apoptosis is an important mechanism by which
cancer cells can escape therapeutic control (6). Stoll er al
provided convincing evidence to suggest an essential role for
MG132 in apoptosis (7). Findings of previous studies have
indicated that MG132 enhances cisplatin-induced apoptosis in
various types of tumor cells (8-10). However, the molecular
mechanisms of MG132-related lethality in esophageal squa-
mous cancer cells are not fully defined.

In this study, we initially investigated the antitumor activity
of proteasome inhibitor MG132 in vitro and in vivo. Effects
of MG132 on enhancing the anticancer functions of cisplatin
were then investigated in human esophageal cancer EC9706
cells in relation to apoptosis and cell signaling events.

Materials and methods

Cell culture. EC9706, EC109, EC1 and TE-1 cells were
obtained from the Open Key Clinical Medical Experimental
Laboratory Institute of Henan Province (Henan, China). The
cells were cultured in RPMI-1640 medium (Life Technologies,
Grand Island, NY, USA) supplemented with 10% FBS (Sijiqing
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Biological Engineering Materials Co., Ltd., Hangzhou, China),
100 U/ml penicillin and 100 pgg/ml streptomycin in a humidi-
fied atmosphere (5% CO,) at 37°C with medium changes every
two days. Cells in the logarithmic growth phase were used in
this study.

Cell viability assay. Cell proliferation was assessed
using a cell counting kit (CCK-8) (Dojindo Laboratories,
Kumamoto, Japan), following the manufacturer's instruc-
tions. Cells (5x10°/ml) were seeded in 96-well plates with
200 pl in each well, and added to the culture medium
containing agents of different concentrations (1,5 and 10 xM)
or control PBS with 100 ul in each well, each concentration
for parallel 4-wells after adherence. Following culture, the
medium was removed and 100 ul fresh medium containing
10 ul CCK-8 was added to each well. The cells were then
incubated at 37°C for 4 h. The optical density values were
determined in at least triplicate against a reagent blank at
a test wavelength of 490 nm and a reference wavelength of
630 nm. Cell viability was calculated as a percentage as
follows: (A eated/Aeontror) X100.

Xenograft tumor growth. Female athymic nude mice (5- to
6-weeks old) were inoculated intraperitoneally (i.p.) with 7x10°
EC9706 cells, after which mice received injections with
vehicle or MG132 (10 mg/kg, i.p.) for 25 days starting 5 days
after the injection of EC9706 cells. Twenty nude mice were
randomly divided into two groups (n=10 per group). Mice were
fed with antioxidant-free AIN-76A special diet for a week
before starting the experiment.

Apoptosis analysis. Adherent cells were digested into suspen-
sion of single cells with EDTA-free trypsin and then washed
twice with cold PBS. To assess apoptosis, EC9706 cells were
stained by Annexin V-FITC/PI using an Annexin V-FITC
Apoptosis Detection kit according to the manufacturer's
instructions. The presence of fluorescent images was imme-
diately verified microscopically. Flow cytometry was used to
quantify the level of cell apoptosis.

Western blotting. Cells were collected and lysed for 20 min
in cold buffer. Cell extracts were collected and centrifuged
at 12,000 rpm for 5 min. Proteins (20 ug) from whole
cell lysates were boiled for 5 min in SDS buffer, resolved
by 12% SDS-PAGE, then electrotransferred to nitrocellulose
membranes by semi-dry transfer, blocked overnight at 4°C
and incubated for 1 h with primary antibodies at the recom-
mended concentrations for caspase-8, caspase-3, NF-«kB and
[-actin. The membranes were then incubated with horseradish
peroxidase-conjugated secondary antibodies (anti-rabbit
or anti-mouse IgG). Blots were developed using enhanced
chemiluminescence and visualized on Kodak X-omat LS film.
Densitometry was performed with Kodak ID image analyses
software.

Statistical analysis. Experiments were performed in triplicate
and quantitative results were expressed as the mean + standard
deviation (SD). Statistical analysis was performed using the
statistical program SPSS 13.0. Data were compared using
standard ANOVA methodology for repeated measurement,
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followed by the Student's t-test. P<0.05 was considered to
indicate statistical significance.

Results

Proteasome inhibitor MG132 suppressed the proliferation
of EC9706 cells in a dose- and time-dependent manner. A
dose-dependent study of EC9706 cells exposed to various
concentrations of MG132 for 12, 24 and 36 h is shown
in Fig. 1a; the modest degrees of growth inhibition were noted
at a concentration of 2 yM, which increased substantially
at a concentration of 4 yM. These events were significantly
increased at a concentration of 10 gM. A time-course study
of cells exposed to MG132 revealed a significant increase in
cell viability as early as 24 h, and reached near-maximal levels
after 60 h (Fig. 1b).

MG132 had similar antitumor effects on multiple human
esophageal squamous cancer cells. Various human esopha-
geal squamous cancer cells, including EC9706, EC109, EC1
and TE-1, were exposed to 5 uM MG132 for 24 h, after which
apoptosis was determined by CCK-8 assay. As shown in Fig. 2,
treatment with MG132 resulted in a marked decrease in cell
viability in the four cell lines.

MG132 inhibited tumor growth in EC9706 xenograft animal
model. To assess whether our in vitro observations could be
translated into an animal model system, athymic nude mice
were inoculated i.p. with EC9706 cells, after which mice
received injections with vehicle or MG132 (10 mg/kg, i.p.)
for 25 days starting 5 days after the injection. As shown
in Fig. 3a, treatment with MG132 resulted in a modest, but
significant suppression of tumor growth 10 days following
drug exposure (P<0.05 vs. vehicle control). These events
became more apparent 15, 20 and 25 days after drug exposure
(P<0.01 between MG132 treatment and vehicle control). By
contrast, no statistically significant change in body weight was
noted when compared with the vehicle control and MG132
regimen (Fig. 3b). Moreover, the mice of MG132 group did
not exhibit any other signs of toxicity such as agitation,
impaired movement, posture, indigestion, diarrhea or areas of
redness. These results indicated that MG132 administration
significantly inhibited tumor growth of the EC9706 xenograft
without causing toxicity to the mice.

Cell viability and morphological changes of EC9706
cells. Exposure of cells to a series of concentrations of
cisplatin for 24 h resulted in a significant dose-inhibition
effect between the different groups (P<0.05). There was
a linear relationship between cisplatin concentration and
the A value (Fig. 4a), where the correlation coefficient was
r=-0.023 (P<0.001) and the linear regression equation was
A value=0.735-0.0018 x cisplatin concentration (pg/ml).
The proliferation inhibitory rate of cisplatin on EC9706
cells was 25% when the drug concentration was 100 pg/ml.
Then, 100 xg/ml was selected as cisplatin concentration in the
follow-up studies.

Addition of 5 yM MG132 for 24 h resulted in a marked
decrease in cell viability in the combined group as compared
with the individual agents (P<0.01) (Fig. 4b). The results
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Figure 1. Proteasome inhibitor MG132 significantly decreased the cell viability in EC9706 cells in a dose- and time-dependent manner. (a) EC9706 cells were
treated with or without various concentrations of MG132 as indicated for 12, 24 and 36 h. (b) EC9706 cells were treated with 1, 5 and 10 uM for 12, 24, 36,

48,60 and 72 h.

[ Control

WMGI32 5pM

100

(2] -1
= wh
T T

Cell viability (%)

(]
A
T

EC9706 EC109 EC1 TE-1

Figure 2. Proteasome inhibitor MG132 had similar effects on cell viability in
other human esophageal squamous cancer cell lines as well as EC9706 cells.
EC9706,EC109,EC1 and TE-1 cells were treated with or without 5 uM MG132
for 24 h. The absorbance (A) obtained from CCK-8 assays is the mean + stan-
dard deviation (SD) for three separate experiments. Absorbance for cells
treated with MG132 were significantly reduced compared with that obtained
for the control as assessed using the Student's t-test (‘P<0.05, “P<0.01 vs. the
control group).

obtained suggested that the combined use of DDP and MG132
had stronger cytotoxicity than the single agent.

Normal EC9706 cells were polygonal in shape with a high
refractive index and large cell volumes. The cells were stretched
tightly and adhered to the wall, and had a cobblestone-like
appearance. In the MG132 5 M and/or DDP 100 pg/ml group,
some cells decreased into round shapes, with a reduced refrac-
tive index. The cells were detached from the wall and floated
in culture medium. A significant increase was observed in
these events in the combined group of MG132 (5 puM) and
DDP (100 pg/ml) (Fig. 4¢).

Effect of DDP and MGI32 used individually or in combina-
tion on EC9706 cell apoptosis. Counts of apoptotic cells
detected by flow cytometry are shown in Fig. 5a and b: The
apoptotic percentage of cells for the DDP + MG132 group
was much higher than that in the blank control and individual

groups (P<0.01). The addition of MG132, increased the
cisplatin-induced apoptosis rate from 23 to 68%. Annexin
V-FITC and PI staining was used to estimate the extent of cell
apoptosis. Observed under a fluorescent microscope, Annexin
V-FITC* cells appeared as bright apple green on the cell
membrane, whereas PI* cells had different intensities of yellow
red throughout the cytoplasm. Annexin V-FITC* cells were
rarely observed in the control group, while many positive cells
were visible in the MG132 group, DDP group and, particu-
larly the DDP + MG132 group (Fig. 5c). The results obtained
suggested that MG132 is able to enhance cisplatin-induced
apoptosis in esophageal cancer cells.

Expression of NF-kB, caspase-8 and -3. As shown in Fig. 6,
activation of caspase-8 and -3, and NF-xB was determined by
western blotting after 24 h of DDP treatment. The expression
of caspase-8, -3 and NF-«B was upregulated in the DDP group
as compared with the control group. In addition, a combination
of DDP and MG132 treatment increased the expression levels
of caspase-8 and -3 when compared with DDP or MG132
alone (P<0.05). Conversely, MG132 partially counteracted the
upregulation of NF-«B in the combined group compared with
the DDP group (P<0.01).

Discussion

Comprehensive treatment based on chemotherapy is regarded
as the first-line treatment for patients with unresectable or
metastatic ESCC (11). However, chemoresistance is common
among patients with ESCC (12-14). Therefore, it is crucial
to identify new therapeutic strategies or adjuvant drugs. A
promising possibility is to use dietary agents that potentially
increase tumor cell sensitivity to drugs.

As anatural triterpene proteasome inhibitor extracted from
a Chinese medicinal plant, MG132 has been investigated in
several cancer cells in relation to apoptosis and cell signaling
events (15,16). In the present study, we have shown that MG132
suppressed the growth of esophageal cancer cells in culture
as well as in the animal model. The experimental results
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Figure 3. MG132 suppressed the growth of esophageal cancer xenografts. Twenty nude mice were randomly divided into two groups (n=10 per group) for
treatment with MG132 [10 mg/kg, intraperitoneally (i.p.) daily] or with vehicle control solvent. (a) Average tumor volume in vehicle control mice and mice
treated with MG132. Tumor volumes of xenograft mice treated with MG132 were significantly decreased compared with vehicle control assessed using the
Student's t-test ("P<0.05, “P<0.01 vs. the control group). (b) There was no statistically significant difference in body weight between vehicle control and MG132

regimen (P>0.05).
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Figure 4. The inhibitory effect on EC9706 cells after 24, 48 and 72 h measured by CCK-8 assay. (a) EC9706 cells were treated with different concentra-
tions (0-125 pg/ml) of DDP for 24 h and the cell viability was determined by a CCK-8 assay. (b) The survival rate of EC9706 cells with 100 yg/ml DDP, 5 yM
MG132 and a combination of the two. ('P<0.05 vs. the control group, “P<0.01 vs. the DDP and MG132 groups). (c) Morphological changes of EC9706 cells
after 24 h of treatment with different drugs. Images captured under a microscope; magnification, x400.

in vitro demonstrated that MG132 inhibited the proliferation in
EC9706 cells in a dose- and time-dependent manner, with the
concentration increasing from O to 10 #M and the survival rate
decreasing from 100 to 18.43% after 36 h (Fig. 1). MG132 also
markedly induced cell death in multiple human esophageal
cancer cell types, including EC9706, EC109, EC1 and TE-1
cell lines. The results from in vivo studies about xenograft

model showed that MG132 exhibited significant inhibitory
effects on the growth of esophageal cancer xenograft.

In order to justify whether or not the application of MG132
could improve the sensitivity to chemotherapy drugs in
esophageal cancer cells, the cells were divided into the blank
control, 100 pg/ml DDP, 5 uM MG132 , 100 pg/ml DDP and
5 uM MGI132 groups. To elucidate the potential mechanism
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Figure 5. Apoptosis in EC9706 cells treated with different drugs after 24 h. (a) The four groups (blank control group, 100 xg/ml DDP group, 5 uM MG132
group, 100 yg/ml DDP and 5 puM MGI132 group) were incubated for 24 h, cells were stained with FITC-conjugated Annexin V and PI, followed by flow
cytometric analysis. The percentages of apoptotic cells were obtained from three independent experiments ("P<0.05 vs. the control group, “P<0.01 vs. DDP
and MG132 group). (b) Early apoptosis was defined by Annexin V*/PI" staining (B4), and late apoptosis was defined by Annexin V*/PI* staining (B2). (c) Cells
of the four groups were stained with Annexin V-FITC and PI. Images captured under a microscope; magnification, x400.
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Figure 6. The expression of NF-kB, caspase-8 and -3 determined by western blotting. The mean + standard deviation (SD) of the results were obtained from
three independent experiments. ("P<0.05 vs. the control group, “P<0.01 vs. the DDP and MG132 groups).

underlying the tumor-suppressive function of combined DDP
and MG132 treatment, we examined the proliferation and
apoptosis of esophageal cancer EC9706 cells. Exposure of
cells to cisplatin (DDP) combined with MG132 resulted in a
marked increase in the cell cytotoxicity of esophageal cancer
cells as compared with the single agent (Fig. 4b). This result
was confirmed by the Annexin V-FITC apoptosis detection
assay, which showed that the combined DDP and MG132

treatment induced more apoptosis in tumor cells than in DDP
treatment alone (68.45+2.58 vs. 23.5+1.23%; P<0.01, Fig. 5).
Our findings provide convincing evidence that the combined
treatment of DDP and proteasome inhibitor MG132 exerts a
synergistic apoptotic effect as compared with each agent alone.

There are two pathways in apoptosis: the cell surface
death receptor pathway and the mitochondria-initiated
pathway (17,18). In the cell surface receptor pathway, activation
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of caspases following their recruitment to the death-inducing
signaling complex is the critical event that transmits the
death signal (19-21). Apoptosis requires a cascade of complex
biochemical events that are performed with the participation
of a family of cysteine proteases known as caspases (22).
Specifically, caspase-8 and -3 have been viewed as the essential
regulators in apoptosis cascade (23,24). NF-kB is a ubiquitous
transcription factor that plays a key role in basic processes such
as the regulation of cell proliferation and apoptosis (25-27). To
identify the mechanism by which proteasome inhibitor MG132
potentiates cisplatin-induced apoptosis in human esophageal
squamous cancer cells, we investigated changes of the
expression levels of caspase-8, -3 and NF-kB after treatment
with DDP and MG132 individually or in combination. The
results of our study suggest that MG132 significantly enhanced
cisplatin-induced apoptosis in association with the activation
of caspase-3 and -8. These events were accompanied by the
downregulation of the NF-xB pathway which plays a key role
in cell apoptosis (Fig. 6). Activation of the NF-kB pathway
resulting in reduced susceptibility to cisplatin in esophageal
cancer cells may play an important role in drug resistance
induced by cisplatin. MG132 can significantly enhance
the sensitivity of esophageal cancer cells to cisplatin and
effectively improve the rate of cell apoptosis by inhibiting
the activation of NF-kB, potentiating the expression levels of
apoptosis-related protein caspase-8 and -3.

In summary, these findings indicate that proteasome
inhibitor MG132 may promote cisplatin-induced apoptosis
by inhibiting the activation of NF-kB and upregulating the
expression levels of caspase-3 and -8. MG132 may be used
alone or in combination with other therapeutic agents to treat
ESCC. However, our findings require further investigations to
clarify the molecular mechanisms underlying the results of the
present study. Findings of this study have proivded a novel and
promising therapeutic strategy which is likely to benefit the
clinical treatment of patients with ESCC.
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