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Inhibition of autophagy promotes cell apoptosis induced by
the proteasome inhibitor MG-132 in human esophageal
squamous cell carcinoma EC9706 cells
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Abstract. Lysosome-dependent macroautophagy, also
termed autophagy, and the ubiquitin-proteasome system and
are the primary intracellular pathways involved in protein
degradation. Previous studies have demonstrated that protea-
some inhibitors are able to inhibit tumor growth and activate
autophagy. The present study investigated the effect of the
proteasome inhibitor MG-132 on cellular proliferation using
a cell counting kit 8 assay, and the effect of the agent on
apoptosis and autophagy was assessed using flow cytom-
etry and monodansylcadaverine, respectively. Western blot
analysis was used to investigate protein changes during the
course of treatment. It was revealed that MG-132 inhibited
cell proliferation, activated autophagy and induced cell
death in EC9706 cells. Autophagy was activated through
the class III PI3K pathway, and the expression of the
Beclin-1 protein was determined to be significantly upregu-
lated. However, the autophagy inhibitor 3-methyladenine
(3-MA) inhibited the expression of the autophagy-associated
protein Beclin-1 and reduced the accumulation of autophagic
vacuoles induced by MG-132. MG-132-induced apoptosis
was enhanced by the autophagy inhibitor 3-MA, which
may be a result of caspase-3 activation in the EC9706 cells.
These findings suggest that inhibition of the proteasome can
induce autophagy in human ESCC cells, and also increase
cell death. This indicates that proteasome inhibitors may be
potential novel anti-cancer agents for the adjuvant treatment
of esophageal squamous cell carcinoma.
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Introduction

The ubiquitin-proteasome system (UPS) and lysosome-depen-
dent macroautophagy, also termed autophagy, are the primary
conserved intracellular pathways involved in protein degra-
dation. These pathways work together in order to maintain
homeostasis in eukaryotic cells (1). UPS-mediated proteolysis
affects several different proteins through proteasome-medi-
ated degradation, which is involved in the regulation of the
cell cycle, apoptosis and cellular differentiation (2). Therefore,
targeting this pathway using proteasome inhibitors may repre-
sent a novel approach for the treatment of cancer (3). A number
of previous studies have demonstrated that proteasome inhibi-
tors can induce tumor cell death via inhibiting proteasome
activity (4,5).

Autophagy is an evolutionarily conserved intracellular
mechanism that degrades long-lived, misfolded proteins and
damaged organelles in order to maintain cellular homeo-
stasis by providing substrates and recycling amino acids and
nucleotides (6). Although autophagy can be activated in a
number of various cancer cells, including esophageal cancer,
by different approaches, such as chemoradiotherapy (7), the
exact role of autophagy in cancer cells is complex. In certain
circumstances, autophagy demonstrates a protective role
in cancer cells, whereas in others, it is involved in type II
programmed cell death, termed autophagic cell death (8). One
previous study reported that when UPS is inhibited, autophagy
is upregulated (9). This suggests that the UPS and autophagy
may act as two compensatory mechanisms that modulate
protein degradation.

Esophageal carcinoma is the eighth most common cause
of cancer-associated mortality worldwide (10). Esophageal
squamous cell carcinoma (ESCC) is the main subtype in
developing countries, particularly in China (11). At the time of
diagnosis, a large proportion of patients with ESCC have lost
the optimum opportunity for surgery. The five-year survival
rate for ESCC remains extremely low as a result of resistance
to anti-cancer therapies, including chemotherapy and radio-
therapy (12). Previous studies have indicated that the inhibition
of autophagy can potentiate chemo-radiotherapy-induced
apoptosis in ESCC cells (13,14). Due to the fact that the
proteasome inhibitor has become a novel target for cancer
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therapy, the present study investigated whether autophagy
could be activated by the inhibition of the proteasome in
the ESCC cells. Furthermore, the ability of the inhibition of
autophagy to enhance proteasome inhibitor-induced ESCC
cell death was also investigated.

Materials and methods

Cell lines and culture. The poorly-differentiated ESCC
EC9706 cell line was purchased from the State Key Labora-
tory of Molecular Oncology, Chinese Academy of Medical
Sciences (Beijing, China). First, the EC9706 cells were cultured
in RPMI-1640 medium (Gibco Life Technologies, Carlsbad,
CA, USA) containing 10% fetal serum (FBS) (GE Healthcare
Life Sciences, Logan, UT, USA), 100 xg/ml streptomycin and
100 units/ml penicillin in a humidified 5% CO, atmosphere at
37°C. The medium was changed every two days. The cells were
assigned to the control, MG-132 and MG-132 plus 3-methyl-
adenine (3-MA) groups. Subsequent to a 24-h incubation, the
culture medium was replaced with fresh medium containing
no additional reagents for the control group, MG-132 for the
MG-132 group, or a combination of MG-132 and 3-MA for
the MG-132 plus 3-MA group. The EC9706 cells were then
treated, depending on the group, with 20 xM MG-132, 5 mM
3-MA or the two combined for 24 h.

Chemical reagents. The MG-132 was purchased from EMD
Millipore (Billerica, MA,USA).First,the MG-132 wasdissolved
in phosphate-buffered saline (PBS) to a storage concentration
of 50 mM. Next, 3-MA (Sigma-Aldrich, St. Louis, MA, USA)
was dissolved in PBS to generate a 100 mM stock solution and
was maintained at room temperature until use. The subsequent
dilution was made using RPMI-1640 medium in order to create
the desired concentration. Monodansylcadaverine (MDC;
Sigma-Aldrich) was used to assess autophagy. The antibodies
against Beclin-1 and caspase-9 were purchased from Santa
Cruz Biotechnology, Inc. (Dallas, TX, USA).

Measurement of cell viability and apoptosis. Cell viability
was detected using the cell counting kit 8 (CCK-8) assay. First,
the cells were seeded into a 96-well flat bottom microplate
at a density of 1x10° cells in 100 1 per well. Subsequent to
treatment with MG-132, 3-MA or the two combined, 100 ul
medium was replaced with an equal volume of fresh medium
containing 10% CCK-8 (WST-8; Dojindo Laboratories, Tokyo,
Japan). Next, the cells were incubated for 3 h at 37°C, and the
absorbance of the solution was analyzed at 450 nm using a
microplate spectrophotometer (BioTek EL 340; BioTek Instru-
ments, Inc., Winooski, VT, USA). The cell viabilities were
then calculated using the following equation:

Cell Vlablhty (%) = (1 - A450 sample / A450 control) x 100

Each experiment was performed in triplicate.

Cell apoptosis was detected by flow cytometry. Subsequent
to treatment, the attached and floating cells were harvested
and washed twice with PBS. Next, 5 ul Annexin V-fluorescein
isothiocyanate (FITC) and 5 pl propidium iodide (PI) were
added according to the instructions of the Annexin V-FITC
Apoptosis Detection kit (Nanjing KeyGen Biotech Co., Ltd.,
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Nanjing, China). The cells were then incubated in the dark at
room temperature for 15 min. Finally, the cells were analyzed
using a flow cytometry system (FACScan; BD Biosciences,
San Jose, CA, USA) and the data were analyzed using Cell
Quest software (BD Biosciences).

Analysis of autophagy using MDC'. In order to measure the
autophagic ratio, the EC9706 cells were plated into 24-cell
plates at a density of 1x10° cells. Subsequent to a 24-h incuba-
tion with the different drugs, the cell pellets were suspended
with 0.05 mM MDC for 60 min at 37°C, washed with PBS
three times, fixed with 4% paraformaldehyde for 15 min at
4°C and then collected in 10 mM Tris-HCI (pH 8.0) containing
0.1% Triton X-100. An inverted fluorescence microscope
(Olympus IX70; Olympus, Tokyo, Japan) was then used to
identify changes in the appearance of the autophagic vacuoles
and subsequently capture images. The fluorescence intensity
of the cells in the different groups was measured by flow
cytometry.

Western blotting. Subsequent to treatment with MG-132 alone
or in combination with the autophagic inhibitor 3-MA, the
EC9706 cells were harvested from cultured dishes and lysed
in cold lysis buffer for 20 min. The cell extracts were then
collected and centrifuged for 5 min at 9,180 x g. Overall, 20 ug
total protein obtained from the whole cell lysates were boiled
in 1X SDS buffer for 5 min, separated by 12% SDS-PAGE,
and then electrotransferred using a semi-dry transfer method
to nitrocellulose membranes (GE Healthcare Life Sciences,
Uppsala, Sweden). Following electrophoretic transfer, the
membrane was blocked at 4°C overnight. Subsequent to
blocking, the membranes were incubated with the primary
antibodies at the recommended concentrations for 1 h. The
The rabbit polyclonal anti-human antibodies against caspase-3,
Beclin-1, and B-actin were obtained from Santa Cruz Biotech-
nology, Inc. Next, the membranes were incubated with the
anti-mouse immunoglobulin G horseradish peroxidase-conju-
gated secondary antibodies (Santa Cruz Biotechnology, Inc.).
Finally, the blots were developed using enhanced chemilumi-
nescence (GE Healthcare Life Sciences, Piscataway NJ, USA)
on Kodak X-omat LS film (Kodak, Rochester, NY, USA)
and the densitometry was performed using Kodak 1D Image
Analyses software, version 3.5 (Kodak).

Statistical analysis. All data represent at least three indepen-
dent experiments and are expressed as the mean + standard
deviation. Student's t-test was used for the statistical analyses.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Proteasome inhibitor MG-132 inhibits cell proliferation and
induces cell death in ESCC cells. After the EC9706 cells were
treated with various concentrations of MG-132 or 3-MA for
48 h, the CCK-8 was used to assess cell viability. As shown
in Fig. 1, EC9706 cell growth was effectively inhibited by
MG-132 or 3-MA in a dose- and time-dependent manner.
The half maximal inhibitor concentration of MG-132 at
48 h was 20+2.1 ymol/l. Therefore, 20 ymol/1 MG-132 was
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selected for further experiments. In addition, it was revealed
that MG-132 significantly inhibited the proliferation of
EC9706 cells. By contrast, the rates of cell proliferation were
significantly reduced in the MG-132 and 3-MA combined
treatment group.

3-MA reverses MG-132-induced autophagy in the ESCC cell
line. In order to determine the effect of proteasome inhibition
on autophagy, the fluorescence of MDC was used to observe
changes in the appearance of the autophagic vacuoles (15).
As shown in Fig. 2, there was no significant difference in the
autophagy vacuoles in the 3-MA-treated group compared
with the control group. However, the number of autophagic
vacuoles stained by MDC in the MG-132 group was mark-
edly higher compared with the control group. Following the
addition of 3-MA, the number of vacuoles was significantly
decreased compared with the cells treated with MG-132 alone.
Furthermore, compared with the MG-132 group, the fluores-
cence intensity was decreased and the vacuoles were reduced
in the 3-MA and MG-132 combined group.

In order to investigate the underlying mechanism by
which the proteasome inhibitor MG-132 induces autophagy,
western blot analysis was performed. Beclin-1 is an important
regulator that promotes autophagy, and is also associated with
a number of biological processes, including development,
immunity, adaptation to stress, tumorigenesis, endocytosis,
cytokinesis, aging and cell death (16). As shown in Fig. 3, the
expression of Beclin-1 was significantly upregulated in the
MG-132 group. However, following the addition of 3-MA,
the expression of Beclin-1 was markedly inhibited. This indi-
cates that autophagy induced by MG-132 can be reversed by
co-treatment with 3-MA in EC9706 cells.

MG-132-induced cell death increased by 3-MA in the ESCC
cell line. CCK-8 assays were performed in order to investigate
the effect of autophagy inhibition on cell viability. As shown
in Fig. 4, 5 mmol/l 3-MA significantly enhanced the inhibition
of cell viability induced at 24 h by MG-132. This suggests that
autophagy inhibition can effectively inhibit cell viability. In
addition, the Annexin V-FITC and PI staining assay was used
to observe the apoptosis of ESCC cells treated with MG-132.
As shown in Fig. 4, the apoptosis rate of the EC9706 cells
treated with MG-132 in combination with 3-MA significantly
increased between 57.47 and 79.40% compared with the group
treated with MG-132 alone. Next, expression of the apop-
tosis-associated protein caspase-3 was examined. Fig 5 shows
that 3-MA increased the levels of caspase-3 induced by
MG-132. Together, these results indicate that the inhibition of
autophagy is able to increase MG-132-induced apoptosis in
ESCC cells.

Discussion

Chemotherapy is widely used for the treatment of patients with
metastatic or unresectable ESCC (17). However, ESCC cells
have developed resistance to chemotherapeutic drugs, which
has resulted in a reduction in the five-year survival rate.
Therefore, a requirement exists to identify novel therapeutic
strategies or adjuvant drugs for patients with ESCC. The
present study revealed that inhibition of the proteasome by
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Figure 1. The proteasome inhibitor MG-132 significantly decreased the cell
viability in EC9706 cells in a dose- and time-dependent manner.
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Figure 2. Increased autophagy induced by MG-132 is inhibited by 3-MA.
The autophagic vacuoles were observed with MDC. In the MG-132 group,
the autophagic vacuoles in the EC9706 cells were increased compared with
those in the control group. However, this increase was inhibited by the addi-
tion of 3-MA. “P<0.05 vs. the control group. 3-MA, 3-methyladenine; MDC,
monodansylcadaverine.

MG-132 decreased cell proliferation, induced cell death and
activated autophagy in EC9706 cells. Furthermore, the results
demonstrated that MG-132 inhibited the proliferation in
EC9706 cells in dose- and time-dependent manner.

The proteasome system and autophagy machinery are
regarded as the two major cellular protein degradation
systems (3). It has been identified that proteasome inhib-
itor-induced autophagy is able to control endoplasmic reticulum
stress and reduce cell death in cancer cells by activating the
downstream inositol-requiring enzyme-1/c-Jun NH2-terminal
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Figure 3. Relative expression of autophagy-associated proteins in the EC9607 cells. Beclin-1 and PI3K III were upregulated in the MG-132 group. The addition
of 3-MA counteracted the upregulation of Beclin-1 and PI3K III. *P<0.05 vs. the control group. 3-MA, 3-methyladenine.
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Figure 4. Flow cytometry results revealing that 3-MA increased the MG-132-induced apoptosis of EC9706 cells. Compared with the MG-132 group, the
apoptosis rate of the EC9706 cells that were treated with MG-132 in combination with 3-MA was significantly higher (P<0.05). 3-MA, 3-methyladenine.
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Figure 5. Western blotting results revealing the effect of 3-MA on protein expression in the MG-132-treated EC9607 cells. For the graphs, the results were
calculated and then presented as the mean + standard error of the mean from the three independent experiments. *P<0.05 vs. the control group. 3-MA,

3-methyladenine.

kinase pathway (18). In the present study, autophagy was
assessed using biochemical methods, including MDC and
western blotting. As the results demonstrate, the expres-
sion of the autophagy-associated protein, Beclin-1, was
significantly upregulated in EC9706 cells following a 48-h
incubation with MG-132.

A number of studies have established that autophagy
can be activated in a variety of cancer cells under different
circumstances, including chemo-radiotherapy (9). However,
the precise role of autophagy in tumor cell death and survival
remains unclear. In order to investigate the role of autophagy
in MG-132-induced EC9706 cell apoptosis, the present

study used the autophagy inhibitor, 3-MA, a class III phos-
phatidylinositol 3-kinase inhibitor and a specific inhibitor
of autophagy. MG-132-induced autophagy in EC9706 cells
was significantly inhibited by the addition of 3-MA. Further-
more, the inhibition of autophagy enhanced MG-132-induced
apoptosis in EC9706 cells through caspase-3 activation. This
suggests that caspase-3 may be the primary protease involved
in the apoptosis pathways (19). These findings indicate that
autophagy may be utilized as a protective mechanism against
cell death in MG-132-induced EC9706 cells, and that its
inhibition may enhance the EC9706 cell death induced by
MG-132.



There are two important signaling pathways involved in
the process of autophagy, namely the PI3K/AKT/mTOR and
class IIT PI3K pathways. The specific inhibitor of autophagy,
3-MA, is known to work by inhibiting the Beclin-1-PI3K III
complex, which is a component important for the formation of
autophagosomes (20). The present study revealed that following
the addition of 3-MA, the expression of the PI3K III protein was
lower compared with that of the MG-132 group. These results
indicate that MG-132-induced autophagy in EC9706 cells may
be activated through the class III PI3K pathway.

In conclusion, the results of the present study suggest that the
proteasome inhibitor, MG-132, induces cell growth inhibition
and cell death in EC9706 cells. In addition, they demonstrate
that inhibition of the proteasome activates the process of
autophagy, and that MG-132-induced apoptosis is enhanced by
autophagy inhibition through the activation of the class I1I PI3K
pathway and the release of caspase-3. These findings suggest
that proteasome inhibitors may be potential novel anti-cancer
agents for the adjuvant treatment of ESCC.
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