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Non-small cell lung cancer (NSCLC) is the most common type of lung cancer and accounts for 85% of all 
lung carcinomas. The hepatocyte growth factor receptor (c-Met) has been considered as a potential therapeu-
tic target for NSCLC. Proteasome inhibition induces cell apoptosis and has been used as a novel therapeutic 
approach for treating diseases including NSCLC; however, the effects of different proteasome inhibitors on 
NSCLC have not been fully investigated. The aim of this study is to determine a precise strategy for treating 
NSCLC by targeting c-Met using different proteasome inhibitors. Three proteasome inhibitors, bortezomib, 
MG132, and ONX 0914, were used in this study. Bortezomib (50 nM) significantly reduced c-Met levels and 
cell viability in H1299 and H441 cells, while similar effects were observed in H460 and A549 cells when a 
higher concentration (~100 nM) was used. Bortezomib decreased c-Met gene expression in H1299 and H441 
cells, but it had no effect in A549 and H460 cells. MG-132 at a low concentration (0.5 µM) diminished c-Met 
levels in H441 cells, while neither a low nor a high concentration (~20 µM) altered c-Met levels in A549 and 
H460 cells. A higher concentration of MG-132 (5 µM) was required for decreasing c-Met levels in H1299 
cells. Furthermore, MG-132 induced cell death in all four cell types. Among all the four cell lines, H441 cells 
expressed higher levels of c-Met and appeared to be the most susceptible to MG-132. MG-132 decreased c-Met 
mRNA levels in both H1299 and H441 cells. ONX 0914 reduced c-Met levels in H460, H1299, and H441 cells 
but not in A549 cells. c-Met levels were decreased the most in H441 cells treated with ONX 0914. ONX 0914 
did not alter cell viability in H441; however, it did induce cell death among H460, A549, and H1299 cells. This 
study reveals that different proteasome inhibitors produce varied inhibitory effects in NSCLS cell lines.
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INTRODUCTION

As one of the most common forms of cancer, lung 
cancer mortality contributed to more than 18.4% of can-
cer deaths globally in 20181. Non-small cell lung can-
cer (NSCLC) is one of the major types of lung cancer 
and accounts for more than 85% of the total lung cancer 
cases2. NSCLC is classified into three main types: adeno-
carcinoma, squamous cell carcinoma, and large cell car-
cinoma2. Owing to NSCLC’s resistance to chemotherapy, 
segmental resection is the primary therapeutic approach 
for stage I/stage II of the disease3. However, treatments 
for advanced stages of NSCLC require further investiga-
tions in order to develop effective therapeutics that would 
increase survival rate for NSCLC4.

The hepatocyte growth factor receptor (HGFR) 
c-Met has been considered as a therapeutic target for 
NSCLC. c-Met is a transmembrane receptor tyrosine 
kinase that is activated by the hepatocyte growth fac-
tor (HGF)5,6. Binding of HGF to c-Met can lead to the 
activation of downstream pathways including mitogen-
activated protein kinase (MAPK), phosphoinositide 
3-kinase (PI3K)/AKT (protein kinase B), and nuclear 
factor-kB7. Dysregulation of c-Met signaling has been 
observed in many tumor types. c-Met overexpression, 
amplification, mutation, or rearrangement of the c-Met 
gene contributes to c-Met dysregulation, which pro-
motes tumor angiogenesis, tumor cell invasion, and 
metastasis8,9. c-Met dysfunction is correlated with poor 
clinical outcomes in NSCLC patients10–12. Therefore, 
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c-Met has been studied extensively to elucidate its role 
in NSCLC.

Another critical mechanism that affects NSCLC by 
regulating a wide range of intracellular signals is the 
ubiquitin–proteasome system13,14. Inhibition of protea-
somes can affect cancer cells in multiple ways including 
inhibiting proliferation, inducing autophagy and apopto-
sis, and diminishing metastasis15,16. Proteasome inhibition 
has been used as a novel therapeutic approach in NSCLC; 
however, the effects of different proteasome inhibitors on 
NSCLC cells have not been fully investigated. The aim 
of this study is to determine a precise strategy for treat-
ing NSCLC by targeting c-Met with different proteasome 
inhibitors.

MATERIALS AND METHODS

Cell Culture and Reagent

H1299, H441, A549, and H460 [American Type 
Culture Collection (ATCC), Manassas, VA, USA] were 
cultured in RPMI-1640 medium that was supplemented 
with 10% fetal bovine serum (FBS; Hyclone, Logan, UT, 
USA) and 1% penicillin/streptomycin (Gibco/Thermo 
Fisher Scientific, Waltham, MA, USA) in a humidified 
atmosphere of 5% CO

2
 and 95% air. C-Met, PARP, and 

cleaved caspase 3 antibodies were from Cell Signaling 
Technology (Danvers, MA, USA). p53 (DO-1) anti-
body was from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA). V5 antibody was from Invitrogen (Grand 
Island, NY, USA). b-Actin antibody was from Sigma-
Aldrich (St. Louis, MO, USA). Horseradish peroxidase-
conjugated goat anti-mouse secondary antibodies were 
obtained from Bio-Rad (Hercules, CA, USA). Goat 
anti-rabbit IgG (H + L) secondary antibody was from 
Invitrogen (Waltham, MA, USA). MG-132 was from 
Calbiochem (San Diego, CA, USA). Bortezomib was 
from Cayman Chemical (Ann Arbor, MI, USA). ONX 
0914 was purchased from ApexBio (Houston, TX, 
USA). Actinomycin D and cycloheximide were from 
Sigma-Aldrich. All of the materials used in the experi-
ments are in the highest grades and are commercially 
available.

Transfection of Plasmids Into NSCLC Cells

Human c-Met cDNA was inserted into pcDNA3.1D/
His-V5 TOPO vector. NSCLS cells grown on six-
well plates (70–80% confluence) were transfected 
with V5-tagged c-Met (c-Met-V5) plasmids using 
Genjet™ In Vitro DNA Transfection Reagent (SignaGen 
Laboratories, Inc., Frederick, MD, USA) according 
to the transfection protocol, and complete media was 
changed after 4 h. Twenty-four hours after transfec-
tion, cells were challenged with MG-132, bortezomib, 
or ONX 0914 at different concentrations for an  
additional 48 h.

Cell Lysis and Western Blot Analysis

After the indicated treatments, cells were washed with 
cold PBS and collected in cell lysis buffer, which con-
tains 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM 
EGTA, 5 mM b-glycerophosphate, 1 mM MgCl

2
, 1% 

Triton X-100, 1 mM sodium orthovanadate, 10 μg/ml of 
protease inhibitors, 1 μg/ml of aprotinin, 1 μg/ml of leu-
peptin, and 1 μg/ml of pepstatin. The cell lysates were 
then sonicated on ice for 12 s, followed by centrifugation 
at 4°C at 10,000 rotations/min for 5 min. Protein con-
centrations of the samples were then determined with a 
Bio-Rad Protein Assay kit (Bio-Rad). Samples were all 
equilibrated to 15–20 μg and run on an SDS-PAGE gel, 
transferred to a nitrocellulose membrane, and blocked 
in 5% nonfat biological-grade powdered milk dissolved 
in 25 mM Tris-HCl (pH 7.4), 137 mM NaCl, and 0.1% 
Tween 20 (TBST) for 60 min. Blots were washed with 
TBST and incubated with a primary antibody in 5% BSA 
with TBST for 2 h or overnight. The membranes were 
then washed three times at 10-min intervals with TBST 
before the addition of a secondary antibody for 1 h. Blots 
were developed with the Enhanced Chemiluminescence 
Detection kit (Thermo Fisher Scientific, Waltham, MA, 
USA) with an Azure 600 Western Blot Imaging System.

mRNA Stability Assay

To analyze the decay rate of c-Met mRNA in H1299 
cells, cells were incubated with 1 µg/ml of actinomycin D 
with or without MG132 (5 μM), bortezomib (100 nM), or 
ONX 0914 (10 μM), respectively. Cells were harvested at 
each time point over 0, 4, 8, and 24 h for RNA isolation 
and cDNA synthesis.

RNA Isolation, Reverse Transcription,  
and Quantitative PCR

Total RNA was isolated from cultured NSCLC cells 
using  the NucleoSpin RNA Extraction kit (Clontech, 
Mountain View, CA, USA) according to the manufac-
turer’s instructions. RNA was quantified by Nano-drop. 
cDNA was prepared using the iScript cDNA Synthesis 
kit (Bio-Rad). Quantitative PCR was performed to assess  
expression of c-Met using primers designed based on 
human mRNA sequences. C-Met primers were 5¢-GGG 
AGCCAAAGTCCTTTCAT-3¢ (forward) and 5¢-CGAATG 
CAATGGATGATCTG-3¢ (reverse). GAPDH primers were  
5¢-GGGTCCCAGCTTAGGTTCAT-3¢ (forward) and 5¢-TA 
CGGCCAAATCCGTTCACA-3¢ (reverse). Real-time PCR 
was performed using iQ SYBR Green Supermix and the 
iCycler Real-Time PCR Detection System (Bio-Rad).

Cell Viability Assay

Cells were cultured as mentioned earlier. Cells were 
seeded at a density of 5 × 105 cells/well in six-well plates 
and incubated in complete medium. When confluence 
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reached 60–70%, cells were challenged with MG-132, 
bortezmib, or ONX-0914 at different concentrations for 
48 h. The plates were washed once with fresh medium 
to remove nonadherent cells, and images were captured 
using Evos microscope (Thermo Fisher Scientific). Then 
cells were counted using the Countess II FL Automated 
Cell Counter (Thermo Fisher Scientific).

Statistical Analysis

All of the results were subjected to statistical analysis 
using two-way ANOVA and, wherever appropriate, Student’s 
t-test. Data are expressed as means ± SD of triplicate samples 
from at least three independent experiments, and a value of 
p < 0.05 was considered statistically significant.

RESULTS

Bortezomib Inhibits c-Met Expression in NSCLC Cells

The effects of proteasome inhibitors on different 
NSCLC cell types have not been well demonstrated. We 
selected three available proteasome inhibitors: borte-
zomib, MG-132, and ONX 0914. Bortezomib, also called 
Velcade or MG-341, has been used to treat multiple 
myeloma and mantle cell lymphoma17,18. H1299, H441, 
A549, and H460 cells were used to investigate the effects 
of these proteasome inhibitors on c-Met expression. 
Among these cells, H441 has higher expression of c-Met 
(Fig. 1). To test the effect of bortezomib on c-Met expres-
sion, we added varying concentrations of bortezomib to 
H1299, H441, A549, and H460 cells for 48 h, and then 
c-Met expression was determined by immunoblotting 
(Fig. 2A–D). Bortezomib (50 nM) significantly reduced 
c-Met levels in H1299 and H441 cells (Fig. 2A, B), while 
similar effects on A549 and H460 cells were observed 
when using a higher concentration (~100 nM) (Fig. 
2C, D). These data indicate that c-Met expression in all 
NSCLC cells are affected by bortezomib, and that H1299 
and H441 cells are the most sensitive to bortezomib.

MG-132 Inhibits c-Met Expression in H1299  
and H441 Cells

MG-132, a reversible cell-permeable inhibitor of 
proteasome, has been widely used in studying the 

ubiquitin–proteasome system-mediated protein degrada-
tion in experimental practice19–21. NSCLC cell lines were 
treated with MG-132 for 48 h, and then c-Met expression 
was determined by immunoblotting (Fig. 2E–H). MG-132 
at a lower concentration (1 µM) diminished c-Met levels 
in H441 cells (Fig. 2F), while MG-132 decreased c-Met 
levels in H1299 cells at 5 µM concentration (Fig. 2E). 
Surprisingly, MG-132 did not alter c-Met levels in A549 
and H460 cells even at a higher concentration (~20 µM) 
(Fig. 2G, H). These data indicate that MG-132 affects 
c-Met expression in H441 and H1299 cells, but not in 
A549 and H460 cells.

ONX 0914 Inhibits c-Met Expression in H1299, H441, 
and H460 Cells

ONX 0914, also known as PR-957, is a specific 
inhibitor of the immunoproteasome, which is a newly 
identified subtype of proteasomes22. The role of the immu-
noproteasome in NSCLC cells has not been well studied. 
Changes in c-Met expression levels in response to ONX 
0914 in different NSCLC cells were determined by 
immunoblotting (Fig. 2I–L). ONX 0914 induced a reduc-
tion in c-Met levels in H1299, H441, and H460 cells at 
a concentration of 10 µM (Fig. 2I, J, L), but not in A549 
cells (Fig. 2K). H441 cells are the most susceptible to 
ONX 0914. ONX 0914, at lower doses (1–5 µM), slightly 
increased c-Met levels in A549 and H460 cells, but the 
changes were not statistically significant (Fig. 2K, L).

Proteasome Inhibitors Do Not Attenuate c-Met 
Degradation in the Presence of Cycloheximide (CHX)

Both the proteasome and lysosome systems have been 
reported to contribute to c-Met degradation23–25. To inves-
tigate if the proteasome inhibitors affect c-Met degrada-
tion at the earlier time points, we treated H441 cells with 
the proteasome inhibitors prior to adding protein synthe-
sis inhibitor, cycloheximide (CHX, 0-8 h). As shown in 
Figure 3, c-Met levels were reduced in the presence of 
CHX in a time-dependent manner, while pretreatment 
with all the proteasome inhibitors did not attenuate the 
c-Met degradation, suggesting that endogenous c-Met 
degradation and recycling in a rest condition is not through 
the proteasome system in H441 cells. Indeed, the lyso-
somal degradation of receptor tyrosine kinases, including 
c-Met, has been reported by several studies26,27. Further, 
we investigated the effects of proteasome inhibitors on 
exogenous c-Met. Exogenously expressed c-Met-V5 lev-
els were increased in bortezomib and ONX 0914-treated 
A549 cells, while c-Met-V5 levels in H441 cells were not 
affected by any of these inhibitors (Fig. 3C). The behav-
ior of exogenous c-Met is not the same as endogenous 
c-Met in response to proteasome inhibitors. It is possible 
that overexpression of exogenous protein in the cells led 
to nonspecific effects.

Figure 1.  Different c-Met expression level in non-small cell 
lung cancer (NSCLC) cells. H1299, H441, A549, and H460 cells 
were collected without any treatment after reaching 80~90 con-
fluence in six-well plates. Cell lysates were analyzed by immu-
noblotting with antibodies against c-Met and GAPDH. Shown 
are representative blots from three independent experiments.
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Bortezomib and MG-132 Induce Cell Death  
in NSCLC Cells

c-Met has been implicated in cancer cell prolifera-
tion, cell survival, and invasion28. Next, we assessed the 

effects of bortezomib and MG-132 on cell viability in 
H1299, H441, A549, and H460 cells. After challenging 
by bortezomib for 48 h, A549 showed obvious cell death 
at 10 nM (Fig. 4A, D). Cell death in H1299 and H460 

Figure 2.  Proteasome inhibitors reduce c-Met expression in NSCLC cells. (A–D) H1299, H441, A549, and H460 cells were treated 
with increasing doses of bortezomib (0, 10, 50, and 100 nM) for 48 h. Cell lysates were analyzed by immunoblotting with antibodies 
against c-Met and b-actin. (E–H) H1299 and H441 cells were treated with increasing doses of MG-132 (0, 0.5, 1, 2, and 5 µM) for 48 
h, while A549 and H460 cells were treated with higher doses of MG-132 (0, 5, 10, and 20 µM) for 48 h. Cell lysates were analyzed 
by immunoblotting with antibodies against c-Met and b-actin. (I–L) H1299, H441, A549, and H460 cells were treated with increasing 
doses of ONX-0914 (0, 1, 2, 5, and 10 µM) for 48 h. Cell lysates were analyzed by immunoblotting with antibodies against c-Met and 
b-actin. Shown are representative blots from three independent experiments. Intensities of blots were quantified by ImageJ software. 
Expression of c-Met was normalized to b-actin. The results are shown as mean ± SD of three independent experiments. *p < 0.05 com-
pared with the control group. **p < 0.001 compared with the control group.
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started at 50 nM (Fig. 4A, B, E). H441 seemed to be the 
most resistant to bortezomib treatment because its cell 
death was observed at 100 nM (Fig. 4A, C). MG-132 
also induced NSCLC cell death. Cell death was trig-
gered in H1299 and H441 cells with 0.5 µM of MG-132 
(Fig. 5A, C, D), while much higher concentrations (up 
to 5 µM) were required to induce cell death in A549 and 
H460 cells (Fig. 5B, E, F).

ONX 0914 Induces Cell Death in H1299, A549, and 
H460 Cells

Inhibition of immunoproteasome by ONX 0914-induced 
cell death has been reported29, while its effect on NSCLC 
cells has not been revealed. ONX 0914 (2 µM, 48 h) treat-
ment induced cell death in H1299 and H460 cells (Fig. 6A, 
B, E), while cell death in A549 cells were observed at a 

higher concentration of 10 µM (Fig. 6A, D). ONX 0914 
had no obvious effect on cell viability in H441 cells (Fig. 
6A, C).

Proteasome Inhibitors Increases Poly ADP-Ribose 
Polymerase (PARP) and Caspase 3 Cleavage and 
Reduces p53 Expression

To further understand whether proteasome inhib-
itor-induced cell death is through mediating intracel-
lular signal or not, we investigated PARP and caspase 
3 cleavage and p53 expression in H441 cells. MG-132 
and bortezomib, not ONX 0914, increased PARP and 
caspase 3 cleavage and decreased p53 levels (Fig. 
7A). This is consistent with the results that showed 
that MG-132 and bortezomib, not ONX 0914, induce 
cell death in H441 cells (Figs. 4–6). While not all the 

Figure 3.  Effect of proteasome inhibitors on CHX-mediated c-Met degradation. (A) H441 cells were treated with 20 μg/ml of CHX 
with or without MG132 (5 μM), bortezomib (100 nM), or ONX 0914 (10 μM). Cells were harvested at each time point over 0–8 h for 
immune blotting. Data represent one of three independent experiments with similar results. (B) Quantitative analysis of the immuno-
blots shown in (A) using ImageJ software. The results are shown as mean ± SD of three independent experiments. (C) A549 and H441 
cells were transfected with c-Met-V5 plasmids for 1 day, and then were treated with proteasome inhibitors for an additional 48 h. H441 
cells were treated with MG-132 (5 µM), bortezomib (100 nM), and ONX 0914 (10 µM). A549 cells were treated with MG-132 (20 
µM), bortezomib (100 nM), and ONX 0914 (10 µM). Cell lysates were analyzed by immunoblotting with antibodies against c-Met and 
b-actin. Cell lysates were analyzed by immunoblotting with antibodies against V5 and b-actin.
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inhibitors induce cell death in H441 cells, all these 
inhibitors reduced c-Met and phosphorylated-c-Met 
levels in H441 cells (Fig. 7A). The effects of protea-
some inhibitors on phosphorylation of c-Met in H460 
and A549 are consistent with the changes in c-Met 

(Fig. 7B, C). Interestingly, MG-132 and bortezomib 
increased p53 levels. These data suggest that protea-
some inhibitors behave differently in different types of 
lung cancer cells.

Figure 4.  Bortezomib induces cell death in NSCLC cells. (A) NSCLC cells were pictured under a phase-contrast microscope after 
treatment with bortezomib at different concentrations (0, 10, and 100 nM) for 48 h. Shown are representative images from three 
independent experiments. Scale bar: 400 µm. (B–E) Cell viability was evaluated by cell counts. Results are expressed as percent of 
cell viability normalized to control cells. The bar graphs represent the mean with SD from three independent experiments. *p < 0.05 
compared with the control group. **p < 0.001 compared with the control group.

Figure 5.  MG-132 induces cell death in NSCLC cells. (A) H1299 and H441 cells were pictured under a phase-contrast microscope 
after treatment with MG-132 at different concentrations (0, 1, and 5 µM) for 48 h. (B) A549 and H460 cells were pictured under a 
phase-contrast microscope after treatment with MG-132 at different concentrations (0, 5, and 20 µM) for 48 h. Shown are representa-
tive images from three independent experiments. Scale bar: 400 µm. (C, D) Cell viability of H1299 and H441 cells were evaluated by 
cell counts. (E, F) Cell viability of A549 and H460 cells were evaluated by cell counts. Results are expressed as percent of cell viability 
normalized to control cells. The bar graphs represent mean with SD from three independent experiments. *p < 0.05 compared with the 
control group. **p < 0.001 compared with the control group.
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Proteasome Inhibitors Have Different Effects on c-Met 
mRNA Levels in NSCLC Cells

To further evaluate the molecular mechanisms of the 
proteasome inhibitor regulation of c-Met expression in 
NSCLC cell lines, c-Met mRNA levels were examined 

by real-time PCR. Bortezomib (100 nM) treatment for 
48 h reduced c-Met mRNA levels in H1299 and H441 
cells (Fig. 8A, B); however, it did not alter c-Met mRNA 
levels in A549 and H460 cells (Fig. 8C, D). MG-132 
decreased c-Met mRNA expression in H441 cells at a 

Figure 6.  ONX 0914 induces cell death in NSCLC cells. (A) NSCLC cells were pictured under a phase-contrast microscope after 
treatment with ONX 0914 at different concentrations (0, 2, and 10 µM) for 48 h. Shown are representative images from three indepen-
dent experiments. Scale bar: 400 µm. (B–E) Cell viability was evaluated by cell counts. Results are expressed as percent of cell viabil-
ity normalized to control cells. The bar graphs represent the mean with SD from three independent experiments. *p < 0.05 compared 
with the control group. **p < 0.001 compared with the control group.

Figure 7.  Proteasome inhibitors increase PARP and caspase 3 cleavage and change p53 expression. (A) H441 cells were treated with 
MG-132 (5 µM), bortezomib (100 nM), and ONX 0914 (10 µM), respectively, for 48 h, then were challenged with HGF (50 ng/ml) 
for 15 min. Cell lysates were analyzed by immunoblotting with antibodies against c-Met, p-c-Met, PARP, p53, cleaved caspase 3, and 
b-actin. (B) H460 cells were treated with MG-132 (20 µM), bortezomib (100 nM), and ONX 0914 (10 µM), respectively, for 48 h, 
then were challenged with HGF (50 ng/ml) for 15 min. Cell lysates were analyzed by immunoblotting with antibodies against c-Met, 
p-c-Met, PARP, p53, cleaved caspase 3, and b-actin. (C) A549 cells were treated with MG-132 (20 µM), bortezomib (100 nM), and 
ONX 0914 (10 µM), respectively, for 48 h, then were challenged with HGF (50 ng/ml) for 15 min. Cell lysates were analyzed by 
immunoblotting with antibodies against c-Met, p-c-Met, PARP, p53, cleaved caspase 3, and b-actin. Shown are representative blots 
from three independent experiments.
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lower concentration (2 µM) (Fig. 8E), while the reduction 
in c-Met mRNA by MG-132 was observed in H1299 cells 
at a higher concentration (5 µM) (Fig. 8F). ONX-0914 
(10 µM) treatment for 48 h decreased c-Met mRNA level 
in H1299 cells (Fig. 8G), but it had no effects on c-Met 
mRNA levels in H441 and H460 cells (Fig. 8H, I). To 
further understand whether these inhibitors affect c-Met 
mRNA expression through modulating mRNA stability or 
not, we examined the effects of these inhibitors on c-Met 
mRNA half-life. As shown in Figure 9, bortezomib and 
ONX 0914 had no effects on c-Met mRNA stability, while 
MG-132 significantly decreased c-Met mRNA stability 
in H1299 cells, indicating that the proteasome inhibitors 
regulate c-Met mRNA by different mechanisms.

DISCUSSION

Proteasome inhibition negatively regulates protein 
degradation and induces endoplasmic reticulum (ER) 
stress, ultimately leading to cell death especially in malig-
nant cells. It has been considered to be a novel therapeutic 
approach for treating various types of carcinomas includ-
ing NSCLC30–33. c-Met hyperactivation is a hallmark of 
many human cancers, and it is also implicated in tumor 
growth, poor prognosis, and resistance mechanism in can-
cer therapeutics, especially in NSCLC34. The cross-link 
between proteasome inhibitors and c-Met expression in 
NSCLC has not been fully investigated. It has been shown 
that in addition to proteasome degradation pathway, c-Met 
degradation is also mediated by the lysosome system or 
intracellular shedding23,24. It is possible that proteasome 
inhibitor-induced c-Met degradation is through other 
pathways such as the lysosome system. Indeed, it has been 
shown that inhibition of proteasome system promotes lys-
osome activation35. Future studies will investigate whether 
other E3 ligases, deubiquitinating enzymes, proteases, or 
the lysosome system are involved in c-Met degradation. 

In these studies, we have investigated the effect of three 
proteasome inhibitors on different NSCLC cell lines.

Bortezomib (Velcade, or PS341) was approved by the 
FDA in 2003 as a first-in-class 20S proteasome inhibi-
tor for treating multiple myeloma and a range of solid 
tumors36. Bortezomib increases the levels of CDKI p21 
and cyclins A and B in NSCLC cell lines, which can 
lead to cell cycle arrest in the G

2
/M phase32. In our study, 

we found that bortezomib induces cell death in all four 
NSCLC cell types, while H460 seems to be the most sus-
ceptible. Bortezomib decreases c-Met expression levels 
in all NSCLC cells at a range of concentrations from 10 
to 100 nM. While at a high concentration of 100 nM, 
bortezomib decreased c-Met mRNA levels in H1299 and 
H441 cells, but not in A549 and H460 cells, suggesting 
that different molecular mechanisms are involved in the 
downregulation of c-Met levels in NSCLC cells. It is pos-
sible that bortezomib induces c-Met protein degradation 
in A549 and H460 cells, while bortezomib inhibits c-Met 
transcription in H1299 and H441 cells.

MG-132 is a kind of peptide aldehyde inhibitor, which 
inhibits 20S proteasome activity by binding to the active 
site of the b subunits and eventually blocks the activity 
of the 26S proteasome complex37. By inducing the cell 
cycle arrest and triggering apoptosis, MG-132 inhib-
its the growth of malignant cells, especially in NSCLC 
cells32,38. In this study, we found that MG-132 induces 
cell death in all cell lines, but it only reduces c-Met pro-
tein and mRNA expression in H1299 and H441 cells. 
Interestingly, MG-132 reduces c-Met mRNA stability. It 
is possible that MG-132 modulates expression of certain 
proteins that modulate c-Met mRNA stability.

We evaluated the effects of ONX 0914, an LMP7-
selective epoxyketone inhibitor of the immunoprotea-
some39. Several investigators have reported the potential 
therapeutic effect of immunoproteasome inhibitors, in 

Figure 9.  Proteasome inhibitors affect c-Met mRNA stability. H1299 cells were treated with actinomycin D (Act D) (1 μg/ml) with 
or without MG132 (5 μM), bortezomib (100 nM), and ONX 0914 (10 μM). Cultures were harvested after 0, 4, 8, or 24 h, and c-Met 
mRNA levels were evaluated by real-time PCR. Levels of c-Met mRNA were normalized to those of GAPDH mRNA level (data not 
shown) in each sample. The bar graphs represent the mean with SD from three independent experiments. **p < 0.001 compared with 
the control group.
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particular, for inflammatory and autoimmune diseases22,40,41. 
Additionally, upregulation of the immunoproteasome has 
been observed in some types of cancer including mul-
tiple myeloma and prostate cancer42,43. Here we demon-
strate that ONX-0914 induces cell death in all cell types 
except H441 cells and that it decreases c-Met expression 
in H1299, H441, and H460 cells. However, a reduction in 
c-Met mRNA levels is observed only in H1299 after treat-
ment of ONX 0914 at 10 µM.

The three proteasome inhibitors induce c-Met reduc-
tion and increase cell death in most NSCLC cells, but 
the effects exhibit variability in different NSCLC cells. 
Among the cells investigated here, H441 cells exhibit 
higher expression of c-Met and lower sensitivity to all 
the inhibitors regarding cell viability, while all the com-
pounds can reduce c-Met levels in H441 cells. The data 
suggest that c-Met amplification may reduce susceptibil-
ity to the compounds. Our results indicate that H1299 
cells are susceptible to all three proteasome inhibitors. 
H460 cells respond to all of the inhibitors except MG-132 
at a higher concentration. A reduction in c-Met levels in 
A549 cells is only observed in bortezomib-treated cells. 
The proteasome inhibitors had different effects on c-Met 
mRNA levels in NSCLC cells, indicating that a reduc-
tion in c-Met by the proteasome inhibitors is regulated 
in transcriptional and posttranslational levels in differ-
ent NSCLC cells. The correlation between the changes 
in c-Met expression and cell viability in response to 
proteasome inhibitors is not significant, while the cur-
rent study suggests that proteasome inhibitors induce 
cell death through triggering intracellular death signal-
ing. This may be due to proteasome inhibitors’ varied 
effect on protein degradation. The current study shows 
that endogenous c-Met degradation is not mediated by 
the proteasome system under resting condition in lung 
cancer cells. In a future study, the effects of proteasome 
inhibitors on c-Met degradation under HGF treatment 
will be explored. In this study, we demonstrate that 
proteasome inhibitors can be potential therapeutics for 
treating NSCLC through downregulating c-Met and trig-
gering cell death.
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