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c-Myc down-regulation is involved in proteasome
inhibitor-mediated enhancement of radiotherapeutic
efficacy in non-small cell lung cancer
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Abstract. In this study, the effect of MG132 (carbobenzoxyl-
leucinyl-leucinyl-leucinal-H) at a low dose on radiotherapeutic
efficacy and its accurate mechanism of radiosensitization were
investigated in human non-small cell lung cancer. The effect
of MG132 on ionizing radiation (IR)-induced cytotoxicity, cell
proliferation and survival of A549 cells was evaluated. The
protein expression modulated by MG132 and IR were inspected
by Western blot analysis. To determine in vivo radiotherapeutic
efficacy, tumor growth delay was analyzed in a A549 tumor-
bearing xenograft mouse model after single or repeated treatment
of MG132 and/or IR. Induction of apoptosis and change of c-Myc
expression in the tumor tissue was explored by histological
analysis. MG132 at a non-toxic dose enhanced the radiation-
induced cytotoxicity of A549 cells, accompanying a significant
decrease of c-Myc expression. Suppression of c-Myc expression
by small interfering RNA (siRNA) displayed enhancement of
radiosensitivity similarly to MG132 treatment. Tumor growth in
the xenograft mice was markedly delayed by systemic adminis-
tration of MG132 combined with IR. In vivo down-regulation of
c-Myc and increased induction of apoptosis were simultaneously
observed in the tumor tissues followed by combinational treat-
ment of MG132 and IR. The results reveal a novel mechanism
for proteasome inhibitor-mediated radiosensitization in which
c-Myc down-regulation is involved.
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Introduction

Non-small-cell lung cancer (NSCLC) is the leading cause of
cancer-related deaths in sexual independent populations (1).
Radiation therapy plays a significant role in the management of
human lung cancer (2). However, radiation therapy is limited
by the tolerance of the surrounding normal tissues. In addition,
solid tumors tend to lessen the efficacy of radiation therapy
owing to a hypoxic region (3). Due to these reasons, the overall
cure rate and survival rate of patients remain low (4). To make
up for these negative effects, the combination of anticancer
drug with ionizing radiation (IR) is being used commonly for
clinical applications. Particularly, for treatment of NSCLC, the
chemoradiation therapy is reported to be beneficial and improve
the survival rate (5). Furthermore, the combination therapy is
able to reduce the usage dose and the toxicity. Many efforts
for the screening and development of radiosensitizer have
been reported to enhance the radiotherapeutic efficacy (6,7). In
order to improve a radiotherapeutic efficacy, the combination
regimen of anticancer drug with IR has also been considered.
The combination regimens representatively need to refine the
administration route, dosage and sequencing (e.g., the chemo-
therapy given prior to IR or after IR, concurrent treatment and
repeating treatment). Finally, the goal of the combination of
chemotherapy and radiotherapy is the control of tumors and
improvement of patient survival.

The proteasome plays a central role in the degradation of
proteins related to the regulation of cell cycle, proliferation,
apoptosis, angiogenesis, metastasis, and resistance to chemo-
therapy and radiotherapy (8). Proteasome inhibitors including
bortezomib (boronic acid dipeptide derivative) and MG132
(carbobenzoxyl-leucinyl-leucinyl-leucinal-H) have anticancer
activity (9,10) and are known as a sensitizer to DNA-damaging
agents, IR, and DNA cross linker for cancer therapy (11). The
combination of bortezomib with IR induced nuclear factor-xB
(NF-kB) inhibition, apoptosis, and cytokines, which was asso-
ciated with tumor control in head and neck cancer model (12),
colorectal cancer model (13) as well as in androgen independent
human prostate cancer cells (8). MG132 has been reported to
sensitize PC-3 prostate cancer cells to IR by NF-kB inhibition
(14,15) and improve the radiotherapeutic effect in NSCLC (16).
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In order to explain the mechanism of radiosensitizing effect,
proteasome inhibitors including MG132 have been studied at
high concentration (#M) inducing apoptosis (8,10,16), which
might not be applicable to clinical treatment for human cancer.

In this study, we investigated the effect of MG132 on the
radiotherapeutic efficacy in NSCLC A549 cells. We found a new
mechanism of radiosensitization mediated by MG132 at a range
of non-toxic dose (nM) in which down-regulation of c-Myc is
involved. The effective therapeutic regimen for the combination
of proteasome inhibitor and IR was also established in a mouse
model bearing A549-derived tumors.

Materials and methods

Cell culture and treatment. A549 cells were maintained in
Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Grand
Island, NY, USA) containing 10% fetal bovine serum (FBS,
Invitrogen) at 37°C in a humidified 5% CO, incubator. Cells were
seeded in 96-well plates at a density of 2x10° cells/well one day
prior to treatment. Cells were treated with MG132 (Calbiochem,
San Diego, CA, USA) and irradiated 2 h later. Five pmole of
c-Myc small interfering RNA (c-Myc siRNA, ON-TARGETplus
SMARTpool L-003282, Dharmacon, Inc., Chicago, IL, USA)
was transfected with Lipofectamine RNAiMax (Invitrogen,
Carlsbad, CA, USA) 24 h prior to 5 Gy of IR.

Assays for cell viability. On the third day after treatment, cell
cytotoxicity was assayed using Cell Counting Kit-8 (Dojindo,
Kumamoto, Japan) according to the manufacturer's protocol.
Data were expressed as the mean + standard deviation (SD, n=8).
For clonogenic assay, A549 cells were seeded into 6-well plate at
concentrations of 50-1,000 cells/well depending on the dose of
MG-132 and IR 24 h prior to MG132 treatment. After MG132
treatment, cells were irradiated from O to 10 Gy. The cells were
incubated for 12 days to allow colony formation, rinsed with phos-
phate buffered saline (PBS), fixed, and stained with 0.5% crystal
violet solution in 10% methanol. The colonies composing >50
cells were counted, and the survival fraction for each treatment
group was normalized to the surviving fraction from the untreated
controls (plating efficiency). The dose enhancement ratio (DER) of
IR (1) was calculated at the dose (Gy) for IR alone divided by the
dose (Gy) for IR with drug, at a survival fraction of 0.1.

Western blot analysis. Cells at 80-90% confluence were lysed in
pro-prep solution (iNtRON Biotechnology, Seongnam, Korea).
Proteins were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) through 10% gel
and transferred to polyvinylidene fluoride (PVDF) membrane.
Membrane was blocked with 5% skim milk (Becton-Dickinson,
Co., Sparks, MD) in PBS containing 0.1% Tween-20 (PBST)
for 1 h at room temperature. Membrane was probed with either
primary antibody against p53 (1:1000, Upstate, Temecula, CA),
Cipl/WAF-1/p21 (1:1000, Upstate, Temecula, CA), c-Myc
(1:1000, Abcam, Cambridge, UK) or GAPDH (1:5000, Assay
designs, Ann Arbor, MI) overnight at 4°C. Membrane
was washed three times in PBST and incubated with perox-
idase-conjugated mouse secondary antibody (1:2000, Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) for 2
h at room temperature. Membrane was washed in PBST and
the detection was done using enhanced chemiluminescence
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kit (ECL Western blotting detection reagents, GE Healthcare,
Buckinghamshire, UK) and exposed to X-ray film (AGFA,
Mortsel, Belgium).

Tumor growth delay. A549 cells (5x10° cells/mouse) were subcu-
taneously injected into hind limb of Balb/c nude mice (5-weeks
old, SLC, Shizuoka, Japan). When tumors grew to 50 mm?, mice
were randomized and divided into four groups (n=5 per group)
such as untreated control, treated with MG132 alone, IR alone
and MG132 combined with IR. MG132 (2.5 mg/kg) was intra-
venously injected 2 h prior to IR (5 Gy). Tumors were irradiated
using 6 MV photon beam linear accelerator (CL/1800, Varian,
CA). In repeated treatment, MG132 (1.25 mg/kg) and IR (2 Gy)
were administered once a week for 3 weeks. Tumor size was
determined with a caliper every other day and tumor volume was
calculated from the following formula; V = [longest dimension]
X [shortest dimension]* x 0.5. To evaluate the anticancer efficacy
of treatment, T/C (%) on the final date of this experiment was
calculated as follows: (change in tumor growth for treated group)/
(change in tumor growth for control group) x 100.

Immunohistological analysis. Male Balb/c nude mice bearing
A549 cell-derived tumors were intravenously injected with
MG132 at 2.5 mg/kg and irradiated (2 Gy) once a week
for 3 weeks. On the 21st day, mice were sacrificed and the
tumors were isolated, fixed in 4% paraformaldehyde and then
embedded into paraffin. Sections of 5 ym were prepared and
rehydrated. To investigate c-Myc expression levels, tissue
sections were incubated with c-Myc antibody (1:200, Abcam,
Cambridge, UK) overnight at 4°C. After washing, the tissue
sections were incubated with biotin-conjugated anti-mouse
antibody (1:100, Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA). After incubation with Vectastain elite ABC kit
(Vector Laboratories, Inc., Burlingame, CA), the tissue sections
were stained with DAB kit (Vector Laboratories, Inc.). The
image on the tissue sections was observed and photographed
with microscopy set (Olympus, Tokyo, Japan). To examine
apoptosis, the tissue sections were incubated in distilled water
for 1 h at 60°C and equilibrated with TdT labeling buffer for
10 min. The tissue sections were incubated with TdT/biotinyl-
ated deoxyurine for 1 h at 37°C. Donkey serum (10%) was used
to remove non-specific background. The apoptotic cells were
visualized with ABC kit followed by DAB kit. The image was
observed and photographed with a microscopy set.

Results

MGI32 at a low dose sufficiently enhances radiosensitivity of
A549 cells. To investigate whether MG132 at a dose so low as not
to attenuate cell proliferation, could display a sufficient radiosen-
sitization effect, we examined the cytotoxicity and clonogenicity
in NSCLC A549 after treatment of IR and MG132 at various
nano-molar concentrations. As shown in Fig. 1A, cell prolifera-
tion was not attenuated by 100 nM or 400 nM MG132. When
combined with IR, 400 nM MGI132 significantly enhanced
cytotoxicity both upon 5 and 10 Gy IR, although 100 nM MG132
showed no difference upon 5 Gy IR compared to control. The
clonogenicity by the combination of 300 nM MG132 with IR
was markedly decreased (Fig. 1B). DER in A549 cells treated by
combination of MG132 at 100 or 300 nM with IR compared to
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Figure 1. Proteasome inhibitor MG132 enhances radiosensitivity. (A) Cytotoxicity assay. A549 cells were treated with MG132 for 2 h prior to IR. After incuba-
tion for 72 h, cell viability was measured as described in Materials and methods. The viability of untreated cells was normalized to ‘1' and relative cytotoxicity
was plotted. Data presented the mean + SD ("p<0.01 t-test). (B) Clonogenic assay. A549 cells were treated with MG132 for 2 h prior to IR. The cells were
incubated for 12 days to allow colony formation. The colonies composing >50 cells were counted, and plotted.
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Figure 2. c-Myc down-regulation is involved in MG132-mediated radiosensitization. (A) A549 cells treated with MG132 (300 nM) and/or IR (5 Gy) were
harvested after 48 h. Protein expression was investigated by Western blot analysis. (B) A549 cells were transfected with c-Myc siRNA (siMyc, 5 pmole) or
scrambled siRNA as a negative control (siScramble, 5 pmole) and incubated for 24 h. Otherwise, cells were treated with MG132 (400 nM) for 2 h. At 72 h after
5 Gy of IR, cell viability was measured (left panel). The viability of untreated cells was normalized to ‘1' and relative cytotoxicity was plotted. Data presented
the mean = SD ("p<0.05; ““p<0.001 t-test). The level of c-Myc expression was determined by Western blot analysis (right panel).

IR alone was 1.06 and 1.36, respectively at a survival fraction of
0.1. These results demonstrated that MG132 at a range of non-toxic
dose (nM) sufficiently enhanced the radiosensitivity of A549 cells.

c-Myc down-regulation is involved in MGI132-mediated
radiosensitization. To study the molecular mechanism of

radiosensitization effect mediated by MG132, we performed
Western blot analysis against key molecules involved in cell
death and proliferation in A549 cells treated with MG132 and/
or IR (Fig. 2A). The expression of p53 and p21 was increased by
either IR or MG132, corresponding to the activation of ataxia
telangiectasia mutated (ATM)-p53 signaling pathway by IR or
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Figure 3. MG132 enhanced the radiotherapeutic efficacy. (A) Single treatment. MG132 (2.5 mg/kg) was intravenously injected 2 h prior to IR at 5 Gy into mice
bearing A549-derived tumor, and then irradiated. (B and C) Repeated treatment. Mice bearing A549-derived tumor were treated with MG132 (1.25 mg/kg)
and IR at 2 Gy once a week for 3 weeks. Tumor sizes and body weights were determined every other day. Data are presented as the mean + SD ("p<0.05 t-test).

the inhibition of protein degradation by MG132. Intriguingly,
c-Myc expression was notably decreased in the cells treated
with both MG132 and IR, while it was not decreased by MG132
or IR alone. To assure that the down-regulation of c-Myc plays
a role in the radiosensitization, cells were transfected with
c-Myc siRNA instead of MG132 treatment and cell viabilities
were compared to that of MG132-treated cells. As shown in
Fig. 2B, cell viability decreased to 73% by the combination of
c-Myc siRNA with IR, which was similar to the decrease of cell
viability by the combination of MG132 with IR. The sufficient
suppression of c-Myc expression was confirmed by Western blot
analysis. These results suggested that c-Myc down-regulation
played a key role to cause MG132-mediated radiosensitization.

Repeated administration of low-dose MGI132 enhanced the
radiotherapeutic efficacy in vivo. To evaluate the in vivo radio-
sensitization effect of MG132, mice bearing A549-derived
tumor were intravenously injected with MG 132 and the tumor
was exposed to IR. In mice treated once with 2.5 mg/kg of
MGI132 and 5 Gy of IR, the tumor growth was more delayed
than that of mice treated with 5 Gy alone (Fig. 3A and Table I).
During the first 2 weeks, the difference in growth rate was espe-
cially apparent between these two groups. On the other study,
mice were repeatedly treated with MG132 and/or IR. MG132 at
1.25 mg/kg was intravenously injected 2 h prior to IR (2 Gy),

Table I. Summary of in vivo efficacy.

Single treatment Repeating treatment

Group % T/C Tumor growth % T/C Tumor growth
delay (%) delay (%)

Control 100 100 100 100

IR 57.6 202 75.3 129

MG132 84.9 135 97.3 112

MG132+IR  44.2* 254 30.5* 261

T/C, tumor growth inhibition. “p<0.01 vs. IR.

and the treatment was repeated weekly for 3 weeks (Fig. 3B).
The group treated with either MG132 or IR alone showed
moderately delayed tumor growth from that of untreated group.
Notably, the group treated with both MG132 and IR manifested
significantly delayed tumor growth during the experimental
period. At the final day, the tumor volume of control group
and the group treated with MG132 and IR reached 524+78 and
119+97 mm?, respectively. No difference in weights among the
groups was not observed during the entire experimental period,
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Figure 4. Down-regulation of c-Myc and apoptosis were correlatively induced
by the combination of MG132 and IR. (A) Immunohistochemistry for c-Myc
expression. Mice bearing A549-derived tumor were treated with MG132
(2.5 mg/kg, iv.) and 2 h later the tumor was irradiated (2 Gy). The treatment
was repeated once a week for 3 weeks. On the 21st day, the tumors were isolated
and immunostaining was performed against c-Myc as described in Materials
and methods. (B) TUNEL assay. Tissues were prepared as in (A). Apoptotic
cells in the tissue were visibilized by TUNEL staining. Scale bar, 50 pzm.

indicating that toxicity was negligible even though MG132 was
repeatedly administered (Fig. 3C).

As shown in Table I, the quantitative evaluation of in vivo
anticancer efficacy displayed that the repeated treatment with
MG132 and IR had greater efficacy for tumor growth inhibition
(% T/C, 30.5) than the single treatment (% T/C, 44.2). Tumor
growth was delayed by the repeated treatment to 261%, which
was also more effective than that of the single treatment (254%).
MG132 alone did not show significant anticancer efficacy
regardless of the single or repeated treatment. The anticancer
efficacy of single shot of IR at 5 Gy was better than that of
three times fractionated IR at 2 Gy. Nonetheless that either the
repeated treatment of MG132 alone or fractionated shot of IR
at 2 Gy showed little valuable anticancer efficacy, combina-
tion of these two regimens displayed the greatest anticancer
efficacy. Thus, these results indicated that the low dose MG132
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effectively sensitizes A549-derived xenograft tumors to IR,
especially when it was treated repeatedly.

Down-regulation of c-Myc and apoptosis in tumor tissue were
correlatively induced by the combination of MGI32 and IR.
For further investigation of MG132-mediated in vivo radio-
sensitization, tumor tissues from the mice treated with MG132
and/or IR were immunohistochemically analyzed. As shown
in Fig. 4A, c-Myc protein was abundantly expressed in A549-
derived xenograft tumor tissue. The expression level of c-Myc
was not affected by either MG132 or IR alone, while it was
obviously down-regulated by the combination of MG132 and
IR. Furthermore, IR-induced apoptosis in the tumor tissue was
augmented by the combination with MG132 (Fig. 4B), although
MG132 alone did not induce apoptosis. These histological results
reflected that the combination of MG132 with IR induced the
c-Myc down-regulation and apoptosis correlatively, thereby
radiotherapeutic efficacy was potentiated.

Discussion

In this study, we investigated the effectiveness and mechanism
of MG132 for radiosensitization both in vitro and in vivo. We
determined MG132 at a range of low dose (nM) displayed
sufficient radiosensitization effect both in vitro and in vivo. In
human lung cancer A549 cells, the concentration of MG132
which did not show much cellular damage by itself significantly
enhanced the cytotoxicity and decreased the clonogenicity
mediated by exposure to IR. The induction of apoptosis in
A549-derived xenograft tumor tissue treated with MG132 and
IR together was apparently increased, and its tumor growth
was delayed. We found that the effect of radiosensitization
mediated by MG132 was exerted through the mechanism in
which down-regulation of c-Myc is involved. c-Myc down-
regulation was observed upon the study of gene expression
patterns in the lung cancer cells, which is related to cell death
and cell arrest. The expression level of c-Myc in A549-derived
xenograft tumor tissue treated with MG132 and IR was obvi-
ously down-regulated and the apoptosis was correlatively
augmented. The c-Myc protein which was down-regulated by
treatment of MG132 and IR is known as a potent regulator of
cell growth, proliferation, differentiation and apoptosis (17,18).
Although the mechanism of c-Myc down-regulation mediated
by the combination of MG132 with IR has not been accurately
defined in this study, a possible involvement of (3-catenin
could be suggested according to a recent report (19) describing
that the cleavage of (3-catenin by MG132 is associated with
decrease in the mRNA expression of c-myc.

Following exposure of cells to IR, it has been reported that
DNA double strand break (DSB) and G2/M cell cycle arrest
occur (20), leading to mitotic cell death and apoptosis (21). In
irradiated cells, the activation of ATM kinase that phosphory-
lates p53, checkpoint kinase 1 (Chk1), Chk2 and H2AX plays
an important role in IR-induced DNA damage response (22-25).
Increase of p53 as well as p21, a p53-regulated gene, was
observed in cells treated with IR and they were more accumu-
lated by additional treatment of MG132. Suppression of c-Myc
by siRNA in A549 cells, mimics the down-regulation of c-Myc
by treatment of MG132, showing enhanced radiotherapeutic
effect both in vitro and in vivo. These results suggest that c-Myc
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down-regulation is related to improved radiotherapeutic effi-
cacy. For a mechanism of radiosensitization by MG132, c-Myc
down-regulation might coordinately facilitate the increase
of p21 through induction of transforming growth factor-beta
(TGF-B). Activation of p53 in ATM signaling pathways by IR
is importantly related with TGF-f that regulates cell-growth,
differentiation, apoptosis and angiogenesis for suppression of
malignancy and tumor progression. The induction of TGF-3 by
IR inhibited c-Myc and increases p21, consequently resulting
in the induction of apoptosis (26). Additionally, it has been
reported that c-Myc directly induces the gene encoding the
transcription factor AP4, which binds to recognition motifs
located in p21 promoter and medicates transcriptional repres-
sion of p21 (27). The accumulated p21 in human lung cancer
cells by the combination of MG132 with IR treatment shown
in our experiment might be due to both c-Myc-induced AP4
elevation and the activation of the ATM-p53 pathway by IR,
thus c-Myc down-regulation and prolonged p21 activity might
exert the radiosensitization effect.

In this study, an effective therapeutic regimen for the combi-
nation of proteasome inhibitor and IR was also established in
mouse model bearing A549 (NSCLC)-derived xenograft tumor.
The new regimen using the fractionated radiation with low-dose
MG132 displayed notable enhancement of radiotherapeutic effi-
cacy. While the effect of tumor growth delay of single treatment
was maintained only for 2 weeks, the fractionated radiation with
MG132 markedly delayed the tumor growth over 3 weeks without
significant observation of toxicity. The results might be due to that
the activity of MG132, which is quickly reversible, although it has
a potent activity as proteasome inhibitor in a broad spectrum. The
short preservation of MG132 activity for radiosensitization was
effectively compromised by repeated treatment with low dosage
of MG132 and IR without adverse effects. This result suggests the
feasibility of using reduced dose as low as clinically applicable, in
contrast with the usage of high dose of MG132 and IR previously
suggested (16). Our results from this study might be able to provide
helpful information to improve radiotherapeutic efficacy for the
treatment of human lung cancer.
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