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Radiation induces autophagic cell death via the pS3/DRAM
signaling pathway in breast cancer cells
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Abstract. Autophagy is known to play a role in the response of
breast cancer cells to radiation therapy. However, the mecha-
nisms that mediate the process of autophagy and contribute
to radiation-induced cell death and cell survival remain to be
fully characterized. Therefore, in this study, the functional
role of autophagy in radiation-induced cytotoxicity in breast
cancer cells was investigated. After MCF-7 cells were exposed
to various doses of radiation, increased monodansylcadaverine
(MDC) staining and a greater deposition of LC3-positive
puncta were observed. Expression of the autophagy-related
proteins, Beclin 1 and LC3-II, were also found to be upregu-
lated. Radiation-induced autophagic cell death was partially
abrogated following the administration of 3-methyladenine
(3-MA) and in knockdown experiments of Arg5 and Beclin 1.
In the gene microarray analysis performed after irradiation, a
number of differentially expressed genes were identified. In
particular, upregulation of both the mRNA and protein levels
of the autophagy-related genes, DRAM and TIGAR, were
detected. However, inhibition of autophagy by 3-MA reduced
the radiation-induced upregulation of LC3-II and DRAM.
Conversely, silencing of p53 downregulated the expression of
LC3-IT and DRAM following radiation. Silencing of DRAM
reversed the upregulation of LC3-II and DRAM following
radiation, partially blocked radiation-induced cell death, and
no significant change in p53 expression was detected. Based
on these results, the p53/DRAM signaling pathway appears
to contribute to radiation-induced autophagic cell death in
MCF-7 breast cancer cells.
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Introduction

Autophagy is a highly conserved metabolic pathway that is
required for intracellular degradation of long-lived proteins or
damaged organelles. Initially, the autophagic process includes
the formation of double-membraned autophagosomes, and
these subsequently fuse with lysosomes to degrade the contents
inside (1,2). In cancer cells, autophagy clears damaged organ-
elles and unfolded proteins, and also provides cellular energy
to enhance cell survival; while chronic or excessive autophagy
can contribute to cell death (3).

Currently, breast cancer is the most prevalent cancer diag-
nosed in women, with an estimated 1.8 million cases reported
worldwide in 2013 (4). Radiation is commonly adopted as an
adjuvant therapy for the management of breast cancer (5).
However, there is growing evidence that autophagy is induced
by ionizing radiation, and this induction plays a crucial role
in radiosensitivity (6,7). Furthermore, the regulatory effect of
autophagy in radiation-induced cell death remains controver-
sial, and the underlying molecular mechanisms remain to be
fully characterized.

Several autophagy-related genes (Atgs) have been identi-
fied in relation to the autophagy machinery. For example,
Beclin I (the mammalian orthologue of yeast Arg6) and Azg5
are required for the biogenesis of autophagosomes (8). The
autophagy pathway is also associated with multiple intracel-
lular signaling pathways. In particular, damage-regulated
autophagy modulator (DRAM), a p53 signaling effector, is a
lysosomal protein that contributes to p53-regulated autophagy
induction (9). The findings of the present study suggest that
autophagy is induced by DRAM which leads to increased
expression of beclin 1 and production of p53 (10). In addi-
tion, p53 has been shown to have a critical role in inducing
DRAM-mediated autophagy in normal hepatocytes (7702)
and hepatocellular carcinoma HepG2 cells in response to star-
vation, while p53 overexpression induces DRAM-mediated
autophagy (11). Recent evidence also indicates that the
p53/DRAM-autophagy axis contributes to anticancer reagents
that induce cytotoxicity in breast cancer cells (12,13). However,
the potential involvement of the p5S3/DR AM signaling pathway
in radiation-induced autophagic cell death remains unknown.

In this study, activation of autophagy in MCF-7 breast
cancer cells was investigated following ionizing radiation
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treatment. Various assays were performed to characterize the
radiation-induced autophagy that was achieved. In particular,
the gene, DRAM, was identified in a gene microarray analysis,
thereby recognizing a potential role for this gene in radia-
tion-induced autophagic cell death.

Materials and methods

Reagents. The following reagents were purchased as indi-
cated: Dulbecco's modified Eagle's medium (DMEM) culture
medium and fetal bovine serum (FBS) (Life Technologies,
Grand Island, NY, USA); trypan blue solution (Sigma-Aldrich,
St. Louis, MO, USA); protease inhibitor cocktail (Roche
Diagnostics, Basel, Switzerland); siRNAs targeting Arg5
(sc-41445) and Beclin 1 (sc-29797) and control siRNA-A
(sc-37007) (Santa Cruz Biotechnology, Santa Cruz, CA, USA);
anti-Atg5 (#2630) and anti-Beclin 1 (#3738) primary antibodies
(Cell Signaling Technology, Beverly, MA, USA); mouse mono-
clonal anti-p53 antibody (sc-126; Santa Cruz Biotechnology);
rabbit monoclonal anti-TIGAR (ab37910) and anti-DRAM
(ab68987) antibodies (Abcam, Cambridge, UK); rabbit anti-
LC3 (no. 12741P) antibody (Cell Signaling Technology); mouse
anti-GAPDH (no. A3853) and anti-actin (no. A5441) primary
antibodies (Sigma-Aldrich); horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (H+L, no. 170-6515) and goat
anti-mouse IgG (H+L, no. 170-6516) antibodies (Bio-Rad
Laboratories, Hercules, CA, USA); and primers used for PCR
were synthesized by Takara (Dalian, China).

Cell culture and radiation. MCF-7 breast cancer cells were
maintained in DMEM supplemented with 5% FBS, 100 U/ml
of penicillin, and 100 ug/ml of streptomycin in a humidified
5% CO, incubator at 37°C. The cells were exposed to 2,4, 6, or
8 Gy radiation at a rate of 0.40 Gy/min using an X-ray generator
(X-RAD 320ix; Precision X-Ray Inc., North Branford, CT,
USA). Untreated cells were used as a control.

Monodansylcadaverine (MDC) staining assay. MDC staining
was used to determine the presence of autophagic vacuoles.
Briefly, MCF-7 cells were pre-seeded onto glass cover slips and
24 h later the cells were irradiated. After an additional 24 h, the
irradiated cells were washed twice with cold phosphate-buff-
ered saline (PBS) and then were subsequently incubated with
0.05 mM MDC solution in DMEM for 1 h at 37°C. After
three washes with PBS, the cells were fixed in 4% paraformal-
dehyde for 15 min and then were examined with a confocal
scanning microscope (OLYMPUS-FA500; Olympus, Japan).
Fluorescence intensity was quantified by using a FACSCanto
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

CCK-8 assay for cell viability. Cells were seeded in 96-well
plates (5x10° cells/well) and were maintained in complete
culture medium for 24 h. Forty-eight hours after treatment,
CCK-8 (Dojindo) solution was added to each well (10 ul).
After 2 h, absorbance values for each plate were measured
at 450 nm using a microplate reader (Synergy HT; Bio-Tek,
Winooski, VT, USA).

Plasmid transfection. A pcDNA3.1-RFP-LC3 (or RFP-LC3)
plasmid expressing the autophagy-related gene, Ic3, was
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constructed by inserting the /c3 cassette into the EcoRI
and BamHI sites of the pcDNA3.1-RFP vector (VPY0003;
Changsha YRBio, Hunan, China). Following sequencing
confirmation of the resulting ligated vector, MCF-7 cells
were transfected with RFP-LC3 using Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA, USA) as described previ-
ously (14,15). For each transfection, 30 fields were randomly
selected and the number of cells expressing RFP-labeled
LC3 puncta were calculated in each field. Three independent
experiments were conducted for each group.

Transfection of small interfering RNA (siRNA). To knockdown
expression levels of Arg5 and Beclin 1, MCF-7 cells were trans-
fected with siRNAs targeting A7g5 and Beclin 1, as described
in our previous study (16). In addition, a scrambled siRNA
was used as a control. Briefly, one day prior to transfection,
MCF-7 cells were seeded into 100-mm tissue culture plates.
Forty-eight hours later when the cells reached 30-50% conflu-
ency, the cells were transfected with each of the three types
of siRNAs (siAtg5, siBeclinl and sicon, respectively) diluted
1:5 with Oligofectamine reagent (Invitrogen) and then diluted
with 40 pul of serum-free DMEM. After 5-10 min at room
temperature (RT), another tube containing 10 ul of 20 yuM
siRNA added into 440 ul of serum-free DMEM was added
to each diluted Oligofectamine mixture. After 15-20 min at
RT, the siRNA-Oligofectamine-reagent complex solution was
added to 2.5 ml of serum-free DMEM and this mixture was
added to each dish of cells that had been washed once with
serum-free DMEM. The final concentration of each siRNA in
medium was 40 nM. As a control, 2.5 ml serum-free DMEM
with only the sicon siRNA was added onto the cells. After the
transfected cells were incubated for 4 h at 37°C in a 5% CO,
incubator, 2.5 ml serum-free DMEM and 400 pl serum (FBS)
were added to each plate. On the fourth day after transfec-
tion, 2x10 cells from each transfection were divided equally
into the wells of a 6-well plate. On the sixth or seventh day
following transfection, each set of cells was harvested for
analysis.

Western blot analysis. Total protein extracts were collected
from MCF-7 cells in RIPA lysis buffer [HEPES (50 mM),
NaCl (150 mM), EDTA (1 mM), EGTA (2.5 mM), NaF
(10 mM), DTT (1 mM), sodium orthovanadate (1 mM),
PMSF (1 mM), NP-40 (1%), and SDS (0.1%)]. Proteins were
heated to 95°C for 5 min and 40 pg of the extracted proteins
was prepared in 2-ml aliquots and were mixed with 20 ul of
protease inhibitor cocktail. After a 5-min incubation on ice,
the samples were sonicated and centrifuged at 12,000 rpm for
10 min. The resulting supernatants were transferred to new
tubes, and each were mixed with 5X SDS before being loaded
onto a 10% SDS-PAGE gel. Following transfer of the gels
to nitrocellulose membranes, the membranes were blocked
with 5% non-fat dried milk in Tris-buffered saline (TBS)
containing 10 mM Tris (pH 7.5), 100 mM NaCl, and 0.1%
Tween-20 at RT. After 1.5 h, the membranes were incubated
with the appropriate primary antibodies overnight at 4°C. The
dilutions used for the primary antibodies were: anti-Beclin 1
(1:1,000), anti-LC3 (1:1,000), anti-GAPDH (1:1,000), anti-Atg5
(1:1,000), anti-actin (1:1,000), anti-p53 (1:500), anti-TIGAR
(1:1,000) and anti-DRAM (1:300). After the membranes were
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washed, the membranes were incubated with the appropriate
HRP-conjugated secondary antibodies at RT. After 1 h,
bound antibodies were visualized with a chemiluminescence
detection system according to the manufacturer's instructions
(Pierce, Burlingame, CA, USA). Detection of GAPDH and
actin were used as loading controls.

Determination of cell death and apoptosis. MCF-7 cells were
plated onto 6-well plates and were pre-incubated with or
without the autophagy inhibitor, 3-methyladenine (3-MA), for
1 h followed by exposure to 4-Gy radiation. At the indicated
time-points after irradiation, the cells were collected and
washed with PBS three times.

To evaluate cell death, cells were stained with trypan blue
dye which is excluded from live cells yet penetrates into dead
cells and produces a red fluorescent signal that can be quanti-
fied by flow cytometry (FACSCanto; BD Biosciences).

To detect cell apoptosis, collected cells were stained with
an Annexin V-FITC Apoptosis Detection kit I according to
the manufacturer's recommendation (BD Biosciences). After
the cells were counted by flow cytometry (FACSCanto; BD
Biosciences), they were analyzed with FCS Express v2.0 soft-
ware (De Novo Software, Thornhill, ON, Canada).

Short hairpin RNA (shRNA) constructs and transfection.
shRNAs were designed according to ‘www.idtdna.com’ and
were synthesized, denatured, annealed, and ligated to the
pSUPER vector within the Bg/II and HindIII sites. The shRNA
sequences for targeting DRAM were: sense, 5'-AGCTTGCCA
CATACGGATGGTCATTTCAAGAGAATGACCATCCGTA
TGTGGCTTTTTA-3' and antisense, 5'-GATCTAAAAAGC
CACATACGGATGGTCATTCTCTTGAAATGACCATCCG
TATGTGGCA-3". The shRNA sequences for targeting p53
were: sense, 5'-GATCCCCGGAGGTTGTGAGGCACTGCTT
CAAGAGAGCAGTGCCTCACAACCTCCTTTTTA-3' and
antisense, 5-AGCTTAAAAAGGAGGTTGTGAGGCACTG
CTCTCTTGAAGCAGTGCCTCACAACCTCCGGG-3". A
PSUPER construct expressing a scrambled sequence with no
significant homology to any known mammalian mRNA was
used as a control. All of the plasmids were constructed in our
laboratory. The plasmids were transfected into 293T packaging
cells by calcium phosphate co-precipitation (Ampho Pack
plasmid 10 pg, pPSUPER-shRNA plasmid 10 ug, 2 M CaCl,
31 ul, ddH,O0 to 250 ul, and 250 pl1 2X HEPES buffer salt solu-
tion) and supernatants containing pseudovirus particles were
collected after 72 h and applied to MCF-7 cells in the presence
of Polybrene (8 pg/ml). Stable cell clones were selected in the
presence of puromycin (0.8 ug/ml) for 7 days.

Gene microarray analysis. MCF-T cells were exposed to 0, 4,
and 8 Gy of radiation for 4 h and then total RNA samples were
collected using an mRNA isolation kit (Ambion, Austin, TX,
USA). All of the RNA samples were labeled with Cy5/Cy3 and
then were hybridized to a Human Whole Genome OneArray
(Phalanx Biotech Group, Taiwan). The hybridized chips were
scanned with an Axon 4000 scanner (Molecular Devices,
Sunnyvale, CA, USA) and spot quantification was performed by
using GenePix 4.1 software (Molecular Devices). Hierarchical
clustering was performed by Cluster 3.0 software (Molecular
Devices) for the expression profiles obtained. Differentially
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expressed genes that exhibited greater than a 2-fold change
were further analyzed by Pathway-Express software (Onto-
Tools, Wayne State University, Detroit, MI, USA).

Quantitative real-time PCR (qPCR). Total RNA was isolated
using RNAiso Plus reagent according to the manufacturer's
instructions (Takara). The quality and quantity of the RNA
samples collected were analyzed by measuring the A260/A280
ratio for each with an ultraviolet spectrophotometer (Beckman
Coulter, Miami, FL, USA). Each RNA sample (2 pug) was
subjected to reverse transcription using a PrimeScript RT
reagent kit (Takara). All of the primers were designed with
Primer5.0 (Premier, Canada) and their specificity was verified
by Blast NCBI. The forward and reverse primer sequences for
the target genes included: 5-CAAGTGTGGGCTGCTGA
GGA-3' and 5-AGCCTGGGTACAGGTTGTTGATG-3' for
DRAM; 5'-CAGTGATCTCATGAGGACAAAGCA-3' and
5'-CCATGGCCCTCAGCTCACTTA-3 for TIGER; and
5'-GCACCGTCAAGGCTGAGAAC-3' and 5"-TGGTGAAGA
CGCCAGTGGA-3' for GAPDH, respectively in each case. To
perform qPCR (Stratagene MX3000P; Agilent Technologies,
Santa Clara, CA, USA), the SYBR Premix Ex Taqll reagent
(Takara) was used to amplify the resulting cDNAs. The condi-
tions for the JPCR cycles included: an activation step at 95°C
for 10 sec, 40 cycles of denaturation at 95°C for 20 sec, and an
annealing step at 60°C for 20 sec. The formula, 2"24°T, where
ACT is the value from the threshold cycle (CT) of the treated
sample subtracted from the CT value of the untreated or zero
time-point control sample was used to calculate mRNA
levels (17). The relative amount of mRNA was normalized to
the levels of GAPDH mRNA.

Statistical analysis. All of the experiments described were
performed in triplicate. For the analysis of cell death, each
experiment was performed with 3-6 replicates. Data are
presented as the mean + standard deviation (SD). Student's
t-test was performed for statistical analyses and a p-value
<0.05 was considered statistically significant.

Results

Radiation induces autophagy in breast cancer cells. MDC
is a lysosomotropic compound that is commonly used for the
detection of autophagic vacuoles in cells (18). Thus, staining
with MDC was initially performed to investigate the induc-
tion of autophagy in MCF-7 breast cancer cells exposed to
4 Gy of radiation. Twenty-four hours later, a higher number
of MDC-labeled vacuoles was observed in the irradiated cells
than that detected in the control cells (Fig. 1A). Moreover, a
dose-dependent increase in the number of positively-stained
cells was observed within 24 h after irradiation. RFP-LC3
is a fluorescent protein which labels both autophagosomes
and autolysosomes (19), and a higher number of LC3-labeled
puncta were also observed in the irradiated cells compared
with the control cells (Fig. 1A). In addition, the percentage
of cells expressing LC3-positive puncta gradually increased
with time after irradiation (Fig. 1C). In accordance with these
results, western blot analysis demonstrated that expression
of the autophagy-related proteins, Beclin 1 and LC3-II, were
upregulated 24 h after the exposure of the MCF-7 cells to 4-Gy
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Figure 1. Radiation induces autophagy in MCF-7 breast cancer cells. (A) MCF-7 cells were exposed to 0 or 4 Gy radiation and then were stained by MDC
(shown in green) 24 h later. In parallel, a set of MCF-7 cells were transfected with RFP-LC3 and then were exposed to 0 and 4 Gy radiation. Twenty-four hours
after irradiation, the intracellular distribution of RPF-LC3 was examined. Scale bars, 10 ym. (B) MCF-7 cells were exposed to the indicated doses of radiation.
Twenty-four hours later, the cells were stained with MDC and the percentage of positive cells were determined by flow cytometric analysis. (C) The percentage
of cells exhibiting LC3 puncta was calculated at the indicated time points following irradiation. (D) Expression levels of Beclin 1, LC3I, LC3II, and GAPDH
were examined by western blot analysis. “P<0.05. The protein expression levels of LC3II relative to LC3I (E) and Beclin 1 relative to GAPDH (F) were each

quantified from three independent experiments + SD. "P<0.05.

radiation (Fig. 1D-F). Taken together, these results suggest that
radiation induces autophagy in MCF-7 cells.

Radiation induces autophagic cell death in MCF-7 cells.
Trypan blue dye exclusion assays were performed to detect cell
death following the exposure of MCF-7 cells to 4-Gy radia-
tion. As shown in Fig. 2A, the percentage of cells undergoing
cell death increased in a time-dependent manner following
irradiation. Next, the effect of inhibiting autophagy prior to
radiation on cell viability was examined. For this purpose,
MCF-7 cells were treated with or without 3-MA, and cell
viability was examined in CCK-8 assays following the expo-
sure of MCF-7 cells to various doses of radiation. As shown
in Fig. 2B, treatment with 3-MA reversed the reduction in cell
viability that was observed for the cells that were exposed to 2,
4, or 6 Gy radiation alone (P<0.05). These results suggest that
autophagy may be the predominant pathway that mediates cell
death following irradiation. However, inhibition of autophagy
did not prevent cell death following the exposure of MCF-7
cells to 8-Gy radiation (P>0.05) (Fig. 2B). MDC staining
further indicated that treatment with 3-MA significantly

reduced the induction of autophagy in MCF-7 cells exposed
to 4-Gy radiation (P<0.05) (Fig. 2C). However, there was no
significant difference in the levels of apoptosis detected for
the cells that were irradiated with or without 3-MA pretreat-
ment (P>0.05) (Fig. 2D). When the autophagy-related genes,
Atg5 and Beclin 1, were each knocked down in MCF-7 cells,
both sets of cells were protected against cell death following
exposure to 4-Gy radiation (Fig. 2E and F). In combination,
these data indicate that radiation can lead to autophagic cell
death in MCF-7 cells.

Gene microarray analysis of irradiated MCF-7 cells. To
identify regulatory genes that participate in radiation-induced
autophagic cell death, MCF-7 cells were exposed to 0, 4, or
8 Gy radiation and then were subjected to a gene microarray
analysis 4 h later. Compared with the non-irradiated control
cells, there were 160 differentially expressed genes that were
detected after the exposure of the cells to 4 Gy radiation,
including 93 genes that were upregulated (indicated in red in
the row of 4 Gy 4 h) and 67 genes that were downregulated
(indicated in green in the row of 4 Gy 4 h) (Fig. 3). Overall,
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Figure 2. Radiation-induced autophagic cell death in MCF-7 cells. (A) MCF-7 cells were exposed to 4-Gy radiation. At the indicated time-points, cells were
collected and assayed for trypan blue dye exclusion. The percentage of cells undergoing death was quantified by flow cytometry. (B) Cells were pre-treated
with or without 2 mM 3-MA for 1 h before the cells were exposed to different doses of radiation. Twenty-four hours later, cell viability was determined with
CCK-8 assays. (C) MCF-7 cells were pre-treated with or without 2 mM 3-MA for 1 h before the cells were exposed to 0 or 4 Gy radiation. Cells were stained
with MDC to detect autophagic vacuoles and the percentage of positive cells was analyzed by flow cytometry. Quantitation of the rate of autophagy is shown
in the bar graph to the right. (D) MCF-7 cells were subjected to Annexin V-FITC/PI double staining to detect cell apoptosis. Quantitation of these data + SD
are presented in the bar graph to the right. (E) Western blot analysis following the introduction of siRNA targeting Arg5 and Beclin I (siAtg5 and siBeclinl,
respectively) vs. a control siRNA (sicon), in MCF-7 cells. Detection of actin was performed as a loading control. (F) Percentage of cell death was determined
by trypan blue staining following the introduction of siRNA targeting Atg5 and Beclin 1, vs. an siRNA control, 24 h after the cells were exposed to 0 or 4 Gy
radiation. Data are presented as the mean + SD from three independent experiments. "P<0.05.

these differentially expressed genes were associated with 10
signaling pathways. For the MCF-7 cells that were exposed to
8 Gy of radiation, a total of 236 differentially expressed genes
were detected [including 121 upregulated genes (indicated
in red in the row of 8 Gy 4 h) and 115 downregulated genes
(indicated in green in the row of 8 Gy 4 h)], and these were
associated with 9 signaling pathways (Fig. 3). Furthermore,
significant alterations in the expression of the autophagy-

related genes, DRAM and TIGAR (also known as Cl2orf5),
were detected following the exposure of the cells to 8-Gy radi-
ation. Therefore, it appears that DRAM and TIGAR contribute
to radiation-induced autophagic cell death in MCF-7 cells.

Characterization of DRAM and TIGAR in radiation-induced
autophagic cell death in MCF-7 cells. In the qPCR analysis,
mRNA levels of DRAM and TIGAR were found to be
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of radiation and 4 h later, each set of cells was subjected to a gene microarray analysis. The signals for genes that exhibited differential expression among the
three sets of cell samples are shown. Signals shown in green represent upregulated gene expression and signals shown in red represent downregulated gene
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Figure 5. p53/DRAM regulates radiation-induced autophagic cell death in MCF-7 cells. (A) Expression levels of LC3-I, LC3-II, p53,and DRAM were analyzed
by western blot analysis 24 h after control and p53-deficient MCF-7 cells were exposed to 8-Gy radiation. Detection of GAPDH was performed as a loading
control. (B) Expression levels of LC3-1, LC3-II, p53, and DRAM were analyzed by western blot analysis 24 h after control and DR AM-deficient MCF-7 cells
were exposed to 0 or 8 Gy radiation. Detection of GAPDH was performed as a loading control. (C) Expression levels of LC3 (including LC3-I and LC3-1II),
DRAM, and p53 were detected in MCF-7 cells that were exposed to 0 or 8 Gy radiation, as well as pretreatment with 3-MA prior to 8 Gy radiation. Detection
of GAPDH was performed as a loading control. (D) Cell death was determined for MCF-7 cells that were transfected with control or DRAM-targeted shRNAs
(pSUPER or pSUPER-DRAMRI) by trypan blue dye exclusion assays analyzed by flow cytometry. “P<0.05. DRAM-silenced MCF-7 cells were exposed to
0 or 8 Gy radiation and then the protein expression of LC3II relative to LC3I (E) and p53 relative to GAPDH (F) were each quantified from three independent
experiments = SD. "P<0.05. MCF-7 cells were exposed to 0 or 8 Gy radiation in the presence or absence of 3MA. The protein expression of LC3II relative to
LC3I (G) and p53 relative to GAPDH (H) were each quantified from three independent experiments + SD. "P<0.05.

significantly elevated following the exposure of MCF-7 cells to
radiation (Fig. 4A and B). As shown by western blot results, the
levels of p53 gradually increased, as did the levels of DRAM,
with time following radiation (Fig. 4C and E). However, while
the expression of TIGAR gradually increased and peaked
16 h after the irradiation treatment, the levels decreased there-
after (Fig. 4C and D). Previously, DRAM was identified as a
crucial effector of p53-activated autophagy. However, more
recently, the lysosomal protein, DRAM has also been found

to be required for p53-induced autophagy and cell death (20).
Consistent with the DRAM data, expression levels of p53
were higher after the MCF-7 cells were exposed to radia-
tion compared with the control cells (Fig. 4C and F). These
data suggest that regulation of DRAM by p53 may mediate
autophagy in MCF-7 cells following exposure to radiation.

pS53/DRAM mediates radiation-induced autophagic
cell death. To confirm the potential regulatory role of
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the p53/DRAM signaling pathway in radiation-induced
autophagic cell death, a stable p53-deficient MCF-7 cell
line and DRAM-deficient MCF-7 cell line were established
following the infection of MCF-7 cells with a pSUPER-
DRAM shRNA and a pSUPER-p53 shRNA. Western blot
analysis confirmed that silencing of p53 and DRAM were
achieved (Fig. 5A and B). This in vitro model was then
exposed to 8-Gy radiation. We found that radiation induced
downregulation of DRAM and LC3-II in the p53-deficient
MCEF-7 cells (Fig. 5A). This in vitro model was then exposed
to 8-Gy radiation, and radiation-induced upregulation of p53,
DRAM, and LC3-II were reversed compared with wild-type
MCEF-7 cells that were exposed to the same radiation in a
DRAM-deficient MCF-7 cell line (Fig. 5B). These results are
in agreement with the results of the statistical analysis in the
graph shown in Fig. 5E and F). Previously, it was reported that
siRNA-mediated knockdown of p53 was able to completely
block DRAM expression and significantly reduce the level
of autophagy (11). However, in the present study, silencing of
DRAM only partially blocked autophagy, which might be due
to the upregulated p53 level after irradiation. It is also possible
as p53 may induce autophagy by mediating other autophagy
related genes. As shown in Fig. 5C, inhibition of autophagy by
3-MA further reduced the radiation-induced upregulation of
LC3-IT as well as DRAM, while no significant difference was
detected in the expression of p53 in the wild-type MCF-7 cells
that were irradiated (Fig. 5G and H). In trypan blue exclusion
assays, DRAM-deficient MCF-7 cells also exhibited a marked
reduction in cell death rate after irradiation (Fig. 5D). Thus,
the present findings suggest that the p53/DRAM signaling
pathway mediates radiation-induced autophagic cell death in
MCF-7 cells.

Discussion

Ionizing radiation is an efficient adjuvant therapy for the
management of breast cancer after surgery as it reduces local
recurrence and has been shown to prolong the long-term
survival of patients (21). However, breast cancer cells can
develop radioresistance, and the ability to promote radiosen-
sitivity could potentially improve the therapeutic outcome in
these cases (22). In recent studies, autophagy has been shown
to play a key role in the radiosensitivity and radioresistance
of various cancer therapies (6). However, the precise role of
autophagy in radiation-induced cytotoxicity of breast cancer
cells has not been fully characterized. In the present study,
radiation triggered autophagic cell death in MCF-7 breast
cancer cells, and we provide evidence to indicate this process
is modulated by the pS3/DRAM signaling pathway.

Increased autophagic activity in irradiated MCF-7 cells was
demonstrated with the presence of enhanced MDC staining, an
accumulation of LC3-positive puncta, and upregulated expres-
sion of autophagy-related genes. Moreover, these observations
were accompanied by enhanced cytotoxicity, suggesting the
involvement of autophagy in radiation-induced cell injury.
Similarly, enhanced autophagy has been observed in other
studies of breast cancer cells that were subjected to ionizing
radiation (14,23). However, it should be noted that autophagy
can act as a double-edged sword in modulating radiation-trig-
gered cancer cell death (24). For example, Han et al reported
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that blockage of autophagy overcame the radioresistance
of breast cancer cells (25), and Bristol ef al reported that an
inhibition of autophagic activity in MCF-7 cells aggravated
cytotoxicity and a cytoprotective role was indicated for
autophagy induced by radiation (26). Thus, it appears that
autophagy may favor cancer cell survival and radioadaption by
contributing to the maintenance of intracellular homeostasis
in cells (27). However, radiation has also been shown to induce
autophagic cell death in MCF-7 cells (28). In accordance with
this finding, the results of the present study demonstrate that
autophagy can act as a pro-death mechanism. Specifically, it
was demonstrated in the present study that inhibition of the
autophagic pathway by pharmacological interference or with
the knockdown of autophagy-related genes could prevent cell
death-induced radiation. Therefore, it is hypothesized that
augmentation of autophagy may sensitize breast cancer cells
to radiotoxicity.

In the gene microarray analysis that was performed,
marked changes in expression of the autophagy-related genes,
DRAM and TIGAR, were observed. DRAM plays a crucial
role in mediating a cell's response to DNA damage (9), and
is also a downstream target of p53. Furthermore, activation
of the p5S3/DRAM signaling pathway has been found to
mediate the induction of autophagy in breast cancer cells by
anticancer reagents such as doxorubicin (29) and acetazol-
amide (13). Consistent with these findings, overexpression of
DRAM and p53 were detected following the irradiation of
MCEF-7 breast cancer cells in the present study. Conversely,
silencing of p53 decreased DRAM and LC3-II. Silencing of
DRAM reversed radiation-induced of the autophagy-related
gene, LC3-II and increased the expression levels of p53. The
latter observation may involve a compensatory mechanism
by which radiation-induced upregulation of p53 is reversed,
and thus, a positive feedback loop may exist between p53
and DRAM. It has been reported that DRAM-induced
autophagy was also accompanied by an increased number of
autophagic vacuoles and upregulated expression of LC3 (10).
Knockdown of DRAM attenuates the ability of wild-type
p33 to induce autophagy (30). Furthermore, knockdown of
DRAM in MDA-MB-231 cells, which represent a pS3-mutated
breast cancer cell line, did not induce DRAM-1 expression
or autophagy (29). It was also observed in the present study
that DRAM silencing partially prevented radiation-induced
cell death in MCF-7 cells, and this result indicates a potential
role for the p5S3/DR AM-autophagy axis in radiation-induced
cytotoxicity of breast cancer cells.

In conclusion, the results of the present study demonstrate
that ionizing radiation induces autophagic cell death of MCF-7
cells via the p53/DRAM signaling pathway, and they also
identify potential targets for improving radiosensitivity in the
treatment of breast cancer.
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