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Despite the fact that ionizing radiation (IR) is widely used as a standard treat-

ment for breast cancer, much evidence suggests that IR paradoxically promotes

cancer malignancy. However, the molecular mechanisms underlying radiation-

induced cancer progression remain obscure. Here, we report that irradiation acti-

vates SRC signaling among SRC family kinase proteins, thereby promoting malig-

nant phenotypes such as invasiveness, expansion of the cancer stem-like cell

population, and resistance to anticancer agents in breast cancer cells. Impor-

tantly, radiation-activated SRC induced SLUG expression and caused epithelial–

mesenchymal cell transition through phosphatidylinositol 3-kinase ⁄protein kinase

B and p38 MAPK signaling. In agreement, either inhibition of SRC or downstream

signaling of p38 MAPK or protein kinase B effectively attenuated radiation-

induced epithelial–mesenchymal cell transition along with an increase in the can-

cer stem-like cell population. In addition, downregulation of SRC also abolished

radiation-acquired resistance of breast cancer cells to anticancer agents such as

cisplatin, etoposide, paclitaxel, and IR. Taken together, our findings suggest that

combining radiotherapy with targeting of SRC might attenuate the harmful

effects of radiation and enhance the efficacy of breast cancer treatment.

I onizing radiation is an important adjuvant therapy for breast
cancer patients. Clinically, because damage to normal tissues

surrounding tumor is unavoidable in radiotherapy, a high dose
of IR is often fractionated to reduce the side-effects of radio-
therapy. However, many studies have reported that IR paradoxi-
cally promotes the malignant glioma cell phenotypes, allowing
relapse after treatment.(1,2) Notably, this effect is frequently
observed after exposure to fractionated radiation that is not suf-
ficient to eradicate the primary tumor. In parallel, several strong
lines of evidence have suggested that irradiation promotes inva-
siveness of cancer cells through induction of EMT. However,
the molecular signaling mechanisms underlying radiation-
induced EMT in breast cancer cells remain obscure.
The most widely studied member of the SFKs is SRC. As a

non-receptor kinase, SRC is an integrator of divergent signal
transduction pathways that regulate numerous cellular
processes such as cell proliferation, differentiation, migration,
angiogenesis, and survival. Although transfection of normal fi-
broblasts with SRC alone does not induce cellular transforma-
tion,(3) it is often elevated in multiple solid tumors.(4–6) In
particular, SRC kinase is highly activated in human malignant

breast cancer tissues compared with benign breast tumors or
adjacent normal breast tissues, and this elevated SRC activity
is correlated with poor metastasis-free survival.(7,8) In line with
these observations, inhibition of SRC kinase effectively
reduced the incidence of breast cancer metastasis and increased
survival of mice,(9) implicating SRC as a novel therapeutic tar-
get for the treatment of breast cancer cells.
In this study, we found that fractionated irradiation promotes

migratory and invasive behavior of breast cancer cells through
induction of the EMT program. Of note, irradiation caused
activation of SRC which consequently activated PI3K, p38,
and AKT, thereby promoting EMT through SLUG expression
in breast cancer cells. Irradiation also increased resistance of
cancer cells to anticancer treatments as well as the
CD44+ ⁄CD24� cell population known as CSCs in breast can-
cer. However, we show that downregulation of SRC suppresses
CSCs as well as EMT that were induced by irradiation. In
addition, targeting SRC sensitized breast cancer cells to anti-
cancer drugs such as cisplatin, etoposide, and paclitaxel as
well as radiotherapy. Taken together, this study suggests that
combining radiotherapy with targeting of SRC might attenuate
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radiation-induced EMT and enhance the efficacy of breast can-
cer treatment.

Materials and Methods

Chemical reagents and antibodies. Polyclonal antibody to
CD44 (ab41478) was obtained from Abcam (Seoul, Korea).
Polyclonal antibodies to AKT (9272S), p-AKT (S473)
(9271S), p-AKT (T308) (9275S), SNAIL (3879), P38 (9121),
and p-p38 (9211S) were obtained from Cell Signaling Tech-
nology (Beverly, MA, USA). Polyclonal antibodies to vimentin
(sc-5565), SLUG (SC-10436), TWIST (sc-15393), c-SRC (sc-
19), Lyn (sc-15), Fyn (sc-16), LCK (sc-13), and SOX2
(sc17319) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Polyclonal antibody to ZEB1
(HPA027524) was purchased from Sigma (St. Louis, MO,
USA). Polyclonal antibodies to N-cadherin (610920) and
E-cadherin (612130) were purchased from BD Transduction
Laboratory (Seoul, Korea). Monoclonal antibodies to b-actin
and DAPI were purchased from Sigma. Etoposide (341205),
cisplatin (232120), and LY294002 a chemical inhibitor specific
to PI3K (440202), were purchased from Calbiochem (San
Diego, CA, USA). Paclitaxel (T1912-5MG) was purchased
from Sigma.

Cell culture. Human breast epithelial cell lines MCF7 and
SKBR3 were purchased from ATCC (Manassas, VA, USA).
Cells were cultured in a humidified 5% CO2 atmosphere at
37°C. The hormone receptor status of MCF7 cells is ER+, PR+,
and HER2�, and SKBR3 is ER� and HER2+. MCF7 cells were
grown in minimum Eagle’s medium supplemented with 10%
FBS, penicillin (100 U ⁄mL), and streptomycin (100 g ⁄mL).
SKBR3 cells were grown in DMEM supplemented with 10%
FBS, penicillin (100 U ⁄mL), and streptomycin (100 g ⁄mL).
The DMEM, FBS, penicillin, streptomycin, and trypsin were
purchased from Gibco (Seoul, Korea).

Invasion and migration assays. For invasion assays, MCF7 or
SKBR3 cancer cells (1 9 105) were loaded in the upper well
of a Transwell chamber (8-lm pore size; Corning Glass, Seoul,
Korea) that was precoated with 10 mg ⁄mL growth factor-
reduced Matrigel (BD Biosciences, Seoul, Korea) on the upper
side of the chamber with the lower well filled with 0.8 mL
growth medium. After incubation for 48 h, non-invaded cells
on the upper surface of the filter were removed with a cotton
swab, and cells that had migrated onto the lower surface of the
filter were fixed and stained with a Diff-Quick kit (Fisher,
Pittsburgh, PA, USA) and photographed (magnification, 920).
Invasiveness was determined by counting cells in five micro-
scopic fields per well, and the extent of invasion was
expressed as an average number of cells per microscopic field.
Cells were imaged by phase contrast microscopy (Leica Micro-
systems, Bannockburn, IL, USA). For the migration assay, we
used the Transwell chambers with inserts that contained the
same type of membrane but without the Matrigel coating.

Transfection. Cells were transfected with DN-p38 pCMV5,
control empty vector pCMV5, or siRNA duplexes (40 nM) by
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA),
following the procedure recommended by the manufacturer.
Western blot, immunocytochemistry, and FACS analysis or
irradiation was carried out 48 h after transfection. All siRNAs
targeting c-Src, AKT, and SLUG and a negative control siR-
NA were purchased from Genolution Pharmaceuticals (Seoul,
Korea).

Western blot analysis. Cell lysates were prepared by incubat-
ing with lysis buffer (40 mM Tris-HCl, pH 8.0, 120 mM

NaCl, 0.1% Nonidet-P40) supplemented with protease inhibi-
tors. Proteins in whole-cell lysates were separated by SDS-
PAGE and transferred to a nitrocellulose membrane (Amer-
sham, Arlington Heights, IL, USA). The membrane was
blocked with 5% non-fat dry milk in TBS and incubated with
primary antibodies overnight at 4°C. Blots were developed
with HRP-conjugated secondary antibodies and proteins were
visualized using ECL procedures (Amersham), according to
the manufacturer’s protocol. Secondary antibodies, anti-mouse
IgG-HRP, anti-goat IgG-HRP, and anti-rabbit IgG-HRP were
purchased from Santa Cruz Biotechnology.

Irradiation. Breast cancer cells were exposed to radiation
using a 137Cs c-ray source (Atomic Energy of Canada, Missis-
sauga, Canada) at a dose rate of 3.81 Gy ⁄min. Further analysis
such as migration and invasion assay and Western blot and
immunocytochemical analyses were carried out 48 h after frac-
tionated irradiation (2 Gy 93; 2 Gy ⁄day for 3 days).

Immunocytochemistry. Cells were fixed with 4% paraformal-
dehyde and permeabilized with 0.1% Triton X-100 in PBS.
Following fixation, cells were incubated at 4°C overnight with
mouse polyclonal anti-human E-cadherin (1:200), rabbit poly-
clonal anti-human anti-vimentin (1:200), PE-mouse anti-human
CD44 (1:200), and Goat polyclonal anti-human anti-SLUG
(1:200) primary antibodies in PBS with 1% BSA and 0.1%
Triton X-100. Immunostaining of proteins was visualized using
Alexa Fluor 488-conjugated anti-rabbit and anti-mouse or anti-
goat secondary antibodies (Molecular Probes, Seoul, Korea).
Nuclei were counterstained with DAPI (Sigma). Immunostain-
ing was observed with an Olympus IX71 fluorescence micro-
scope (Olympus, Seoul, Korea).

Fluorescence-activated cell sorting analysis. Cells were stained
with a PE-mouse anti-human CD44 (BD Pharmingen, Seoul,
Korea) and FITC-mouse anti-human CD24 (BD Pharmingen)
in PBS containing 0.5% BSA and 2 mM EDTA. As a control,
cells were stained with PE mouse IgG1j isotype or FITC
mouse IgG2a, j isotype (BD Pharmingen). The CD44+ ⁄CD24�
cells were then analyzed by FACS using a BD FACSCalibur
system equipped with Cell Quest software (BD Biosciences).

Quantification of cell death. Cancer cells were treated with
anticancer agents cisplatin (50 lM), etoposide (75 lM), paclit-
axel (500 nM), or IR (10 Gy). At 48 h after treatment, cell
death was measured by FACS analysis using propidium iodide
staining. Cells were harvested by trypsinization, washed in
PBS, and then incubated in propidium iodide (50 ng ⁄mL) for
5 min at room temperature. Cells (10 000 per sample) were
analyzed by BD FACSCalibur, using Cell Quest software.

Statistical analysis. All experimental data are reported as
means; error bars represent SD. Statistical analyses were car-
ried out using non-parametric Student’s t-tests.

Results

Irradiation promotes migratory and invasive properties of

breast cancer cells through EMT. To study the harmful effects
of radiotherapy, we examined whether IR causes breast cancer
cells to acquire migratory and invasive properties. To this end,
MCF7 and SKBR3 breast cancer cell lines were exposed to
fractionated doses of radiation (2 Gy 93; 2 Gy ⁄day for
3 days). Cancer cells were then applied to migration and inva-
sion assays that were carried out by counting migrated cells in
Transwells that had been pre-coated with Matrigel (invasion
assay) or left uncoated (migration assay). By these analysis,
we observed that exposure to radiation enhances the migratory
and invasive properties of breast cancer cells (Fig. 1a). As the
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migratory and invasive behavior of cancer cells is often associ-
ated with EMT, we next examined the effect of radiation on
expression levels of EMT markers such as E-cadherin, N-cadh-
erin, and vimentin. Importantly, the expression of E-cadherin
was decreased, whereas N-cadherin and vimentin were
increased 48 h after irradiation (Fig. 1b,c). We also examined
expression levels of EMT transcription factors such as SNAIL,
SLUG, ZEB1, and TWIST after irradiation of breast cancer
cells. In line with the above data, irradiation caused an
increase of SLUG; however, other EMT transcription factors
were not altered by irradiation (Fig. 1d). To test whether radia-
tion-induced EMT is mainly caused by SLUG, we examined
migratory and invasive properties of MCF7 breast cancer cells
after treatment with siRNA targeting SLUG prior to irradiation.
Of note, downregulation of SLUG effectively attenuated radia-
tion-induced migratory and invasive properties of breast cancer
cells (Fig. S1a). In agreement with this result, downregulation
of SLUG also blocked radiation-induced EMT markers (Fig.
S1b,c). Taken together, these results suggest that irradiation
causes breast cancer cells to acquire migratory and invasive
properties by inducing SLUG and thereby triggering the EMT
program.

Irradiation triggers EMT through activation of SRC in breast

cancer cells. To investigate the molecular mechanisms underly-
ing radiation-induced EMT in breast cancer cells, we examined
the activation status of SFKs. Of note, we observed that irradi-
ation specifically increases the phosphorylation of SRC kinase

protein among SFKs (Fig. 2a). As irradiation promoted the
activation of SRC, we next examined whether SRC activation
is responsible for radiation-triggered EMT in breast cancer
cells. To this end, we analyzed the migratory and invasive
behavior of MCF7 cells that are pretreated with siRNA target-
ing SRC and then irradiated. Of note, when SRC is downregu-
lated by treatment with siRNA, radiation effects on migration
and invasion were inhibited in MCF7 cancer cells (Fig. 2b). In
parallel with these results, siRNA-mediated downregulation of
SRC also attenuated radiation-induced EMT markers (Fig. 2c,
d). Downregulation of SRC recovered the expression levels of
E-cadherin, N-cadherin, and vimentin in irradiated cancer cells
to the levels of non-irradiated cells. In agreement, downregula-
tion of SRC blocked the radiation-induced SLUG expression,
whereas other EMT regulators were not altered (Fig. 2e,f). To
further confirm that radiation-activated SRC contributes to
EMT, we overexpressed SRC in breast cancer cells and ana-
lyzed the migratory and invasive properties as well as EMT
markers. As phosphorylation of Try527 inactivates SRC
through the interaction of p-Tyr527 with the SH2 domain, we
also used a mutant form of SRC Y527F that is constitutively
active. Overexpression of either WT SRC or mutant form
Y527F enhanced the migratory and invasive properties of
MCF7 breast cancer cells (Figs 2g,h, S2a). In agreement, SRC
overexpression also increased N-cadherin and decreased
E-cadherin, although the effect was weak compared to the
effect of SRC downregulation (Fig. 2i). Collectively, these

(a) (b)

(c) (d)
Fig. 1. Fractionated radiation promotes
invasiveness of breast cancer cells through
epithelial–mesenchymal transition (EMT). (a)
Migration and invasion assay of MCF7 and SKBR3
breast cancer cells in Transwells after fractionated
irradiation. (b) Western blot for EMT markers E-
cadherin, N-cadherin, and vimentin in MCF7 and
SKBR3 breast cancer cells after irradiation. (c)
Immunocytochemistry for EMT markers such as
E-cadherin and vimentin in MCF7 cancer cells after
irradiation. (d) Western blot for EMT transcription
factors SNAIL, SLUG, ZEB1, and TWIST in MCF7 and
SKBR3 breast cancer cells after irradiation. b-actin
was used as a loading control. Error bars represent
mean � SD of triplicate samples. **P < 0.01. Cont,
control.

Fig. 2. Irradiation promotes epithelial–mesenchymal transition (EMT) through activation of SRC in breast cancer cells. (a) Kinase assay for SFK
proteins (SRC, LYN, FYN, and LCK) using enolase as a substrate in MCF7 breast cancer cells after exposure to fractionated radiation. (b) Migration
and invasion assay in MCF7 cancer cells transfected with siRNA targeting SRC or scrambled control siRNA (si-Cont) prior to irradiation. (c, d) Wes-
tern blot analysis (c) and immunocytochemistry (d) for EMT markers E-cadherin, N-cadherin, and vimentin in MCF7 cancer cells transfected with
siRNA targeting SRC or scrambled control siRNA prior to irradiation. (e, f) Western blot analysis for EMT transcription factors SLUG, SNAIL, ZEB1,
and TWIST (e), and immunocytochemistry for EMT transcription factor SLUG (f) in MCF7 cancer cells transfected with siRNA targeting SRC or
scrambled control siRNA prior to irradiation. (g, h) Migration and invasion assay in MCF7 (g) and SKBR3 (h) cancer cells transfected with SRC WT,
mutant form SRC Y527F, or control vector pcDNA3.1. (i) Western blot analysis for E-cadherin and N-cadherin in MCF7 cells transfected with SRC
WT, mutant form SRC Y527F, or control vector pcDNA3.1. b-actin was used as a loading control. Error bars represent mean � SD of triplicate
samples. *P < 0.05; **P < 0.01. Cont, control; IP, Immunoprecipitation.
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results suggest that radiation triggers the EMT program
through activation of SRC in breast cancer cells.

Radiation-activated SRC transduces intracellular signaling path-

ways PI3K ⁄AKT and p38 MAPK to increase migratory and invasive

behavior. In the above data, we showed that irradiation induces
activation of SRC, thereby increasing SLUG expression and
triggering EMT in breast cancer cells. Thus, we examined the
intracellular signaling pathways that are triggered by SRC and
are responsible for radiation-induced EMT in breast cancer
cells. Importantly, we found that PI3K ⁄AKT and p38 signaling
pathways are activated by irradiation; however, treatment with
siRNA targeting SRC attenuated the radiation-induced activa-
tion of PI3K ⁄AKT and p38 (Fig. 3a). We next examined the
phosphorylation status of AKT after transfection with the DN
mutant form of p38. Of note, transfection with DN-p38 effec-
tively inhibited the phosphorylation of AKT on Ser473,
whereas DN-p38 had no effect on the phosphorylation of
Thr308, suggesting that p38 is a downstream effector of SRC,
promoting phosphorylation of AKT on Ser473 (Fig. 3b). Also,
transfection with DN-p38 attenuated radiation-induced EMT
markers such as N-cadherin and vimentin, and EMT transcrip-
tion factor SLUG (Fig. S2b). In line with these results, treatment
with siRNA targeting AKT effectively mitigated the radiation-
induced migratory and invasive properties of MCF7 breast
cancer cells (Fig. 3c). In agreement, treatment with PI3K spe-
cific inhibitor LY294002 attenuated radiation-induced EMT
markers and regulator SLUG (Fig. S2c). Taken together, these
results suggest that radiation promotes the EMT program by
SRC-mediated activation of PI3K and p38 MAPK that conse-
quently activates AKT signaling in breast cancer cells.

Radiation-activated SRC promotes CSCs. As EMT is often
associated with the CSC population, we examined whether
radiation-activated SRC is also involved in expansion of the
CSC population. To this end, we analyzed the CD44+ ⁄CD24�
cell population in both MCF7 and SKBR3 breast cancer cells
after exposure to a single dose (6 Gy) or fractionated dose
(2 Gy 93) of radiation. Notably, irradiation caused an increase
in the CD44+ ⁄CD24� cell population, well-known as CSCs in
breast cancer (Fig. 4a). Intriguingly, fractionated irradiation

had more effect on the increase of CD44+ ⁄CD24� cells com-
pared to single irradiation, although irradiated doses were
equal. However, treatment with siRNA targeting SRC sup-
pressed the radiation-induced expansion of CD44+ cells to
basal levels (Fig. 4b).
Much evidence has suggested that SOX2 and Notch are also

critical proteins in the maintenance of breast CSCs.(10–12) To
further confirm that radiation-activated SRC promotes breast
CSCs, we examined the expression levels of SOX2, Notch-1,
and Notch-2 as well as CD44 in MCF7 cells after irradiation
and treatment with siRNA targeting SRC. In agreement with
the above data, irradiation increased the expression of CD44,
SOX2, and Notch-2; however, treatment with siRNA against
SRC attenuated those expression levels that were analyzed by
Western blot and immunocytochemistry (Fig. 4c,d).
Because radiation-activated SRC promoted EMT through

activation of AKT, we next examined whether radiation-acti-
vated SRC increases the CSC population through AKT. As
expected, downregulation of AKT abolished the radiation-
induced expansion of the CD44+ cell population (Fig. 4e). In
parallel, downregulation of p38 that was activated by radia-
tion-induced SRC also decreased CD44+ cells (Fig. 4f).
To further confirm that radiation-activated SRC increases

CSCs, we overexpressed SRC and analyzed CD44+ cells. Consis-
tent with the effect of SRC downregulation, overexpression of
either WT SRC or mutant form Y527F caused an increase in
CD44+ cells (Fig. 4g). The protein level of CD44 was also
increased by overexpression of SRC WT or SRC Y527F
(Fig. 4h). Collectively, these results suggest that radiation-acti-
vated SRC promotes CSCs as well as EMT in breast cancer cells.

Radiation-activated SRC confers resistance to anticancer agents

on breast cancer cells. As CSCs are reported to be resistant to
chemo- and radiotherapy,(13,14) we next examined whether irra-
diation increases the resistance of cancer cells to anticancer
treatments through activation of SRC. To this end, breast can-
cer cells were exposed to fractionated radiation, and on the fol-
lowing day cells were treated with anticancer agents cisplatin,
etoposide, or paclitaxel. When cell death was analyzed by
FACS, we found that breast cancer cells exposed to fraction-

(a) (b)

(c)

Fig. 3. Radiation-activated SRC transduces
intracellular signaling of phosphatidylinositol 3-
kinase ⁄ protein kinase B (PI3K ⁄AKT) and p38 MAPK
to increase migratory and invasive behavior. (a) PI3
kinase assay and Western blot analysis for
phosphorylation status of AKT and p38 MAPK in
MCF7 cancer cells transfected with siRNA targeting
SRC or scrambled control siRNA (si-Cont) prior to
irradiation. (b) Western blot analysis for
phosphorylation status of AKT in MCF7 cancer cells
transfected by dominant negative (DN)-p38 or
control pCMV5 prior to irradiation. (c) Migration
and invasion assay in MCF7 breast cancer cells
transfected with siRNA targeting AKT (si-AKT) or
scrambled control siRNA prior to irradiation. b-actin
was used as a loading control. Error bars represent
mean � SD of triplicate samples. **P < 0.01. PTEN,
phosphatase and tensin homolog. Cont, control.
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ated radiation showed more resistance to cisplatin, etoposide,
and paclitaxel compared to non-irradiated cells (Fig. 5a–c). To
examine whether pretreatment with fractionated radiation also
confers radio-resistance on cancer cells, MCF7 cells were
exposed to fractionated radiation and followed exposure to IR
(10 Gy). Consistently, we observed that pretreatment with
fractionated irradiation caused breast cancer cells to become
more resistant to IR (10 Gy), compared to non-irradiated con-
trol cells (Fig. 5d). However, pretreatment with siRNA target-
ing SRC prevented breast cancer cells from acquiring
radiation-induced resistance to cisplatin, etoposide, paclitaxel,
and IR (Fig. 5). Taken together, these results suggest that radi-

ation-activated SRC is necessary for the acquisition of resis-
tance to chemo- and radiotherapy in breast cancer cells.

Discussion

Despite the fact that radiotherapy exerts its therapeutic effect
by inducing apoptosis of tumor cells, emerging clinical evi-
dence suggests that irradiation promotes the metastatic behavior
of many cancers, including breast cancer.(1,2) In this regard,
rapidly accumulating evidence suggests that IR promotes can-
cer metastatic ability by triggering EMT that has a central role
in cancer metastasis and has become the subject of intense

(a)

(d) (e) (f)

(g) (h) (i)

(b) (c)

Fig. 4. Irradiation promotes breast cancer stem cell populations through SRC signaling. (a) Quantification of CD44+ ⁄ CD24� cell population by
FACS analysis in MCF7 and SKBR3 cancer cells after irradiation. (b) Quantification of CD44+ cell population by FACS analysis in MCF7 cancer cells
transfected with siRNA targeting SRC (si-SRC) or scrambled control siRNA (si-Con) prior to irradiation. (c, d) Western blot analysis for CD44,
SOX2, Notch-1, and Notch-2 (c), and immunocytochemistry for CD44 (d) in MCF7 cancer cells transfected with siRNA targeting SRC or scrambled
control siRNA prior to irradiation. (e, f) Quantification of the CD44+ cell population by FACS analysis in MCF7 cancer cells transfected with siRNA
targeting AKT (si-AKT) (e) or p38 MAPK (si-p38) (f) prior to irradiation. (g, h) Quantification of the CD44+ cell population by FACS analysis in
MCF7 (g) and SKBR3 (h) cancer cells 48 h after transfection with SRC WT, mutant form SRC Y527F, or control vector pcDNA3.1. (i) Western blot
analysis for SOX2 in MCF7 cells 48 h after transfection with SRC WT, mutant form SRC Y527F, or control vector pcDNA3.1. b-actin was used as a
loading control. Error bars represent mean � SD of triplicate samples. *P < 0.05; **P < 0.01. Cont, control.
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investigation.(15–17) However, the signaling molecular mecha-
nisms underlying radiation-induced EMT remain obscure.
In this study, we found that irradiation promotes the meta-

static ability of breast cancer cells through EMT. Exposure
to fractionated radiation increased expression of mesenchymal
markers such as N-cadherin and vimentin, whereas it
decreased epithelial marker E-cadherin. In parallel, irradiation
induced EMT transcription factor SLUG but not other factors
SNAIL, ZEB1, and TWIST, suggesting that radiation pro-
motes EMT in breast cancer cells through SLUG induction.
Very recently, several lines of evidence suggested that EMT
is closely associated with acquisition of CSC phenotypes and
resistance to anticancer agents, indicating that EMT is a
complex cellular program driving to the multifaceted cancer
progression.(18,19) In agreement with these previous reports,
we found that radiation-induced EMT was accompanied with
an increase of CSCs. Also, irradiation caused breast cancer
cells to acquire resistance to anticancer agents such as cis-
platin, etoposide, and paclitaxel as well as IR. However,
knockdown of SRC, which was activated by irradiation, effi-
ciently attenuated the radiation-induced EMT, expansion of
the CSC population, and resistance to anticancer agents, indi-
cating that radiation-activated SRC is responsible for radia-
tion-induced malignant phenotypes of breast cancer cells. In
line with our results, many studies suggested that SRC could
be a novel therapeutic target for treatment of breast can-
cer.(9,20,21) Duffy et al.(20) found that SRC is highly
expressed in triple negative breast cancer cells, compared to
non-triple negative cells and suggested SRC as a potential
target for the treatment of triple negative breast cancer cells.
As triple negative breast cancer cells do not have ER, PR,
and HER2, these cancer cells are resistant to hormonal ther-
apy such as tamoxifen, aromatase inhibitors, and therapies

that target HER2 receptors such as herceptin. In this context,
recent studies suggest that SRC represents a universal signal-
ing node, and targeting of SRC could overcome multiple
mechanisms of resistance against anticancer agents.(21)

Indeed, inhibition of SRC effectively reduced the incidence
of breast cancer metastases and increased survival of tumor
cell-inoculated mice.(9)

In this study, we observed that radiation-activated SRC pro-
moted malignant phenotypes of breast cancer cells through the
PI3K ⁄AKT and p38 signaling pathways. We showed that
downregulation of SRC attenuates p38 and AKT signaling that
was activated by irradiation. Importantly, inhibition of p38
decreased the phosphorylation of AKT on Ser473 but not
Thr308, suggesting that radiation-activated SRC promotes
AKT signaling through activation of PI3K and p38 in breast
cancer cells. Supporting our findings, previous studies have
suggested that SRC signaling is often transduced through p38
and PI3K ⁄AKT signaling components.(22,23) In agreement,
inhibition of p38 or AKT effectively attenuated radiation-
induced invasiveness and stemness of breast cancer cells.
Despite our observation that radiation activates the SRC sig-
naling component among SFKs that is responsible for radia-
tion-induced malignant phenotypes of breast cancer, the
molecular mechanisms underlying radiation-induced activation
of SRC remain unknown. Presumably, as SRC interacts with
many receptor tyrosine kinases, we suppose that SRC could be
activated by radiation-induced secretion factors that activate
those receptors. In line with this hypothesis, previous studies
have suggested that secretion of many cytokines is indeed sti-
mulated by irradiation.(24,25)

In summary, our findings suggest that radiation promotes the
EMT program by SRC-mediated activation of PI3K and p38
MAPK that consequently activates AKT signaling in breast

(a) (b)

(c) (d)

Fig. 5. Downregulation of SRC mitigates
radiation-enhanced resistance of breast cancer cells
to anticancer agents. Quantification of cell death
by FACS analysis using propidium iodide staining.
MCF7 breast cancer cells transfected with siRNA
targeting SRC (si-SRC) or scrambled control siRNA
(si-Cont) were exposed to fractionated radiation
and then treated with cisplatin (50 lM) (a),
etoposide (b), paclitaxel (500 nM) (c), or exposure
to ionizing radiation (10 Gy) (d). **P < 0.01. Cont,
control; N.S., Not significant.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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cancer cells. These findings imply that the targeting of SRC
might mitigate radiation-induced malignant phenotypes and
increase the efficacy of radiotherapy for breast cancer treat-
ment.
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Fig. S1. Ionizing radiation promotes epithelial–mesenchymal transition in breast cancer cells through SLUG.
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