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ABSTRACT

Due to the intrinsic resistance of many tumors to radiotherapy, current methods to improve the survival of cancer patients largely depend on
increasing tumor radiosensitivity. It is well-known that miR-200c inhibits epithelial-mesenchymal transition (EMT), and enhances cancer cell
chemosensitivity. We sought to clarify the effects of miR-200c on the radiosensitization of human breast cancer cells. In this study, we found
that low levels of miR-200c expression correlated with radiotolerance in breast cancer cells. miR-200c overexpression could increase
radiosensitivity in breast cancer cells by inhibiting cell proliferation, and by increasing apoptosis and DNA double-strand breaks.
Additionally, we found that miR-200c directly targeted TANK-binding kinase 1 (TBK1). However, overexpression of TBK1 partially rescued
miR-200c mediated apoptosis induced by ionizing radiation. In summary, miR-200c can be a potential target for enhancing the effect of
radiation treatment on breast cancer cells. J. Cell. Biochem. 114: 606-615, 2013. © 2012 Wiley Periodicals, Inc.
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B reast cancer is the major cause of cancer-related deaths and
the most common malignancy of women in the world. It is
estimated that more than 207,000 women in the U.S. will be newly
diagnosed with breast cancer [Jemal et al., 2010]. Radiation therapy,
one of the three primary modalities, is used in breast cancer treatment
and its benefits have been studied extensively during the last decades.
Clinical studies in women with breast cancer who undergo breast-
conserving surgery, have demonstrated that whole-breast irradiation
could reduce the risk of local recurrence and improve survival
outcomes [Fisher et al., 2002; Ragaz et al., 2005; Bartelink et al., 2007].
However, for some malignant tumors, that are not sensitive to ionizing
radiation, radiotherapy may not kill the tumor cells effectively.
What is more, increased radiation doses for treating radioresistant
malignant cells will increase toxic effects in the skin and
subcutaneous tissues. Finding agents, which sensitize malignant
cells to radiation, can lower effective therapeutic doses, thereby
increasing tumor response while minimizing normal tissue toxicity.
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MicroRNAs (miRNAs) are small non-coding RNAs, which
regulate gene expression by targeting mRNAs through base pairing
at partially or fully complementary sites for cleavage or
translational repression. Several miRNAs have been found to play
key roles in breast cancer progression [Quesne and Caldas, 2010].
Recent researches have shown that miR-200c, one member of the
miR-200 family on chromosome 12, inhibited epithelial-mesen-
chymal transition (EMT) by directly targeting ZEB1, ZEB2, MSN,
FN1, and ARHGAP19 [Hurteau et al., 2007; Burk et al.,, 2008;
Gregory et al., 2008; Korpal et al., 2008; Hurteau et al., 2009; Howe
etal., 2011]. EMT is a developmental process in which epithelial cells
acquired the migratory and invasive mobility. Since then, it has been
reported that miR-200c suppressed tumorigenicity of human breast
cancer stem cells (BCSCs), suppressed cell growth and induced
differentiation, and inhibited the colony formation of breast cancer
cells by modulating expression of BMI1 [Shimono et al., 2009;
Liopoulos et al., 2010]. In addition, miR-200c regulated induction of
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apoptosis by targeting FAP-1 [Schickel et al., 2010] and restored
sensitivity to chemotherapeutic agents by reducing TUBB3
[Cochrane et al., 2009, 2010]. Together, the data indicate that
miR-200c could inhibit migration and invasion, stem cell growth
and tumorigenicity, and chemoresistance.

Although miR-200c presents an attractive target for cancer
therapy, its potential radiosensitizing effects is unclear. It is well-
known that ionizing radiation (IR) can induce reactive oxygen
species. Magenta et al. [2011] found that the miR-200 family was
induced by oxidative stress and that the most upregulated miRNA
was miR-200c. In the work presented here, we show that miR-200c
was induced by IR. To test the hypothesis that miR-200c can
enhance the radiosensitivity of breast cancer cells, we used different
approaches to investigate the role of miR-200c in the radiation
response of MCF-7 breast cancer cells (with high levels of miR-200c
expression) and MDA-MB-231 breast cancer cells (with low levels of
miR-200c expression) [Gregory et al., 2006].

CELL CULTURE AND TRANSFECTION

The breast cancer cell lines MCF-7 and MDA-MB-231 were obtained
from the American Type Culture Collection. MCF-7 breast cancer
cells were cultured in high-glucose DMEM (PAA Laboratories Ltd.)
with 10% fetal bovine serum (FBS; PAA Laboratories Ltd.). MDA-
MB-231 breast cancer cells were cultured in high-glucose DMEM
(PAA Laboratories Ltd.) with 5% FBS. All cells were maintained in a
37°C incubator with an atmosphere of 5% CO,. Transfection was
performed with a Lipofectamine 2000 kit (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Double-stranded hsa-
miR-200c mimics (miR-200c), single-stranded has-miR-200c
inhibitor (inh-200c), and their relative negative control RNA
(miR-NC and inh-NC; GenePharma, Shanghai, China) at a final
concentration of 50 nM was introduced into cells. SIRNA (siTBK1
and the negative control siRNA) were designed according to Korherr
et al. [2006] and were synthesized by Biomics (Shanghai, China).
Cells were transfected in DMEM with no FBS for 6h, and then
replaced in DMEM with 10% FBS.

REVERSE TRANSCRIPTION PCR

Total RNA was extracted with Trizol (Invitrogen) according to the
manufacturers recommended procedures [Gregory et al., 2006]. RNA
was suspended in DNase/RNase free water and then RNA quantity
and quality were determined at 260/280 nm using a spectropho-
tometer (GeneQuant, Pharmacia). Following manufacturer’s instruc-
tions, RNA was reverse transcribed into cDNA in a reaction
containing reaction buffer, PrimeScript™ RT Enzyme Mix I
(PrimeScriptTM RT reagent Kit; Takara Biomedicals), reverse
transcription primer for miR-200c and U6 (ROCHE, UK). The
reaction proceeded at 42°C for 15 min, then at 85°C for 5s. Real-
time-PCR for miRNA was performed on the cDNA with a standard
LNA miRNA Fluorescence Quantitative kit protocol (ROCHE) [Erika
et al., 2007]. U6 RNA was used as a miRNA internal control.
The relative miRNA levels were calculated using the comparative
Ct method.

CONSTRUCTION OF VECTORS AND LUCIFERASE REPORTER ASSAY
The 3’-untranslated regions (3’-UTRs) of TBK1 containing an intact
miR-200c recognition sequence were amplified by PCR from
genomic DNA, and the PCR product was subcloned into a pGL3-
promoter vector (Generay Biotechnology Corp., Shanghai, China)
immediately downstream of the luciferase gene. A pGL3 construct
containing the TBK1 3’-UTR wide type (WT) or mutation (Mut) in the
seed sequence was directly synthesized (Generay Biotechnology
Corp.). The human ZEB1 and ZEB2 overexpression plasmid were
purchased (Proteintech Group, Inc., Shanghai, China). The human
TBK1 overexpression plasmid was donated by Zhengfan Jiang from
Peking University. All the plasmids were devoid of the 3'UTR
sequence, and the vector was pcDNA 3.1.

NIH 3T3 cells were cotransfected with 500 ng of pGL3-TBK1-WT
or pGL3-TBK1-Mut constructs with miR-200c mimics or the
negative control miR-NC. Each sample was cotransfected with
50 ng of pRL-TK plasmid expressing renilla luciferase to monitor the
transfection efficiency (Promega). A luciferase activity assay was
performed at 48 h with the dual luciferase reporter assay system
(Promega). The relative luciferase activity was normalized with
renilla luciferase activity [Liu et al., 2011ab].

CLONOGENIC ASSAY

Different numbers of cells (100-1,000), were plated in 6-well plates,
and then were exposed to increasing doses of radiation (0, 2, 4, and
8 Gy) as indicated. Twenty-four hours later, the medium were
replaced and the cells incubated until they formed colonies with at
least 50 cells. The colonies were rinsed with PBS and stained with
methanol/crystal violet dye. Colonies with >50 cells were scored as
a surviving colony. The data are presented as the mean 4 SD. The
curve S=1—(1—e *P)N was fitted to the experimental data using
the program GraphPad.Prism.v5.0.

CELL VIABILITY AND APOPTOSIS ASSAY

Cell viability was detected by Cell Counting Kit-8 (CCK-8; Dojindo
Laboratories, Kumamoto, Japan), following manufacturer’s instruc-
tion [Lou et al., 2010]. Twenty-four hours after irradiation, the cells
were labeled with Annexin V-FITC and propidium iodide (PI)
provided by BIPEC, following manufacturer’s instructions [Chen
et al., 2004].

IMMUNOFLUORESCENCE

A double-strand break (DSB) assay was done by counting the
colocalized phospho-yH2AX foci after radiation. In short,
1 x 10" cells were seeded into 12-well culture plate containing a
glass cover slip in each well and were exposed to total dose of 8 Gy
IR. Half an hour later, cells were fixed in formaldehyde for 15 min,
permeabilized in 0.5% Triton X-100 in PBS for 15 min, and blocked
in 1% bovine serum albumin/PBS for 15min twice at room
temperature. Cells were then incubated with a mouse monoclonal
anti-yH2AX antibody (1:500) overnight at 4°C, followed with FITC-
conjugated goat-anti-mouse secondary antibody (1:500) for 1 h. To
stain the nuclei, DAPI was added to the cells and incubated for
another 15 min. The cover slip was then removed from the plate and
mounted on to a glass slide, and observed [Daniel et al., 2004; Zhou
et al., 2006]. The number of merged DAPI (green) and phospho-
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yH2AX foci (red) was determined, and to prevent bias in selection of
cells that display foci, all the cells were counted in the field of vision
(at least 50 cells).

ANTIBODIES AND WESTERN BLOT ANALYSIS

MCE-7 breast cancer cells were seeded in 60 mm plates overnight
and then transfected with inh-200c or inh-NC, whereas MDA-MB-
231 cells were transfected with miR-200c or miR-NC. Twenty-four
hours later, the proteins were obtained using ProteoJET™
Mammalian Cell Lysis Reagent (Fermentas) according to manu-
facturer’s protocol, and then analyzed by Western blotting [Hao
et al., 2011] to detect TBK1 (Cell Signaling Technology) and B-actin
(Sigma). The secondary antibody was purchased from Sigma.

GAMMA IRRADIATION

Cells were exposed to different doses of radiation (*°Co-gamma rays,
dose rate: 1Gy/min) in the irradiation center (Faculty of Naval
Medicine, Second Military Medical University, China), depending
upon the requirement of the study [Qian et al., 2010ab].

STATISTICAL ANALYSIS

Quantitative data were expressed as means + SD. The expressions of
miR-200c and the effects of DSBs were compared by the Kruskal-
Wallis signed-rank test. The others were assessed by one-way

ANOVA wusing SPSS 13.0 software.

differences were considered as P < 0.05.

Statistically significant

LOW LEVELS OF miR-200c EXPRESSION CORRELATED WITH
RADIOTOLERANCE IN BREAST CANCER CELLS

Previous observations that miR-200c was induced by oxidative
stress [Magenta et al., 2011], prompted us to hypothesize that miR-
200c expression may be related to irradiation. We determined the
expression of miR-200c and the radiosensitivity of MCF-7 and
MDA-MB-231 cells using real-time-PCR and clonogenic assay,
respectively. In line with previous reports [Gregory et al., 2006;
Cochrane et al., 2009], the level of miR-200c expression was nearly
19 times higher in MCF-7 cells than in MDA-MB-231 cells (Fig. 1A).
In contrast, MCF-7 cells (SF2, 0.5 4= 0.03) were more radiosensitive
than MDA-MB-231 cells (Fig. 1B, SF2, 0.8 £ 0.53).

Next, we determined whether miR-200c was expressed differently
when the two breast cancer cell lines were irradiated with the
increasing doses. The levels of miR-200c expression in both breast
cancer cell lines were increased by IR and the induction was dose
dependent (Fig. 1C,D). But the level of IR-induced miR-200c
expression was higher in MCF-7 cells than in MDA-MB-231 cells.
Collectively, these observations suggested that the higher level of
miR-200c expression was associated with higher radiosensitivity.
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Fig. 1.

Low levels of miR-200c expression correlate with radiotolerance in breast cancer cells. A: The relative expression of miR-200c in MCF-7 and MDA-MB-231 cells was

detected using real-time PCR. The relative expression of miR-200c in breast cancer cells transfected with miR-200c mimics or miR-200c inhibitor were also shown (*P< 0.05

vs. untreated MDA-MB-231 cells; **P < 0.05 vs. untreated MCF-7 cells). B: Clonogenic assays were done in breast cancer cells and survival curves were constructed by fitting
mean values from three independent experiments with a linear-quadratic model. MCF-7 cells showed higher radiosensitivity than MDA-MB-231 cells. C,D: miR-200c
expression exhibited a dose-dependent increase in breast cancer cells after IR (4 Gy) for 6 h (n = 3; "P < 0.05 vs. untreated cells, respectively). IR-induced miR-200c expression

level was higher in MCF-7 cells than in MDA-MB-231 cells.
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miR-200c OVEREXPRESSION ENHANCED IR-INDUCED DEATH AND
REPRESSED PROLIFERATION IN BREAST CANCER CELLS

Whether miR-200c may have an effect on radiation response has not
yet been addressed. The expression of miR-200c of cells treatment
with miR-200c mimic was determined using real-time-PCR. A
significant increase was shown in cells transfected with the miR-
200c mimic versus the control (Fig. 1A). The level of miR-200c
expression was nearly 2.4 times higher in MCF-7 cells and 36 times
higher in MDA-MB-231 cells, compared with the respective control.
IR-induced cell death was measured in breast cancer cells
transfected with miR-200c or the negative control miR-NC. A
significant decrease in cell viability with or without IR was detected
after miR-200c treatment versus the negative control miR-NC. In
response to IR (8 Gy) alone, miR-200c alone, and miR-200c + IR, the
respective levels of dead cells at 24 h were 24.5%, 13.8%, and 38.3%
in MCF-7 cells and 10.0%, 10.7%, and 26.5% in MDA-MB-231 cells
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Fig. 2.

(Fig. 2A,B). The data at 8 Gy were also measured at different time
points (Fig. 2C,D). At 48 h, a significant decrease in cell viability was
detected in MDA-MB-231 cells, but not in MCF-7 cells. To further
analyze the radiosensitizing ability of miR-200c, we used a
clonogenic assay to assess survival of breast cancer cells after IR.
Our results showed that a significant decrease in clonogenic growth
after IR was observed in breast cancer cells with miR-200c treatment
versus the negative control miR-NC (Fig. 2E, at 8 Gy, control,
0.069 £ 0.003; miR-NC, 0.069 £ 0.002; miR-200c, 0.027 £ 0.003;
Fig. 2F, control, 0.27 +0.023; miR-NC, 0.29 £0.035; miR-200c,
0.19 +0.048).

miR-200c OVEREXPRESSION ENHANCED IR-INDUCED DSBs IN
BREAST CANCER CELLS

Enhanced DSB repair is an important mechanism by which cells may
become resistant to IR [Nunez et al., 1996; Foray et al., 1997; Taneja
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miR-200c overexpression enhanced IR-induced death and repressed proliferation in breast cancer cells. A,B: Cell viability was determined at 24 h after different doses

of radiation (0, 4, and 8 Gy). A significant decrease in cell viability with or without IR was detected with miR-200c treatment (n =6, “P < 0.05 vs. miR-NC). C,D: Cell viability
was determined after 8 Gy at different time points (n =6, “P< 0.05 vs. miR-NC group at 0 h). E,F: Clonogenic assays after 0 and 4 Gy were done in breast cancer cells treated
with miR-200c or miR-NC. A significant decrease in clonogenic growth after IR was observed in cells with miR-200c treatment versus the negative control with miR-NC (n =3,

“P<0.05 vs. miR-NC).
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et al., 2004], and IR-induced DSBs were formed significantly 0.5h
after IR [Kong et al., 2010]. An early step in DSB repair involves the
rapid phosphorylation of yH2AX that form foci at the damage sites.
We observed that more foci formed in breast cancer cells with miR-
200c treatment versus the negative control miR-NC. Detailed
analyses in MCF-7 cells revealed that about 90% of the control cells
did not contain any foci in cells transfected with miR-NC. In
contrast, only about 45% did not contain any foci in cells transfected
with miR-200c. After IR, about 43% of the control cells did not
contain any foci in cells transfected with miR-NC, whereas about
17% in cells transfected with miR-200c (Fig. 3A). A uniform result in
MDA-MB-231 cells was revealed (Fig. 3B).
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miR-200c OVEREXPRESSION ENHANCED IR-INDUCED APOPTOSIS

IN BREAST CANCER CELLS

Clearly, overexpression of miR-200c in cells was correlated with an
increased sensitivity to IR (Figs. 2 and 3A,B). To assess the influence
of apoptosis on this increased sensitivity, IR-induced apoptosis was
measured in breast cancer cells transfected with miR-200c or the
negative control miR-NC. A significant increase in apoptosis with
or without IR was detected with miR-200c treatment versus the
negative control miR-NC. In response to IR (8 Gy) alone, miR-200c
alone, and miR-200c + IR, the respective levels of apoptotic cells
at 24 h were 15.8%, 13.3%, and 30.9% in MCF-7 cells and 11.0%,
10.2%, and 33.2% in MDA-MB-231 cells (Fig. 3C,D).
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Fig. 3. miR-200c overexpression enhanced IR-induced DSBs and apoptosis in breast cancer cells. A,B: A double-strand break (DSB) assay after 0 and 8 Gy was done in breast
cancer cells treated with miR-200c or miR-NC. Quantitative analyses were performed at 0.5h post-radiation (n =3, *P< 0.05 vs. miR-NC). C,D: Cellular apoptosis was
measured 24 h after 0 Gy or 8 Gy. A significant increase in apoptosis with or without IR was detected with miR-200c treatment versus the negative control with miR-NC (n = 3,
*P < 0.05 vs. miR-NC). E: Cell viability was determined in MCF-7 cells 24 h after irradiation (0 and 8 Gy). A significant decrease in radiosensitivity was detected with inh-200c
treatment versus the negative control inh-NC (n =6, P < 0.05 vs. inh-NC). F: Clonogenic assays after 0 or 4 Gy were done in MCF-7 cells treated with inh-200c or inh-NC. A
significant increase in clonogenic growth after IR was observed with inh-200c treatment versus the negative control inh-NC (n =3, *P< 0.05 vs. inh-NC).
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miR-200c INHIBITOR REDUCED IR-INDUCED DEATH AND
ENHANCED PROLIFERATION IN MCF-7 CELLS

We have shown above (Figs. 2 and 3) that miR-200c overexpression
increased radiosensitivity in breast cancer cells. Consequently, we
tested the hypothesis that underexpression of miR-200c may
therefore decrease radiosensitivity. The expression of miR-200c of
cells treatment with miR-200c inhibitor was determined using real-
time-PCR. A significant inhibition was shown in cells transfected
with the miR-200c inhibitor (inh-200c) versus the negative control
inh-NC (Fig. 1A). Due to too low a level of miR-200c expression in
MDA-MB-231 cells, IR-induced death was measured in MCF-7 cells.
A significant decrease in radiosensitivity was detected with inh-
200c treatment versus the negative control inh-NC. In the IR (8 Gy)
alone, inh-200c alone, and inh-200c + IR, the average levels of dead
cells at 24 h were 22.7%, 1.5%, and 13.5% respectively (Fig. 3E). We
also used clonogenic assay to assess survival of breast cancer cells
after IR. A significant increase in clonogenic growth after IR was
observed in MCF-7 cells with the inh-200c treatment versus the
negative control inh-NC (Fig. 3F, control, 0.069 +0.002; inh-NC,
0.069 £ 0.001; inh-200c, 0.159 4 0.009).

miR-200c DIRECTLY TARGETS TBK1

Whereas it has been shown previously that miR-200c regulates ZEB1
and ZEB2, many other putative miR-200c targets are predicted by
bioinformatics based on complementarity, but remain to be validated.
As predicted by several methods for target gene prediction (TargetScan,
PicTar, and miRBase), TBK1 (TANK-binding kinase 1), an atypical IxB
kinase family member, was identified as a candidate target of miR-
200c that might be responsible for increasing radiosensitivity.

As shown in Figure 4A, the TBK1-encoded mRNA contained a
3'UTR element, which was partially complementary to miR-200c,
indicating that miR-200c would directly target this site. To test
whether TBK1 is a direct target of miR-200c, the TBK 1 complementary
sites, with or without mutations, were cloned into the firefly luciferase
gene and cotransfected with miR-200c mimics or the negative control
miR-NC in NIH 3T3 cells. As shown in Figure 4B, miR-200c
significantly reduced the luciferase activity of the WT construct of the
TBK1 3'UTR compared with the negative control miR-NC, whereas
such a suppressive effect was not observed in the Mut construct of
TBK1 3'UTR cells. The miR-200c mimics at final concentrations of 50
and 100nM reduced the luciferase activity, but there were no
significant differences between the two groups.

To determine whether miR-200c downregulated TBK1, miR-200c
or miR-NC was transfected into MDA-MB-231 cells, and inh-200c or
inh-NC was transfected into MCF-7 cells, respectively. The protein
expression level of TBK1 was measured by western blotting assay.
Our results showed that miR-200c inhibition increased the TBK1
expression in MCF-7 cells (Fig. 4C), and on the contrary, miR-200c
overexpression reduced TBK1 expression in MDA-MB-231 cells
(Fig. 4D).

TBK1 KNOCKDOWN ENHANCED IR-INDUCED DEATH AND
REPRESSED PROLIFERATION IN MDA-MB-231 CELLS

We have determined that miR-200c directly targeted TBK1 (Fig. 4).
We therefore tested the role of TBK1 knockdown on radiosensitivity

by measuring IR-induced deaths in MDA-MB-231 cells treated with
siTBK1 versus the controls. A significant increase in radiosensitivity
was detected with siTBK1 treatment versus the negative control
siRNA. In response to IR (8 Gy) alone, siTBK1 alone, and siTBK1 + IR,
the respective levels of dead cells at 24 h were 11.9%, 11.2%, and
33.200 (Fig. 5A). We also used clonogenic assay to assess survival of
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Fig. 5. TBK1 knockdown enhanced radiosensitivity in MDA-MB-231 cells and partially rescued miR-200c mediated apoptosis induced by IR. A: Cell viability was determined
24 h after different doses of radiation (0 and 8 Gy). A significant decrease in cell viability with or without IR was detected in MDA-MB-231 cells with siTBK1 treatment (n =6,
*P < 0.05 vs. siRNA). B: Clonogenic assays were done after 0 and 4 Gy in MDA-MB-231 cells with siTBK1 treatment or siRNA. A significant decrease in clonogenic growth to IR
was observed in cells with siTBK1 treatment versus the negative control with siRNA (n=3, *P< 0.05 vs. siRNA). C: Representative Western blot demonstrates that TBK1
overexpression can partially rescue downregulation of TBK1 protein expression induced by miR-200c (columns represents mean of three replicate samples and error bars
represent SD, “P < 0.05). D: TBK1 overexpression markedly inhibited miR-200c-induced apoptosis after 8 Gy in MDA-MB-231 cells as well as ZEB1 and ZEB2 (control represents
empty vector pcDNA 3.1, n=3, "P< 0.05 vs. miR-200c).

breast cancer cells after IR. A significant decrease in clonogenic TBK1 PARTIALLY RESCUED miR-200c MEDIATED APOPTOSIS
growth to IR was observed in MDA-MB-231 cells with siTBK1 INDUCED BY IR

treatment versus the negative control siRNA (Fig. 5B, control, To prove the functional relevance of TBK1 regulation by miR-200c,
0.267 +0.022; siRNA, 0.287 £ 0.034; siTBK1, 0.181 £ 0.012). apoptosis was measured in MDA-MB-231 cells that were cotrans-
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fected with miR-200c and TBK1, ZEB1 or ZEB2, respectively, and
in parallel, cells single transfected with empty vector (control),
miR-200c, TBK1, ZEB1 or ZEB2, respectively. The expression of
TBK1 in cells transfected with TBK1 results from exogenous TBK1
(transfected TBK1, contains no 3'UTR) and endogenous TBK1
(natural TBK1 in cells, contains 3'UTR complementary sites targeted
by miR-200c). miR-200c cannot target exogenous TBK1, but can
target endogenous TBK1. Our results showed that TBK1 over-
expression partially inhibited downregulation of TBK1 protein
expression induced by miR-200c (Fig. 5C). TBK1 overexpression
markedly inhibited miR-200c-induced apoptosis at 8 Gy in MDA-
MB-231 cells (Fig. 5D). In response to negative control, TBK1 alone,
miR-200c alone, and miR-200c + TBK1, the respective levels of
apoptotic cells at 24 h were 12.0%, 13%, 31%, and 20%. ZEB1 or
ZEB2 also prevented miR-200c-induced apoptosis induced by IR.
These observations suggested that TBK1 partially rescued miR-200c
mediated apoptosis induced by IR.

Due to the intrinsic resistance of many tumors to radiotherapy,
current methods to improve the survival of cancer patients largely
depend on increasing tumor radiosensitivity. Recently, miRNAs
have been studied for the development of new targeted therapies in
cancer therapy. miR-200c has been extensively studied in the
epithelial-to-mesenchymal transition (EMT) [Hurteau et al., 2007;
Burk et al., 2008; Gregory et al., 2008; Korpal et al., 2008].
Upregulation of miR-200c inhibits cancer aggressiveness and
metastases, inhibits their growth and tumorigenicity, and chemore-
sistance in some tumors [Cochrane et al., 2009, 2010; Shimono et al.,
2009; Liopoulos et al., 2010; Schickel et al., 2010]. However, the
effect of miR-200c on radiosensitivity in breast cancer has not been
investigated, and little is known about the molecular mechanisms. In
the study presented here, we investigated whether miR-200c plays
an important role in regulating radiation response in breast cancer
cells.

Firstly, we found that breast cancer cells with a higher expression
of miR-200c showed higher radiosensitivity. Furthermore, higher
level of miR-200c expression was induced by IR in breast cancer
cells displaying higher radiosensitivity. Those observations sug-
gested that low level of miR-200c expression might be related to
radiotolerance.

Secondly, to determine the effect of miR-200c on radiosensitivity,
assays for cell viability, clonogenicity, apoptosis, and DSB were
done in breast cancer cells transfected with miR-200c or the
negative control miR-NC. The results showed that miR-200c
overexpression increased radiosensitivity in breast cancer cells by
inhibiting cell proliferation, increasing apoptosis and increasing
DNA double-strand breaks. In line with several reports [Shimono
et al., 2009; Schickel et al., 2010; Magenta et al., 2011], miR-200c
overexpression inhibited cell proliferation, increased apoptosis and
DNA double-strand breaks in unirradiated cells, via regulation of
ZEB1, FAP-1, BMI1 et al. Based on the results of cell viability and
apoptosis assays, we found that miR-200c overexpression showed
more effect on radiosensitivity in cells expressing lower levels of

miR-200c (MDA-MB-231 cells) than in cells higher levels miR-200c
(MCF-7 cells). There appeared to be an additive effect in MCF-7 cells,
and asynergic effect in MDA-MB-231 cells. We also found that miR-
200c inhibitor decreased radiosensitivity in breast cancer cells as
measured by increased proliferation.

Finally, to elucidate the molecular mechanisms of the effect of
miR-200c on radiosensitivity in breast cancer cells, a new miR-200c
target, TBK1, was detected for the first time and TBK1 protein was
shown to be regulated by miR-200c. In addition, our preliminary
studies showed that TBK1 knockdown increased radiosensitivity in
MDA-MB-231 cells. TBK1 overexpression markedly inhibited miR-
200c-induced apoptosis after 8 Gy in MDA-MB-231 cells. We
cannot rule out that other miR-200c direct targets may have a role in
the induction of apoptosis following IR, such as BMI1 [Hurteau et al.,
2009; Shimono et al., 2009], FAP1 [Schickel et al., 2010] and TUBB3
[Cochrane et al., 2009, 2010].

TBK1 has been defined as a principle hub in cell regulatory
networks responsive to inflammatory cytokines and pathogen
surveillance receptors [Fitzgerald et al., 2003; Kawai and Akira,
2006, 2007]. In cancer cells, TBK1 was involved in oncogenic
transformation by suppressing a programmed cell death response to
oncogene activation [Bodemann and White, 2008], and Ou et al.
[2011] found that TBK1 directly activated AKT. Furthermore, the
PI3-K/AKT pathway was associated radiation resistance mechan-
isms, and direct inhibition of this pathway increased radiosensitivity
by antagonizing the radiation induced cellular defense mechanisms
[Choi et al., 2004; Schuurbiers et al., 2009]. Consequently, this study
presented here indicates that miR-200c might enhance radiosensi-
tivity of human breast cancer cells by downregulating TBK1 via
inhibiting the AKT pathway. Prospective studies are needed to test
this hypothesis.

In summary, the work present here shows for the first time that
miR-200c increased radiosensitivity in breast cancer cells, especially
in MDA-MB-231 cells. TBK1 knockdown was also involved in
enhancing radiosensitivity. We found that not all of the miR-200c
effect on radiosensitivity could be attributed to single targeting of
TBK1. The possible underlying mechanisms appear to be multiface-
ted, because of the many targets of miR-200c. Our results suggest
that miR-200c overexpression may represent a therapeutic target in
radiotherapy.
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