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icroRNA-130a modulates a
diosensitivity of rectal cancer by
rgeting SOX41,2
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Abstract
Radioresistance poses a major challenge in the treatment of advanced rectal cancer. Therefore, understanding the
detailed mechanisms of radioresistance may improve patient response to irradiation and the survival rate. To
identify the novel targets that modulate the radiosensitivity of rectal cancer, we performed small RNA sequencing
with human rectal cancer cell lines. Through bioinformatics analysis, we selected microRNA-310a (miR-130a) as a
promising candidate to elucidate radioresistance. miR-130a was dramatically upregulated in radiosensitive rectal
cancer cells and overexpression of miR-130a promotes rectal cancer cell radiosensitivity. Mechanically, miR-130a
reversed the epithelial-mesenchymal transition phenotype of rectal cancer cells following inhibition of cell invasion
upon irradiation. Moreover, miR-130a also inhibited the repair of irradiation-induced DNA damage followed by cell
death. We identified that SOX4 was a direct target of miR-130a. Overexpression of SOX4 reversed the promotion
activity of miR-130a on radiosensitivity. Together, our findings suggest that miR-130a functions as a radiosensitizer
in rectal cancer and reveals a potential therapeutic target and preoperative prognostic marker for radiotherapy.

Neoplasia (2019) 21, 882–892
dress all correspondence to: Suntaek Hong, Laboratory of Cancer Cell Biology,
epartment of Biochemistry, Gachon University School of Medicine, 155 Gaetbeol-ro
onsu-gu, Incheon 21999, Republic of Korea. E-mail: sthong@gachon.ac.kr
rant support: This work was supported by the National Research Foundation of

orea (NRF) grant funded by the Korea government (2016R1A2B2008007 to Suntaek
ong and 2017R1D1A1B03030485 to Huyen Trang Ha Thi).
onflicts of interest: The authors declare no conflicts of interest.
hese authors contribute equally to this work.
ceived 5 April 2019; Accepted 17 July 2019

2019 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an open
cess articleunder theCCBY-NC-NDlicense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
76-5586
tps://doi.org/10.1016/j.neo.2019.07.005
troduction
reoperative radiotherapy has been extensively used as a powerful
andard treatment for selected rectal cancer patients to reduce the
lative risk of a local failure and promote the patient survival [1–3].
owever, tumor responses to radiotherapy are different and many
splay an intrinsic and therapy-induced resistance. Radioresistance
ading to tumor recurrence and metastatic lesions with enhanced
gressiveness, and a consequent poor prognosis, is a major reason for
eatment failure and shortening of patient survival [4]. Therefore,
ercoming radioresistance and enhancing radiosensitivity to improve
e radiation therapeutic response is urgently required. To solve this
oblem, it is necessary to understand the molecular mechanisms for
dioresistance and discover the novel effectors to improve the efficacy
radiotherapy.
MicroRNAs (miRNAs) repress their target mRNAs by binding to
e 3′-untranslated region (UTR) in a sequence-specific manner,
using cleavage of the target or inhibition of protein expression [5].
ccumulating evidence has suggested the involvement of miRNAs in
e cellular response to ionizing radiation. For example, upregulation
miR-100 enhanced the radiosensitivity of colorectal cells to X-ray
radiation, which probably induced apoptosis and DNA double-
rand breaks [6]. miR-205 was also suggested as a tumor
diosensitizer through inhibition of DNA damage repair by targeting
EB1and Ubc13 [7]. However, expression of miR-95 promoted
diation resistance in a variety of cancer cells and recapitulated an
gressive phenotype following ionizing radiation through targeting
hingolipid phosphatase SGPP1 [8]. miR-622 was also highly
tected in tumors of rectal cancer patients with nonregression after
andard radiotherapy [9]. Although multiple miRNAs have been
ported for regulation of radiation resistance through various
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echanisms, other miRNAs still need to be identified for more
ficient management of rectal cancer.
SOX4 is a member of the SOX (SRY-related HMG-box)
anscription factor family, which is characterized as a highly
nserved HMG-box, DNA-binding domain [10]. SOX4 activity
s been reported to contribute to various cellular processes. For
ample, overexpression of SOX4 was correlated with increased
pression of epithelial-mesenchymal transition (EMT) markers
1,12] and enhancing β-catenin/TCF activity [13]. Increased
X4 activity in many cancer types also contributes to cell survival
d metastasis [14,15]. Therefore, SOX4 is considered a potential
cogene based on its positive effect on tumor growth [16]. However,
creasing evidence has also shown that SOX4 has a potential tumor
ppressive activity. A previous study reported that forced expression
SOX4 strongly impaired cell viability and promoted apoptosis in
adder cancer cells [17]. SOX4 also inhibits the growth of
ioblastoma cells by inducing cell cycle arrest and inhibiting cell
owth [18]. Recent studies have demonstrated that SOX4 expression
regulated by a variety of miRNAs and most miRNAs are found to
down-regulated in many cancers that cause an increase of SOX4
9,20].
In this study, we aimed to identify and characterize the
diotherapy response-related miRNAs from rectal cancer cells.
ased on sequencing and biochemical analysis, miR-130a was
lected as a potential radiosensitizer for treatment of rectal cancer.
rced expression of miR-130a suppresses cell growth and colony
rmation of rectal cancer cells upon irradiation treatment.
echanistically, miR-130a inhibited radiation-induced EMT phe-
type, invasion and DNA damage repair by directly targeting SOX4.

aterial and Methods

ell Culture and Reagents

SNU70 and SNU1411 are human rectal cancer cell lines
tablished from the malignant tumors of colorectal cancer patients
d were purchased from the Korean Cell Line Bank, Korea. Two
her rectal cancer cell lines (SW837 and SW1463) were obtained
om the American Type Culture Collection. All these cell lines were
thenticated with DNA fingerprinting and mycoplasma detection
suppliers. These rectal cell lines were maintained in RPMI 1640
elgene, Daegu, Korea) supplemented with 10% heat-inactivated
S, 1% streptomycin/penicillin (Invitrogen, Carlsbad, CA) and 25
MHEPES in a 5%CO2 atmosphere at 37 °C. Antibodies against p-
TM (5883) and γH2AX (9718S) were acquired from Cell Signaling
echnology (Beverly, MA). Total ATM (sc-377,293), H2AX (sc-
7,336), Mre11 (sc-135,992), Rad50 (sc-74,460) and SOX4 (sc-
0,633) antibodies were purchased from Santa Cruz Biotechnology
anta Cruz, CA). The antibodies against NBS1 (ab23996) was
tained from Abcam (Eugene, CA) and β-actin (A5441) from
gma-Aldrich (St. Louis, MO).

eneration of Overexpression Cell Lines
To generate the overexpression system, pCAG lentiviral vector
yc-tagged SOX4) or pCDH-CMV-MCS-EF1-copGFP vector
ystem Biosciences, Palo Alto, CA) including pre-miR-130a DNA
ere transfected into Lenti293T packaging cells with packaging
asmids using a Lipofectamine 2000 reagent (Invitrogen). After 24 h
transfection, media was changed to complete media containing
% FBS. Secreted lentiviruses were harvested after 48 h using 0.45
m pore-size filters and stored in aliquots at −80 °C. Rectal cancer
lls were infected with lentivirus three times with 8 μg/mL polybrene
igma-Aldrich). The infection efficiency was checked with western
otting and real time PCR.

lonogenic Survival Assay
Cells were plated in 60 mm culture dishes and then exposed to
rious ranges of irradiation doses (3-9 Gy) using a 6-MV
erapeutic linear accelerator (CLINAC EX, Varian). After
radiation, equal number of cells was plated in six well plate at
onogenic density (104 cells per well). Cells were incubated for
–14 days until the colonies were large enough. Colonies were
ed in cold methanol then stained with crystal violet and positive
lonies (N50 cells) were counted. Plating efficiency was calculated
the percentage of cells seeded that grew into colonies under a
ecific culture condition. Surviving fraction was calculated as the
mbers of colonies counted divided by the number of cells plated
ith a correction for the plating efficiency.

all RNA Sequencing and Bioinformatics Analysis
A small RNA library was generated using a commercial preparation
t according to the manufacturer's instructions (Illumina, San Diego,
A). Total RNA was isolated on a 15% TBE-urea PAGE gel
nvitrogen) and 18 to 30 bp band was eluted for small RNA. An SRA
and SRA 3′ adaptors were ligated to the small RNA with T4 RNA
ase. The small RNA was processed to single-stranded cDNA using
perScript II kit (Invitrogen) and SRA RT primers. Then, cDNA
as amplified using Illumina's PCR primer set. The amplified cDNA
as precipitated, resuspended, and sequenced. A small RNA library
as sequenced using an Illumina 1G Genome Analyzer according to
e manufacturer's instructions. Analysis of the sequencing data was
rformed using mirTools with default parameters.

uciferase Reporter Assay
The 3′UTR of SOX4 gene which contains putative miR-130a
nding site was amplified and cloned into pMIR-REPORT™
ciferase vector. SOX4 3′UTR mutant construct was generated
which miR-130a putative binding site was mutated by replacing
e UUGCACUU sequence with AACGUGAU sequence.
NBS1 promoter region located 1.1 kb upstream of the
anscription start site which contains one putative SOX4 responsive
ement (SRE) at approximate positions −746 to −740 was cloned
to the pGL3B reporter vector. A mutated version of NBS1
omoter was also generated by replacing wild-type SRE
ACAAAG) into mutant sequence (AATGGAG). All mutant
nstructs were generated using EZ change Site-Directed Mutagen-
is Kit following the manufacturer's instructions (Enzynomics,
aejeon, Korea). β-galactosidase was used as a control to normalize
e transfection efficiency. At 48 h after transfection, cells were
ashed twice in PBS and lysed for luciferase and β-galactosidase assay
ing Dual Luciferase Reporter Assay system (Promega, Madison,
I). All assays were performed in triplicate and data expressed as the
ean of three independent experiments.

NA Isolation and Real-Time PCR
Total RNA was extracted with TRIzol reagent (Invitrogen) and
ed for first-strand cDNA synthesis using PrimeScript II RT reagent
t (Takara, Madison, WI). SYBR-green Premix Ex-Tag II (Takara)
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Figure 1. miR-130a is down-regulated in radioresistant rectal cancer cells. (A) Rectal cancer cells were seeded into six well plates
and irradiated with indicated doses. After 14 days, the cells were fixed and stained with crystal violet. The images were captured and
showed colony growth in four rectal cancer cells. (B) Relative miR-130a expression in different rectal cancer cells was evaluated with real
time PCR analysis. Small nuclear RNA (RNU6B) was used as the internal control. (C) Schematic diagram showing the generation of a
radioresistant subline (SNU70RR) from its parental SNU70. SNU70 cells were treated one time with 6 Gy of irradiation followed by 10 days
of incubation. Surviving cells were pooled and selected with 6 Gy of irradiation one more time. Ten days after the second irradiation,
radioresistant SNU70RR cells were used for further experiments. (D) SNU70 and SNU70RRwere seeded into six well plates and irradiated
with the indicated doses. After 14 days, the cells were fixed and stained with crystal violet. The images were captured and showed colony
growth. (E) Expression of miR-130a in SNU70 and SNU70RR cells was compared with real time PCR analysis. Small nuclear RNA (RNU6B)
was used as the internal control. The data were presented with the mean ± S.D. of three independent experiments. ( P b .01, P b .001).
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as used for the quantification of SOX4 and EMT markers with a
al time quantitative PCR with Prism 7900HT sequence detection
stem (Applied Biosystems, Foster City, CA). The primer sequences
r this study were listed in Table S1. The data was normalized with
clophilin as control. Quantification of the mature form of miRNAs
ere performed using the Taqman MicroRNA Assay kit (Applied
iosystems) according to the manufacturer's protocol and RNU6B
as used as the internal control. TaqMan probe sequences for this
udy were listed in Table S2. Data were analyzed using the
mparative Ct method. The experiments were performed in
iplicates and expressed as the mean ± S.D.

estern Blotting Assay
Proteins were extracted with a lysis buffer (25 mM HEPES (pH
5), 150 mM NaCl, 1% Triton X-100, 10% glycerol, 5 mM EDTA
d a protease inhibitor cocktail) for 30 min and clarified by
ntrifugation at 13,200×g for 15 min at 4 °C. The protein
ncentrations were measured by the BCAmethod (Pierce, Rockford,
). For immunoblotting, equal amounts of protein lysates were
parated by SDS–polyacrylamide gel electrophoresis, followed by
otting onto the polyvinylidene difluoride membrane. Membranes
ere blocked for non-specific antibody binding with a blocking
lution for 1 h. Next, membranes were incubated with specific
imary antibodies in 3% BSA in TBST overnight with gentle
itation, followed by peroxidase-conjugated secondary antibodies.
munoreactive proteins were checked with the chemiluminescence
ethod according to the manufacturer's protocol (Pierce).

atrigel Invasion Assay
Invasive ability of radioresistant cells was determined using
mmercial matrigel transwell chambers (BD Bioscience, San Jose,
A). Briefly, cells were plated in 60 mm culture dishes and then

Image of Figure 1
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posed to 6 Gy dose of irradiation. After irradiation, 5×103 cells/500
l in free serum media were transferred to the pre-coated Matrigel
per chamber (24-well insert, 8 μm pore size, BD Bioscience) and
0 μl complete media was added to the lower chamber for providing
emoattractant and preventing dehydration. After 48 h of
cubation, non-invaded cells were removed from upper wells with
tton tips and invaded cells were fixed in cold methanol then stained
ith crystal violet. Excess dye was washed away with tap water and
vaded cells were photographed (40×) in five independent fields for
ch well.

munofluorescence
Cells were seeded on chamber slides overnight and fixed with 4%
/v) paraformaldehyde for 20 min at room temperature, followed by
rmeabilization with 0.5% TritonX-100 in phosphate-buffered
line for 30 min. Next, cells were blocked for non-specific binding
ith 5% goat serum in Tween-20 and PBS for 1 h. Then, cells were
ained with specific primary antibodies overnight at 4 °C and
bsequently with Alexa Fluor 488-conjugated goat anti-mouse
condary antibody or Alexa Fluor 594-conjugated goat anti-rabbit
condary antibody (Invitrogen). Cell nuclei were stained with 4`,6-
amidino-2-phenylindole (DAPI). After staining, fluorescence
ages were acquired using an LSM700 confocal microscope (Carl
eiss, Thornwood, NY).

umor Xenograft Experiments
BALB/c nu/nu mice (6 weeks old, 16~18 g, Charles River
aboratories, Yokohama, Japan) were maintained according to
stitutional Animal Care and Use Committee-approved protocols
the Lee Gil Ya Cancer and Diabetes Institute, Gachon University
ncheon, Korea). SNU70RR, miR-130a overexpressing SNU70RR,
miR-130a/SOX4 overexpressing SNU70RR cells (1 × 106) were
ixed in a ratio (1:1) with matrigel (BD Bioscience) and the mixtures
ere subcutaneously injected into the left flanks of mice. When the
nograft tumor size grew approximately to 150 mm3, single dose (15
y) of irradiation was delivered to mice. During irradiation,
anesthetized mice were manually fixed inside the irradiation
ield. Tumor volume was determined every 3 days by caliper
easurements and calculated using the modified ellipse formula
olume = length × width2/2). After tumor size reached at 1500
m3, the mice were scarified and tumors were excised for further
alysis.

atistical Analysis
Results from at least three separate experiments were expressed as
ean ± SD. Two tails Student's t test was conducted for comparisons
tween control and treatment groups. Differences between or
ong samples were considered as significant at P b .05.

esults

iR-130a is Down-regulated in Radioresistant Rectal Cancer
ells
To determine the sensitivity of rectal cell lines to irradiation,
lony formation assay was performed using four rectal cancer cells
NU70, SNU1411, SW837 and SW1463) after treatment with
rious types of single dose radiation. The radiosensitivity of the four
ctal cell lines was, in descending order, SNU70, SW1463, SW837
d SNU1411 (Figure 1A and S1A). Because the persistent presence
γH2AX foci revealed that delayed DNA damage repair and was
sociated with radiosensitivity [21], the expression of γH2AX foci
as confirmed with immunofluorescence staining after irradiation.
onsistently, γH2AX foci appeared prominently in SNU70 cells and
as less expressed in SNU1411 and SW837 cells after irradiation
igure S1B).
To identify the candidate miRNAs involved in regulating
diosensitivity, we performed small RNA sequencing to profile the
iRNA expression between four rectal cancer cell lines. Twenty-two
iRNAs were differentially expressed, 14 upregulated and 8 down-
gulated miRNAs, by at least 2 fold in two radiosensitive cell lines
mpared with radioresistant cells (Table S3). Among candidate
iRNAs, we focused on miR-130a which is the most overexpressed
iRNA in the radiosensitive SNU70 cell compared with resistant
lls. Using miRNA specific real time PCR, we confirmed that miR-
0a expression was markedly decreased in SNU1411 cells compared
ith SNU70 cells consistent with sequencing data (Figure 1B).
To examine the role of miR-130a on radioresistance in rectal
ncer cells, we established a radioresistant rectal cancer cell line from
e most radiosensitive SNU70 cell (SNU70RR) by repeating
diation and selection (Figure 1C). The colony formation (Figure
) and survival fractions (Figure S1C) in SNU70RR cells were

gnificantly higher compared with parental SNU70 cells. Consistent
ith radioresistance, miR-130a expression was markedly down-
gulated in SNU70RR cells (Figure 1E). Taken together, these data
ggest that miR-130a may be involved in the radioresistance of rectal
ncer cells.

iR-130a Enhances the Radiosensitivity of Rectal Cancer Cells
To clarify the role of miR-130a in radioresistance of rectal cancer
lls, we overexpressed miR-130a in established radioresistant
U70RR and the most resistant SNU1411 cells. Overexpression
miR-130a in SNU70RR and SNU1411 was confirmed by real

me PCR analysis (Figure 2A and S2A). Expression of miR-130a in
dioresistant cells (SNU70RR) suppressed colony formation
llowed by reducing survival fractions after irradiation (Figure 2,
and C). Colony formations of SNU1411-miR-130a cells were
so significantly suppressed compared with SNU1411-scramble
lls (Figure S2, B and C). Additionally, γH2AX foci were sustained
r a longer time in SNU70RR-miR-130a, but almost disappeared in
dioresistant parental cells (Figure 2D). These data suggest that
iR-130a sensitizes the rectal cancer cells in response to radiation by
hibiting the repair of radiation-induced DNA damage followed by
ll death.

iR-130a Suppresses the EMT Process and Invasion of Rectal
ancer Cells
Recent studies have found that EMT phenotypic expression and
ncer stem cell phenotypes promote the radioresistance of various
man cancer cells [22–24]. Interestingly, SNU70RR-scramble cells
oked elongated, spindle-like mesenchymal shape, whereas the
orphology of miR-130a overexpressing cells became rounded and
d a cuboidal-like epithelial shape (Figure S3A). Thus, we
pothesized that overexpression of miR-130a might induce a
versal of the EMT process in radioresistant cells. Consistent with
orphological changes, differential expression of epithelial cell
arkers (E-cadherin and ZO-1) or the mesenchymal cell marker
-cadherin) was detected with confocal microscopy in SNU70RR-
iR-130a cells (Figure S3B). A change in EMT markers by miR-
0a was also confirmed with real time PCR and western blotting
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Figure 2.miR-130a enhances the sensitivity to irradiation of rectal cancer cells. (A) Relative expression of miR-130a was compared
in SNU70RR cells with miRNA-specific real time PCR. The data were normalized with the RNU6B gene as the internal control. (B)
Representative images of colony formation in SNU70RR-scramble and SNU70RR-miR-130a cells after exposure to different irradiation
doses. Irradiated cells were maintained for 14 days to form the colonies and stained with crystal violet. (C) The graph shows survival
fractions of SNU70RR-scramble and SNU70RR-miR-130a cells were calculated from colony formation in (B). (D) Expression of γH2AX was
detected in SNU70RR-miR-130a cells after irradiation treatment for 24 h with immunofluorescence analysis. The bar graph shows the
average number of γH2AX positive cells per field. Scale bar: 20 μm. The data were presented with the mean ± S.D. of three independent
experiments. ( P b .01, P b .001).
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igure S3, C and D). The same phenomenon that occurs with EMT
ne expression was also detected with SNU1411-miR-130a cells
igure S3, E and F).
Cell invasion is a characteristic feature of EMT and metastasis
5,26]. In keeping with enhancing the EMT process, irradiation
n also promote cancer invasion and metastasis in various types of
ncer. Therefore, we determined the effect of miR-130a on the
vasion ability of radioresistant rectal cancer cells by performing
answell assay. As expected, cell invasion of miR-130a overex-
essing cells was significantly lower than with control cell (Figure
G). These results suggest that miR-130a sensitizes rectal cancer
lls to irradiation by suppressing the EMT process and invasion
ility.

OX4 is a Direct Target of miR-130a
To identify the potential targets involved in radiosensitivity of
iR-130a, we performed three-pronged approaches, including two
oinformatics algorithms (miRDB and Target Scan) in combination
ith RNA sequencing profiling generated from SNU70 and
U1411 cells (Figure 3A). Among nine overlapping theoretical
iR-130a target genes, SOX4 stood out as the best candidate owing
its ability as a master regulator of the EMT process [12] as well as
ing an inducer of tumor invasion and chemo-radioresistance in
man cancer [27,28]. To confirm the transcriptional regulation of
iR-130a on expression of SOX4, we examined the expression of
X4 in different rectal cancer cells. In contrast with level of miR-
0a, SOX4 was down-regulated in radiosensitive SNU70 cells and
regulated in radioresistant SNU70RR and SNU1411 cells at both
RNA and protein levels (Figure 3, B and C). To determine
hether miR-130a directly targets SOX4, wild-type or mutant 3′
TR fragments of SOX4 containing the miR-130a binding site were
bcloned into luciferase reporter plasmid (Figure 3D). The
ciferase activity of SOX4–3′UTR-WT was significantly decreased
miR-130a overexpressing SNU70RR cells compared with

ramble cells (Figure 3E). However, inhibitory activity of miR-
0a disappeared in the mutant reporter construct. Moreover,
munoblotting analysis indicated that overexpression of miR-130a
gnificantly decreased the endogenous SOX4 protein (Figure 3F).
aken together, these results suggest that SOX4 is a direct target of
iR-130a.

Image of Figure 2
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Figure 3. SOX4 is a direct target of miR-130a. (A) Venn diagram showing the overlap between predicted target genes of miR-130a from
miRDB, Target Scan and RNA sequencing profiling generated from SNU70 and SNU1411 cells. The nine overlapping genes were
presented. (B and C) SOX4 expression levels in SNU70, SNU70RR and SW1411 cells were measured with real time PCR (B) and western
blotting (C). The data were normalized with cyclophilin as the internal control for real time PCR. (D) Schematic illustration for a potential
miR-130a binding site of the SOX4 3′UTR. Themutant sequence (MT) of the SOX4 3′UTRwas presented by comparing it with the wild-type
sequence (WT). (E) Luciferase assay was performed after transfection with the wild-type or mutant construct in SNU70RR cells. After
incubation for 48 h, relative luciferase activity was determined with β-galactosidase as a normalization control. Data are presented as the
mean ± S.D. of three independent experiments. (F) The level of SOX4 was measured in SNU70RR-miR-130a cells with western blotting.
β-actin was used as the loading control. ( P b .01).
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estoration of SOX4 Reverses the Suppressive Effects of miR-
30a on the EMT Process and Invasion of Radioresistant Cells
Based on the function of SOX4 as a master regulator of EMT, we
nsidered whether the suppressive effects of miR-130a on the EMT
ocess and invasion ability of radioresistant cells are dependent on its
gulation of SOX4. A rescue experiment was performed with a
X4 construct without a miR-130a binding 3′UTR sequence
igure S4A). Indeed, rescue of SOX4 induced the morphologic
ange of mesenchymal cells to an epithelial phenotype in miR-130a
erexpressing cells (Fig. 4A). Reversal of the EMT process was also
nfirmed with immunofluorescence staining (Figure 4B), western
otting (Figure 4C) and real time PCR analysis (Figure 4D) for EMT
arkers. In addition, ectopic expression of SOX4 reversed the
vasion suppressive ability of miR-130a (Figure 4E). We next
nsidered whether restoration of SOX4 could reverse the radiosen-
tivity induced by miR-130a. Clonogenic survival assay indicated
at restoration of SOX4 increased the survival fractions of
U70RR- miR-130a cells upon irradiation treatment (Figure 4F
d S4B). Taken together, these data suggest that SOX4 can reverse
e radiosensitivity induced by miR-130a through enhancement of
e EMT process.

X4 Activates ATM-Mediated DNA Damage Repair through
duction of NBS1
As shown in Figure 2D, miR-130a overexpressing cells were less
fective at repairing DNA damage compared with scramble cells.
verexpression of miR-130a induced accumulation of γH2AX foci,
hich were considered a marker for unrepaired damaged DNA, in the
cleus after irradiation treatment. As ATM is a critical regulator of
e DNA repair process, we speculated that miR-130a might delay
e repair of DNA damage through suppression of ATM signaling.
o test this, we examined phosphorylated ATM which is indicative of
TM activation in SNU70RR-miR-130a upon irradiation treatment.
verexpression of miR-130a significantly suppressed the phosphor-
ation of ATM compared with SNU70RR parental cells (Figure 5A).
contrast with the inhibition of ATM signaling, γH2AX was

Image of Figure 3
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Figure 4. SOX4 reverses the suppressive effects of miR-130a on the EMT process and invasion of radioresistant cells. (A)
Morphological changes in SOX4-overexpressing cells were compared with control cells with bright-phase microscopy. The images were
captured with 200× magnification. (B-D) Expression of EMT markers including E-cadherin, N-cadherin, vimentin and ZO-1, was detected
with immunofluorescence confocal microscopy (B), western blotting (C) and real time PCR (D). The data were normalized with cyclophilin
as the internal control for real time PCR. Scale bar: 20 μm. (E) Representative images showing the invasive activity of SNU70RR-miR-130a/
SOX4 cells were captured after 48 h of irradiation treatment. The invaded cells were stained with crystal violet. The graph shows the fold
difference of invasive cells compared with control cells from five different fields of three independent experiments. (F) Rectal cancer cells
were seeded into six well plates and irradiated with indicated doses. After 14 days, the cells were fixed and stained with crystal violet. The
images were captured and showed colony growth in four rectal cancer cells. Percentage of survived cells was calculated by comparing
with untreated control. ( P b .01).
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arkedly increased in miR-130a overexpressing cells (Figure 5A).
hese results indicated that miR-130a has a suppressive activity on
TM signaling in response to irradiation.
We next aimed to determine whether miR-130a suppresses ATM
tivation through down-regulation of SOX4. Expectedly, restoration
SOX4 in SNU70RR-miR-130a cells reversed the activation of

TM signaling accompanied with less accumulation of γH2AX
igure 5B). In response to DNA damage, the MRN complex
re11, Rad50 and Nbs1 proteins) is required for ATM activation
9]. The interaction between the MRN complex and ATM
cilitates the activation of ATM and enhances the affinity of p-
TM for its substrates [30]. To investigate the mechanistic role of
X4 on ATM-dependent DNA damage repair, we assessed the
pression of MRN components in the presence of SOX4. As shown
Figure 5C, restoration of SOX4 markedly enhanced the expression
NBS1 by irradiation treatment. In contrast, expression of SOX4
d not affect the expression of other MRN components. To confirm
at SOX4 enhances the interaction of NBS1 and p-ATM upon
radiation treatment, we performed an immunoprecipitation assay.
he interaction of NBS1 and p-ATM was significantly increased after
radiation in keeping with increased p-ATM levels in miR-130a/
X4 cells (Figure 5D). This suggests that SOX4 increases the
tivation of ATM signaling through an increase in NBS1 expression
d facilitation of the interaction between NBS1 and p-ATM.
To understand the detailed mechanism for SOX4-induced NBS1
regulation, we first checked the level of NBS1 mRNA using real
me PCR. As shown in Figure 5E, NBS1 mRNA was significantly
regulated upon irradiation treatment in the presence of SOX4,
ggesting that NBS1 is regulated at the transcriptional level by
X4. To further determine whether SOX4 directly regulates the
pression of NBS1, 1.1 kb of human NBS promoter was cloned into
ciferase reporter vector. This region contains one putative SRE
cated between −746 and− 740 (Figure 5F). With forced expression
SOX4, NBS1 promoter activity was increased about threefold after
radiation treatment (Figure 5G). Induction of luciferase activity
mpletely disappeared because of the mutated SRE region. These
ta suggest that SOX4 directly regulates the expression of NBS1 at
e transcriptional level.

iR-130a Radiosensitizes In Vivo Rectal Cancer in a
enograft Model
To further confirm the effects of miR-130a overexpression on
mor growth and radiation responses, we generated in vivo xenograft
mors in athymic nude mice using SNU70RR-scramble,
U70RR-miR-130a and SNU70RR-miR-130a/SOX4 cells.
hen the tumor size reached 150 mm3 in volume, a single dose of
Gy radiation was delivered locally to the mice. After irradiation

eatment, mice bearing SNU70RR-miR-130a tumors were more
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Figure 5. SOX4 activates ATM signaling in response to irradiation through transcriptional regulation of NBS1. (A) To determine
the effect of miR-130a on irradiation-induced DNA damage, SNU70RR cells were irradiated with a 6 Gy dose and collected at 12 or 24 h
after treatment. The protein lysates were isolated and analyzed for expression of p-ATM, total ATM, γH2AX and total H2AX by western
blotting. (B) After 12 or 24 h of irradiation, miR-130a or SOX4 cells were harvested and analyzed with western blotting for p-ATM, total
ATM, γH2AX and total H2AX. β-actin was used as the loading control. (C) SNU70RR-miR-130a and SNU70RR-miR-130a/SOX4 cells were
delivered with 6 Gy single dose of irradiation. After 12 or 24 h of treatment, the expression of NBS1, Rad50, Mre11 and SOX4 was
determined with western blotting. β-actin was used as the loading control. (D) At 30 min after irradiation, cells were lysed to
immunoprecipitate the p-ATM protein with specific antibody. Interaction of NBS1 was detected with western blotting. Total cell lysates
(TCL) were analyzed as the normalization control. (E) The relative expression level of NBS1 was measured with real time PCR in SOX4 cell
after irradiation. The data were normalized with cyclophilin as the internal control and represents one of at least three repeated
experiments. (F) Schematic diagram showing the −1100/+1 region of the human NBS1 promoter luciferase construct. The locations of
the putative SRE and point mutations are indicated. (G) Cells were cotransfected with the SRE wild-type or mutant reporter construct and
β-galactosidase. Luciferase activity was determined after 48 h of transfection. Data represent the mean ± S.D. of three independent
experiments and show the normalized ratio of luciferase activity to β-galactosidase activity. ( P b .01).
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diosensitive compared with mice with SNU70RR-scramble tumors
igure 6, A and B). In contrast, restoration of SOX4 completely
ppressed the radiosensitivity induced by miR-130a. Consistent
ith a delay of the tumor growth rate, overexpression of miR-130a
duced the proliferation of cancer cells compared with scramble or
X4 restored cells (Figure 6C). Additionally, histopathological
amination indicated that a significant increase of cell death was
served in SNU70RR-miR-130a tumors and was reversed by
pression of SOX4 (Figure 6D). Taken together, these data suggest
at miR-130a radiosensitizes rectal cancer in vivo and SOX4 is a
aster regulator of radioresistance.

iscussion
ecently, accumulating evidence indicates that dysregulated expres-
on of miRNAs is correlated with radioresistance in various human
ncers [31,32]. In this study, we compared the radiosensitivity of
ur rectal cancer cell lines and analyzed the miRNA expression
ofiles using small RNA sequencing. In this study, we first
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Figure 6.miR-130a overcomes the radioresistance of in vivo rectal cancer in a xenograft model. (A) The growth curves of SNU70RR-
control, miR-130a and miR-130a/SOX4 xenograft tumors without or with irradiation (IR) treatment. Mice were locally delivered a single 15
Gy dose of irradiation. After the tumor size reached 1500mm3, the mice were scarified. The tumor size wasmeasured with caliper every 3
days (n = 6 mice per group). (B) Representative images of tumors after sacrifice. The tumors from the miR-130a expressing cells were
markedly smaller after irradiation compared with other cells. (C) Left, immunohistochemical staining for Ki-67 for SNU70RR-scramble,
SNU70RR-miR-130a and SNU70RR-miR-130a/SOX4 xenograft tumors. Right, a graph showing the percentage of Ki-67 positive nuclei. (D)
Left, representative image of H&E staining for SNU70RR-scramble, SNU70RR-miR-130a and SNU70RR-miR-130a/SOX4 xenograft tumors
with the area of cell death. Right, a graph showing the percentage of cell death areas in the tumors. The images were captured and
analyzed from at least five different fields. The scale bar represents 50 μm. ( P b .01).
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monstrate that miR-130a dramatically enhances the radiosensitiv-
y of rectal cancer cells in both in vitro and in vivo models.
unctionally, miR-130a reverses the EMT process and suppresses
TM-dependent DNA damage repair signaling upon irradiation by
rgeting of SOX4 (Figure 7). When the level of miR-130a is low,
ctal cancer cells have a high level of SOX4 to enhance the
anscription of EMT-related and NBS1 genes, resulting in radio-
sistance and tumor growth.
Based on small RNA sequencing data, a number of miRNAs
fferentially regulated in rectal cancer cells and most of these were
ported to be involved in the radioresistance of cancer cells. For
stance, miR-16-5p has been reported to regulate the cellular
diosensitivity of human prostate cancer cells. Overexpression of
iR-16-5p enhances the radiosensitivity of cancer cells through
ppression of cell proliferation, reduction of cell viability and
duction of cell cycle arrest [33]. The miR-15a/15b/16 family was
so shown to enhance the radiosensitivity of breast cancer cells by
fluencing G2/M checkpoint proteins [34]. Another study has also
own that let-7 g suppresses the expression of NF-κB1 and enhances
e efficiency of radiotherapy for lung cancer treatment [35]. These
udies suggested that miRNAs identified with small RNA sequencing
uld be potential candidates for overcoming of radioresistance in
ctal cancer.
Recently, miR-130a has emerged as a tumor suppressor miRNA
at suppresses cancer cell proliferation, invasion and migration by
rgeting oncogenic proteins. For instance, miR-130a suppresses the
mor growth, migration and EMT phenotype of glioma cells by
rectly targeting HMGB2 [36]. MiR-130a also inhibited the cell
cle progression and proliferation upon irradiation treatment by
rgeting c-myc [37]. miR-130a is down-regulated in variety of
man cancers, which is consistent with the tumor suppressive
tivity [38,39]. Moreover, miR-130a was significantly down-
gulated in nonresponders compared with responders during
emo-radiation therapy for locally advanced rectal cancer [40].
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Figure 7. Schematic diagram showing the radiosensitizer activity of miR-130a by targeting SOX4. Radiosensitive rectal cancer
cells have a high expression of miR-130a to target SOX4 and suppress transcription of the EMT-related genes and NBS1. In contrast,
radioresistant rectal cancer cells shows the low expression of miR-130a leading to high level of SOX4. As a result, SOX4 promotes
radioresistance by inducing the EMT process and activating the DNA repair process. In conclusion, miR-130a functions as a
radiosensitizer in rectal cancer cells and can be used as a preoperative prognostic biomarker for radiotherapy.
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ased on these results, miR-130a is a critical regulator for
dioresistance of rectal cancer cells and can be a potential
eoperative biomarker for radiotherapy to select responders. In
ntrast, miR-130a also involved in tumor growth and poorer
ognosis as oncogene for colorectal cancer [41–43]. To solve these
screpancies for double-edged sword's activity of miR-130a, further
udy will be required using in vivo model and patient's sample.
A recent study has demonstrated that EMT could affect the
erapeutic resistance in breast cancer [41] and can be a target of
iRNAs to overcome radioresistance. Previous studies suggested that
X4 is a master regulator of EMT [12] and upregulation of SOX4 is

sociated with colorectal cancer progression [42]. In addition to
gulation of the EMT process, SOX4 was also induced by DNA
mage in an ATM/ATK-dependent manner [43]. In this study, we
so confirmed that SOX4 is a key regulator for the expression of
MT-related genes and NBS1. Therefore, SOX4 may be used as a
ognostic biomarker for radiotherapy nonresponders and for
reening of therapeutics to overcome radioresistance.
[

[
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