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Abstract: The prognosis of radioresistant colorectal cancer (CRC) is generally poor. Abnormal expression of microR-
NAs (miRNAs) is involved in the radiosensitivity of various tumor cells as these RNAs regulate biological signaling
pathways. However, radioresistance-associated miRNAs in CRC have not yet been identified. In this study, we filtered
out HCT116 and CCL-244 from seven CRC cell lines that showed the highest difference in radiosensitivity in a clo-
nogenic assay. MiRNA sequencing identified 33 differentially expressed miRNAs (13 up-regulated and 20 down-
regulated) in CCL-244 and 37 in HCT116 (20 up-regulated and 17 down-regulated) cells. MiR-100 was significantly
down-regulated in CCL-244 cells after X-ray irradiation but not in HCT116 cells. Quantitative real-time PCR showed
that the expression of miR-100 in CRC tissues was significantly lower than that in normal tissues. Thus, miR-100
seems to be involved in the radioresistance of CCL-244 cells. MiR-100 up-regulation sensitized CCL-244 cells to
X-ray irradiation, which probably led to apoptosis and DNA double-strand breaks in these. In conclusion, to our
knowledge, this is the first study to show that miR-100 may play an important role in regulating the radiosensitivity
of CRC, and it may act as a new clinical target for CRC radiotherapy.
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Introduction important as surgery and chemotherapy for the

treatment of CRC. However, radioresistance

Colorectal cancer (CRC) is one of the most com-
mon malignant tumors worldwide. Statistically,
the United States ranks third in terms of both
the incidence and mortality of CRC, although
the death rates associated with CRC have
declined [1]. In China, CRC is the third most
malignant tumor. Despite improvements in sur-
gical techniques, therapeutic levels, and treat-
ment efficacy, the overall prognosis of CRC is
not optimistic, with the 5-year survival rate still
hovering at around 50%. National Com-
prehensive Cancer Network guidelines on rec-
tal treatment indicate that T3-stage or N (+)
preoperative as well as postoperative rectal
cancer should be treated with neoadjuvant
chemoradiotherapy [2]. Radiation therapy is as

leading to tumor recurrence and consequently,
a poor prognosis, is still a serious concern.
Therefore, overcoming radiation resistance,
enhancing radiation sensitivity of CRC, and
improving the efficacy of radiotherapy have
important practical significance in the treat-
ment of CRC.

MicroRNAs (miRNAs) are a group of small non-
coding RNAs, about 22 nucleotides (nt) in
length. MiRNAs act as guide molecules by base
pairing with one or more specific sequences of
MRNAs that recruit argonaute-containing RNA-
induced silencing complex (RISC) at the post-
transcriptional level. RISC combines with the
target mRNA at the 3’ untranslated region (3’
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UTR), and the miRNA base pairs with the target
MRNA, causing cleavage of the target mRNA
and inhibition of protein expression [3].

Accumulating evidence has indicated that miR-
NAs are implicated in cell radiosensitivity.
Josson et al found that miR-521 modulated the
expression of the DNA repair protein CSA and
sensitized prostate cancer cells to radiation
treatment. Transient overexpression of miR-
181a significantly sensitized malignant glioma
cells to radiation treatment concurrent with
down-regulation of the Bcl-2 protein [4]. A previ-
ous study also reported that miR-125b plays a
role in the radioresistance of oral squamous
cell carcinoma, probably through intercellular
adhesion molecule-2 signalling [5]. Multiple
miRNAs are involved in the radioresistance and
radiosensitivity of lung cancer; the up-regula-
tion of let-7g, let-7c, and miR-210 could induce
the resistance of lung cancer to radiotherapy or
chemotherapy. Further, Liu et al found that miR-
21 expression promoted radioresistance in
non-small cell lung cancer cells by targeting
PTEN [6-9], while the upregulation of let-7a and
let-7b could enhance the radiation sensitivity of
lung cancer. They also found that miR-449a
enhanced the radiosensitivity of lung cancer by
increasing irradiation-induced DNA damage
and apoptosis and altering cell cycle distribu-
tion [10]. The expression levels of miR-125b,
miR-137, and miR-145 are reportedly closely
related to the radiosensitivity of CRC [11-13].
Thus, miRNAs seem to be involved in tumor
radiosensitivity via various mechanisms.

To our knowledge, miRNA profiles in response
to irradiation and their impact on radioresis-
tance in CRC have not yet been reported. This
study aimed to investigate the role of miRNAs
in the radiosensitivity of CRC.

Materials and methods
Cell culture

Human CRC-derived cell lines HT29, LoVo,
Hce8693, and CaCo2 were resuscitated and
resuspended in RPMI 1640 medium (HyClone,
Logan, UT, USA), while HCT116, CCL-244, and
SW-480 were resuspended in high-glucose
DMEM (Hyclone) supplemented with 10% (v/V)
fetal bovine serum (FBS; Hyclone), 100 U/mL
penicillin G, and 100 mg/mL streptomycin
(Hyclone). The cells were then plated in 25-cm?
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culture bottles and incubated in a 5% CO,-
humidified atmosphere at 37°C. The media
were changed every 3 days, and the cells were
trypsinized using trypsin-edetic acid when they
reached 80%-90% confluence.

Colony formation assay

The cells were inoculated on 6-well plates. After
24 h, they were exposed to X-rays with different
irradiation doses of 0, 2, 4, 6 and 8 Gy. After 14
days of incubation at 37°C, the colonies were
stained with Giemsa, and a minimum of 50
viable cells were counted. This process was
repeated three times. The surviving fraction
was calculated as a ratio of the number of colo-
nies formed divided by the total number of cells
plated times the plating efficiency. The colony
formation assay was also conducted with tran-
siently transfected cells.

miRNA sequencing

HCT116 and CCL-244 cells were inoculated in
6-well plates and exposed to 8-Gy X-ray irradia-
tion or sham irradiation. After 48 h, these sam-
ples were lysed using Trizol reagent for total
RNA collection. Subsequently, miRNA sequenc-
ing was performed using the Illumina sequenc-
ing platform single-end sequencing mode to
conduct high-throughput sequencing for the
four samples (Genenergy, Shanghai, China);
each sample had three parallel groups.
Differences between the groups were deter-
mined using the DESeq statistical tests of R
software (genetic screening criteria: P < 0.05
and fold difference in expression > 2). Cluster
3.0 and TreeView software programs were used
to analyze the differences in gene cluster analy-
sis [14]. Differential expression of mMiRNA
between irradiated and nonirradiated cells was
analyzed after the sequencing was proofread
using the genome and miRBase databases.

Collection of clinical samples

A total of 30 CRC specimens were collected
from the Second Affiliated Hospital of Soochow
University after primary resection of the prima-
ry lesions. Fresh tumor tissues of the colon at
the same pathological stage and at a distance
of 8 cm from the border of the tumor tissues
were collected as the control samples. All
resected tissue samples were stored in the
freezer at -80°C. The diagnosis of CRC was
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based on World Health Organization criteria.
Tumor differentiation was defined according to
Edmondson-Steiner grading system, while
tumor staging was determined according to the
sixth edition of the tumor-node-metastasis
classification of the International Union Against
Cancer. This study was conducted in accor-
dance with the Declaration of Helsinki and
approved by the Ethics Committee of Soochow
University. Written informed consent was
obtained from all participants. None of the
patients had undergone any treatment before
surgery.

Transient transfection

CCL-244 cells were plated in 6-well plates (3 x
105 cells/well) and transfected with 100-nM
miR-100 mimics (GenePharma, Shanghai,
China) using Lipofect (PolyPlus, lllkirch, France)
according to the manufacturer’s instructions.
Fifty nanomolar of miRNA mimics (GenePharma)
were used as control miRNA. After transfection
for 5 h, the serum-free medium was replaced
by a medium containing 10% FBS. After trans-
fection for 48 h, the cells were harvested for
further experiments. Quantitative real-time
PCR was used to determine the efficiency of
transfection.

RNA preparation and quantitative real-time
PCR

Total RNA was extracted from the oncocytes in
the sections using the TRIzol® one-step extrac-
tion method according to the manufacturer’s
instructions (Invitrogen, San Diego, CA, USA).
Total RNA was collected according to the manu-
facturer’s instructions of the RecoverAll™ Total
Nucleic Acid Isolation kit (Applied Biosystems,
San Diego, CA, USA). Light absorption values
were read at 230, 260, and 280 nm using spec-
trophotometry to determine the purity and den-
sity of the RNA. Real-time PCR was then per-
formed according to the manufacturer’s
(Hairpin-itTM miRNAs gPCR Quantitation Kit)
and instrument instructions (185-5096 CFX96
real time PCR detection system; Bio-Rad,
Hercules, California, USA). The SYBR and U6
genes were used for detection of gene amplifi-
cation and normalization of each sample,
respectively. MiR-100 was amplified using RT
primer 5-GTCGTATCCAGTGCAGGGTCCGAGGT
ATTCGCACTGGATACGACCACAAG-3’ and Rever-
se Primer 5-ATCCAGTGCAGGGTCCGAGG-3’; for-
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ward primer 5-GCGGCGGAACCCGTAGATC-
CGAAC-3'. Real-time PCR was also used to con-
firm the expression of miR-100 after transfec-
tion and to verify its consistency with sequenc-
ing results.

Cell proliferation assay

After transfection, CCL-244 cells were seeded
in 96-well plates at 4000 cells/well and cul-
tured in a CO, incubator. After 24 h, the cells
were subjected to 8-Gy irradiation. After 48
more hours, 10 pl of CCK-8 solution (Dojindo
Molecular Technologies, Inc., Kumamoto,
Japan) was added to each well, and the plates
were placed in a CO, incubator for 2 h. The opti-
cal density was determined at 450 nm. Each
group was set up in triplicate.

Cell apoptosis assays

Following conventional digestion, cells in the
logarithmic growth phase were used to prepare
a single cell suspension, 2 x 105 cells/ml was
seeded in 6-well plates, and two vice-holes
were set. Cell adhesion was performed after
transfection. The cells were subjected to X-ray
irradiation after 24 h. After 48 h, all cells were
collected and centrifuged at 2,000 rpm for 5
min; the supernatant was discarded after wash-
ing with PBS and centrifugation was repeated
twice. The cells were then stained with fluores-
cein FITC-conjugated Annexin V and Pl (KeyGen,
Nanjing, China) and analyzed by flow cytometry
(Beckman Coulter, Brea, CA, USA). For test
results, the ratio of early apoptosis cells was
only to be counted.

DNA double-strand break assay

DSBs represent an important ionizing radia-
tion-induced lesion. The rapid phosphorylation
of histone H2AX at serine 139 is a sensitive
marker for DNA DSBs induced by ionizing radia-
tion, which can later be detected by immu-
nofluorescence.

After transfection, the CCL-244 cells were fixed
in 4% paraformaldehyde, permeabilized with
1% Triton X-100 for 10 min at room tempera-
ture, and then blocked with dilute 1% BSA
(Solarbio, Beijing, China) for 1 h. The cells were
incubated at 4°C overnight with the primary
antibody y-H2AX (Epitomics, Burlingame, CA,
USA), which was diluted 1:1000 with 1% BSA.
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Figure 1. Comparison of the radiosensitivities of the seven CRC cell lines to X-ray irradiation. A. Cells were exposed
to X-rays at different irradiation doses: O, 2, 4, 6, and 8 Gy. After 14 days, the surviving fraction was calculated as a
ratio of the number of colonies formed divided by the total number of cells plated times the plating efficiency. B. D,

values for each type of colorectal cancer cell line.

PBS was used to wash away the primary anti-
body. The cells were incubated with the sec-
ondary antibody at 37°C for 1 h, following which
they were placed on coverslips and counter-
stained with 4-6-diamidino-2-phenylindole
(Invitrogen) to mark the nuclei. Immuno-
fluorescence staining was examined using a
fluorescence microscope.

Western blot

Lysates from the CCL-244 cells were prepared
after transfection and irradiation by incubating
the cells in lysis buffer (125 mM Tris-HCI, pH
6.8, 2% SDS, 10% v/v, glycerol) at 4°C for 30
min. Protein concentration was determined
using the BCA protein assay (Bio-Rad
Laboratories). Next, 40 ug of cell lysates was
subjected to 12% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE).
Following SDS-PAGE, the proteins were trans-
ferred onto a PVDF membrane (Millipore,
Temecula, CA, USA) that was blocked with 10%
dry milk in TBST. The membrane was then
probed with primary antibodies against Bcl-2,
NF-kB, Caspase-3, and B-actin (1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) at
4°Cfor 12 h.

Statistical analysis

Data were expressed as mean * standard error
of the mean of at least three independent
experiments. Standard error bars were includ-
ed for all data points. Student’s t-test was used
to analyze the data when only two groups were
compared, while one-way analysis of variance
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was used in case of more than two groups. The
DESeq statistical tests of Rsoftware (genetic
screening criteria: P < 0.05 and fold difference
in expression > 2) was used to analyze the dif-
ferences between the two groups of sequenc-
ing results. Statistical analysis was performed
using the Statistical Package for the Social
Sciences Version 17.0 (SPSS Inc., Chicago, IL,
USA). P < 0.05 was considered statistically sig-
nificant. GraphPad Prism 5 software (San
Diego, CA, USA) was used to draw survival
curves with data from the colony formation
assays.

Results

Selection of experimental CRC cell lines by
comparing the radiosensitivities of different
CRC cancer cells

In order to select the appropriate cell lines for
the experiment, a colony formation assay was
used to detect the radiosensitivities of seven
CRC cell lines, namely, HCT116, CCL-244,
HT-29, LOVO, Hce-8693, CaC02, and SW480.
We found that the ascending order of these
seven CRC cell lines in terms of radiosensitivity
was CCL-244, SW480, HT29, LOVO, CaCO02,
Hce8693, and HCT116 (Figure 1A). The mean
lethal dose of ionizing radiation for these cells
was represented by the values of the parame-
ter D. D, values reflect the radiosensitivities of
different cells; the lower the D, values of cells,
the more sensitive they are to radiation. The D
values of each CRC cell line were consistent
with the results of clonogenic assay (Figure
1B). As this study focused on the radiotoler-
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Figure 2. miRNA sequencing results of colon cancer cells before and after X-ray irradiation. A. miRNA expression profiles of CCL-244 and HCT116 cells before and
after X-ray irradiation determined by miRNA sequencing; the heatmap was generated with miRNAs whose expressions were down- or up-regulated more than 2-fold
compared to controls. B. Ten miRNAs were differentially expressed in CCL-244 or HCT116 cells after exposure to 8-Gy X-ray irradiation compared with nonirradiated
control cells. The irradiated/nonirradiated expression ratio was expressed as Log2. The bars indicate the means for this experiment. C. Expression of miR-100 in
CCL-244 cells before and after exposure to 8-Gy X-ray irradiation (**P < 0.01); expression of miR-100 in HCT116 cells before and after exposure to 8-Gy X-ray ir-
radiation (P > 0.05). D. Quantitative real-time PCR to confirm the expression of miR-100 after transfection and to examine consistency with sequencing results (*P
< 0.05).
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Table 1. Summary of significantly differentially expressed miRNAs in irradiated CCL244 and HCT116 compared with no irradiated CCL244 and
HCT116 respectively

Cells
CCL244 HCT116
Upregulated miRNAs Downregulated miRNAs Upregulated miRNAs Downregulated miRNAs
MIRNA ID Fold b value MIRNA ID Fold b valve MIRNA ID Fold  palue miRNA ID Fold b yalue
Change?® Change® Change® Change?

hsa-miR-371a-5p 2.549911 0.021014 hsa-miR-125b-1-3p 0.007523 3.43x10"-5 hsa-miR-6128  2.247243 0.047018  hsa-miR-380-5p 0.239406 0.006182
hsa-miR-373-3p  2.573817 0.023362  hsa-miR-130a-3p  0.014726 7.47x10"-4 hsa-miR-30c-1-3p 2.422787 0.0399391 hsa-miR-193a-5p 0.250288 0.010183
hsa-miR-222-5p  2.768475 0.035264 hsa-miR-100" 0.025431 8.3x10™11  hsa-miR-30a-5p 2.539796 0.0128789 hsa-miR-20a-5p 0.313987 7.52x10"-5
hsa-miR-371b-3p 3.271834 0.011606 hsa-miR-145-5p  0.038029 8.81x10"4  hsa-miR-30a-3p 2.604347 0.0447689 hsa-miR-3676-3p 0.318393 0.006701
hsa-miR-372 3.350868 0.009543  hsa-miR-125b-5p 0.048064 3.21x10"-4  hsa-miR-409-3p  2.87287 0.0413885 hsa-miR-1247-3p 0.339676 0.038251
hsa-miR-4516 4.251587 0.036335 hsa-miR-1246 0.097547 7.35x10"-3 hsa-miR-589-3p 3.120256 0.0196415 hsa-miR-3529-3p 0.379937 0.007554
hsa-miR-4802-3p 7.267247 0.026147 hsa-miR-9-5p 0.140838 1.06x10"-2 hsa-miR-4521 412975 0.0214253  hsa-miR-15b-5p 0.385549 0.005794
hsa-miR-380-5p  8.766837 0.001643  hsa-miR-181a-3p  0.146507 2.94x10"-2 hsa-miR-3680-5p 4.380038 0.0032954 hsa-miR-7-5p  0.398485 0.025984
hsa-miR-5007-3p 12.45814 0.016728 hsa-miR-92b-3p  0.147947 4.25x10"-4  hsa-miR-205-5p 5.506333 0.0433714 hsa-miR-99a-5p 0.439371 0.010586
hsa-miR-205-5p  22.1478 0.002933  hsa-miR-181a-5p  0.27454 2.74x10"-2 hsa-miR-4709-5p 5.506333 0.0100935 hsa-miR-17-5p  0.492995 0.017785

2cancer tissues vs adjacent normal tissues, *hsa-miR-100.
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Table 2. Clinical characteristic of the CRC
patients

Clinical parameters Numbers
Cases 30
Age

<65 14

>65 16
Tumor size

Small size (< 5 cm) 20

Large size (=5 cm) 10
Gender

Male 15

Female 15
Invasion levels

Mucosa 2

Submucosa 4

Muscle 7

Serosa 17
TNM stage

Stage 1-2 21

Stage 3-4 9
Lymph node metastasis

Positive 17

Negative 13
Grade of tumors

Low grade 5

Intermediate grade 23

High grade 2
Vascular invasion

Positive 14

Negative 16
Perineural invasion

Positive 7

Negative 23

ance of CRC, the CCL-244 and HCT116 cell
lines were selected for subsequent exper-
iments.

MIRNA profiling in CRC cells in response to
X-ray irradiation

In order to identify the miRNAs implicated in
CRC radiosensitivity, miRNA sequencing was
used to monitor their expression in HCT116
and CCL-244 cells 48 h after radiation treat-
ment. The results showed that radiation affect-
ed the expression of various miRNAs in CRC
cells. A total of 33 miRNAs showed dysregula-
tion of expression in CCL-244, with 13 miRNAs
being up-regulated and 20 being down-regulat-
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ed. In HCT116 cells, 37 miRNAs showed dys-
regulation of expression (20 miRNAs were up-
regulated and 17 were down-regulated; Figure
2A). Table 1 and Figure 2B list the top 20 miR-
NAs that showed considerable up-regulation/
down-regulation after irradiation. For this study,
we selected miR-100 as the target miRNA, as it
was significantly differentially expressed before
and after irradiation in CCL-244 cells. In addi-
tion, the difference in this expression was sta-
tistically significant before and after irradiation
in CCL-244 cells (P = 8.38 x 10-11) but not
HCT116 cells (P = 0.11, Figure 2C). This dys-
regulation of miR-100 in cells with different
radiosensitivities was noteworthy. Quantitative
real-time PCR was used to confirm the sequenc-
ing results (P = 0.035, Figure 2D).

MIiR-100 was significantly down-regulated in
CRC tissues compared with matched noncan-
cerous colorectal tissues

Quantitative real-time PCR was used to detect
miR-100 expression in CRC tissues and
matched noncancerous tissues from 30 CRC
patients. Table 2 shows the clinical characteris-
tics of these patients. PCR showed lower
expression of miR-100 in tumor tissues than in
normal tissues (P < 0.01, Figure 3). Therefore,
dysregulation of miR-100 expression may be
associated with certain biological behaviors of
CRC.

MiR-100 modulated the radiosensitivity of CCL-
244 cells

The results of miRNA sequencing showed
down-regulation of miR-100 in CCL-244 cells in
response to radiation, while miR-100 showed
no such response in HCT116 cells. We sur-
mised that miR-100 could modulate the radia-
tion response of CCL-244 cells. MiR-100 mim-
ics were transiently transfected into CCL-244
cells to up-regulate miR-100, whereas negative
control miR-100 mimics were transiently trans-
fected as control. Quantitative real-time PCR
confirmed the transfer of miR-100 mimics and
miRNA negative control into the CCL-244 cells,
as expected (P = 0.04, Figure 4A). After trans-
fection, CCL-244 cells were exposed to 8-Gy
X-ray irradiation. After 48 h, CCK-8 and colony
formation assays were performed. The results
of the CCK-8 assay showed that the survival
rate of CCL-244 cells significantly decreased
after miR-100 up-regulation as compared to

Am J Cancer Res 2015;5(2):545-559
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Figure 3. Different expression of miR-100 in CRC tissues compared with matched noncancerous colorectal tissues.
Quantitative real-time PCR was performed to compare the expression of miR-100 between 30 CRC tissues and
matched noncancerous colorectal tissues. U6 RNA was used as an internal control. The mean ACt of miR-100 in the
30 CRC tissues was compared with that in the matched noncancerous colorectal tissues (**P < 0.01). The mean
and standard deviation of expression levels relative to U6 expression levels are shown and normalized to the expres-

sion in the normal tissue of each matched pair.

the mock transfected cells (P = 0.029) and neg-
ative control miR-100 mimics (P < 0.01, Figure
4B). The results of the colony formation assay
showed that the colony survival fraction signifi-
cantly reduced after miR-100 up-regulation
(Figure 4C). Taken together, the results suggest
that miR-100 plays an important role in the
radiosensitivity of CCL-244 cells.

MiR-100 promoted X-ray-induced apoptosis of
CCL-244 cells and regulated the expression of
apoptosis-related proteins

Apoptosis is one of the most important impair-
ments occurring as a result of radiation therapy
in tumors. In order to investigate whether miR-
100 promotes the radiosensitivity of CCL-244
cells by inducing apoptosis, the cells were
transfected with miR-100 mimic or negative
control miRNA mimics as control. After incuba-
tion for 48 h, the cells were exposed to differ-
ent doses of irradiation (O or 8 Gy) and subject-
ed to Annexin V/PI double staining and FACS
analysis 48 h later, including nontransfected
cells. The results showed that miR-100 not only
significantly increased X-ray-induced apoptosis
in CCL-244 cells as compared to nontransfect-
ed cells (P = 0.006) and negative control miR-
100 mimics (P = 0.021) but also considerably
improved the apoptosis rate of nonirradiated
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CCL-244 cells as compared to nontransfected
cells (P = 0.046) and negative control miR-100
mimics (P = 0.035) (Figure 5A). Further, the
expression of apoptosis-related molecules
such as P53, Bcl-2, NF-kB, and caspase-3 was
evaluated by western blot analysis. At 48 h
after transfection, the cells were subjected to
8-Gy radiation and collected 48 h after irradia-
tion. As shown in Figure 5B, miR-100 increased
the expressions of pro-apoptotic proteins P53
and Caspase-3, and decreased the expres-
sions of anti-apoptotic proteins Bcl-2 and NF-kB
regardless of irradiation. Taken together, these
results demonstrated that miR-100 attenuated
X-ray irradiation-induced apoptosis in CCL-244
cells by regulating the expression of apoptosis-
related proteins.

MiR-100 increased the number of y-H2AX foci

It is known that irradiation causes DNA DSBs,
which subsequently bring about the phosphory-
lation of y-H2AX at serine 139 (y-H2AX). At 48 h
after the transfection of miR-100 mimics, the
cells were subjected to 4-Gy irradiation, and
y-H2AX foci were detected at different time
points. As shown in Figure 6A, before ionizing
radiation, the y-H2AX foci levels in each group
were extremely low. About 30 min following
4-Gy irradiation, a rapid induction of y-H2AX

Am J Cancer Res 2015;5(2):545-559
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Figure 4. miR-100 regulated the radiosensitivity of CRC cells CCL-244. A. Quantitative real-time PCR was used to
confirm the transfection efficiency. U6 RNA was used as an internal control. The mean ACt of miR-100 in CCL-244
cells treated with miR-100 mimics and negative control miR-100 mimics (*P < 0.05). B. CCL-244 cells treated with
miR-100 mimics and negative control miR-100 mimics. After 24 h, the cells were subjected to 8-Gy irradiation. After
48 h, CCK-8 was used to detect cell viabilities (miR-100 mimics compared with miR-100 negative control, *P < 0.05
or untransfected, **P < 0.01). These results are representative of at least three separate experiments. C. CCL-244
cells treated with miR-100 mimics and negative control miR-100 mimics. After 24 h, the cells were subjected to O,
2,4, 6 and 8 Gy of irradiation. After 14 days, the colony formation rate in different treatment groups was examined.

foci was observed, with up to more than 60 foci
per cell (Figure 6A and 6B). The average num-
ber of foci then began to gradually decrease
until 16 hours after irradiation. However, com-
pared to the nontransfected and negative con-
trol miR-100 mimic groups, the group transfect-
ed with miR-100 mimics showed a significantly
higher number of foci. After 2 h, the average
number of foci in the group transfected with
miR-100 mimics was 37, and that in the nega-
tive control miR-100 mimics group and the non-
transfected group was 20 (P =0.012) and 17 (P
= 0.002), respectively (Figure 6B). After 8 and
16 h, the number of foci in the group transfect-
ed with miR-100 mimics was significantly great-
er than that in the other two groups (Figure 6B).
These results suggest that miR-100 modulates
the sensitization of CCL-244 cells to irradiation
by augmenting irradiation-induced DSBs.

Discussion

Currently, radiotherapy is one of the principal
treatment modalities for CRC. However, the
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radiation resistance of tumors has become an
important concern among clinicians. Variable
susceptibility of cells to radiotherapy is one of
the main reasons for radioresistance. miRNAs
have been reported to modulate radiosensitivi-
ty and have the potential to improve the effica-
cy of radiotherapy [15]. In this study, HCT116
and CCL-244 were identified as the most and
least radiosensitive cell lines, respectively after
the radiosensitivities of seven common CRC
cell lines was compared. A microarray analysis
was then performed to examine the miRNA
expression profiles of CCL-244 and HCT116 cell
lines before and after X-ray irradiation. MiR-100
was identified as a critical miRNA that was sig-
nificantly down-regulated after irradiation in
CCL-244 cells, suggesting its potential to regu-
late the radiosensitivity of these cells. Some
previous studies have shown that miR-100
could significantly increase the sensitivity of
CCL-244 cells to radiation, a finding consistent
with our results. Studies have also shown that
this increase in radiosensitivity could probably
be brought about via radiation-induced apopto-
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Figure 5. miR-100 promoted X-ray-induced apoptosis of CCL-244 cells. A. Flow cytometry assay to determine the apoptosis of CCL-244 cells transfected with miR-
100 mimics or negative control miR-100 mimics and non-transfected cells. Percentage of apoptotic cells in non-transfected and transfected cells subjected to O and
8-Gy irradiation. Data are means + SEM of three independent experiments. miR-100 significantly increased the X-ray-induced apoptosis of CCL-244 cells compared
with non-transfected (**P < 0.01) and negative control miR-100 mimics (*P < 0.05) as well as the apoptosis of nonirradiated CCL-244 cells compared with non-
transfected (*P < 0.05) and negative control miR-100 mimics (*P < 0.05). B. Western blot analysis of apoptotic marker proteins p53, Caspase-3, Bcl-2 or NF-kB
in CCL-244 cells with miR-100 in transfected and non-transfected cells before and after exposure to 8-Gy X-ray irradiation. B-Actin was used as an internal control.
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Figure 6. miR-100 increased y-H2AX foci
caused by X-ray irradiation and retarded
DNA double strand breaks repair. A.
Representative images of y-H2AX foci
for miR-100 mimics, miR-100 negative
control, and non-transfected treated
groups exposed to 4-Gy X-ray irradia-
tion at different time points. B. Repre-
sentative images of y-H2AX foci in dif-
ferent groups of cells after 4-Gy X-ray
irradiation. CCL-244 cells were stained
for y-H2AX at the indicated times and
the mean number of y-H2AX foci per

Time/h

sis. In addition, we found that the expression of
miR-100 in tumor tissues was significantly
lower than that in normal tissues.

Many studies have reported that radiation
alters miRNA expression profiles in tumor cells
in glioblastoma, lung cancer, prostate cancer,
and non-Hodgkin’s lymphoma. However, there
are limited reports regarding CRC. Shin et al
found that miRNAs are significantly influenced
by irradiation in HCT116 human colon carcino-
ma cells [16]; these altered miRNAs may be
related to cell radiosensitivity, as suggested by
some previous studies on gliomas, prostate
and lung cancers, and oral squamous cell carci-
noma. Yang et al found that miR-210 regulates
radiosensitivity in hypoxic human hepatoma by
targeting the mitochondrion-associated, 3
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T 1 cell (foci/cell) were then counted (**P
18 20 <0.01).

(AIFM3) [17]. Further, miR-31 modulates the
response of esophageal adenocarcinoma to
irradiation, possibly via regulation of DNA repair
[18]. Thus, the targets through which different
miRNAs affect the radiosensitivity of tumor
cells differ widely. Zhang et al [19] revealed that
miR-221 and miR-222 regulate the radioresis-
tance of gastric carcinoma cells by targeting
PTEN. MiRNA-324-3p regulates the radioresis-
tance of nasopharyngeal carcinoma by directly
targeting WNT2B [20]. Further, one study
reported that miRNAs may mediate signaling
pathways in response to radiation [21].

Most of the current individual studies have not
utilized the high-throughput screening method
to reveal the miRNA profile. The present study
is novel because we used advanced high-
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throughput sequencing to select miRNAs highly
correlated with CRC radiosensitivity as the
research focus.

We selected relatively insensitive colon cancer
cells CCL-244 to simulate the radiation toler-
ance of CRC. We found that the difference in
miR-100 expression was statistically significant
(P < 0.05) before and after irradiation by detect-
ing the expression profiles of miRNAs in CCL-
244 cells. Studies have reported the involve-
mentof miR-100in carcinogenesis, progression,
and prognosis of many kinds of cancers, such
as prostate cancer; hepatocellular carcinoma;
renal cell carcinoma; pancreatic, bladder, lung,
breast, and cervical cancers; gliomas; and
acute myeloid leukemia [22-37]. However, the
impacts of miR-100 on the development of CRC
and the related mechanisms have rarely been
reported. Boni et al found that the single-nucle-
otide polymorphism rs1834306, located in the
pri-miR-100 gene, was significantly correlated
with a longer time to progression [38]. Thus,
the clinical importance of miR-100 reiterates
our purpose behind focusing on this miRNA.

Apoptosis may be one of the mechanisms of
ionizing radiation-induced cell death [39], and
it is believed that miRNAs regulate radiation-
induced apoptosis. Wu et al showed that miR-
148b increases the radiosensitivity of non-
Hodgkin’'s lymphoma cells, probably by
promoting radiation-induced apoptosis [15].
Similarly, Wang et al found that miR-185
enhances radiation-induced apoptosis in gas-
tric cancer 786-0 cells by repressing the apop-
tosis-related ATR (ATM- and Rad3-related) path-
way [40]. Some studies have shown that
mMiRNA-21 contributes to the radioresistance of
tumors by blocking the expression of critical
apoptosis-related genes such as caspase-3
and PARP-1 [41]. Further, abnormal regulation
of apoptosis signaling pathways occurs often in
tumor cells, leading to radioresistance, which
induces apoptosis. Therefore, an increasing
number of cancer biologists are shifting their
attention to the apoptosis mechanism in tumor
cells [42]. Various signaling molecules are
involved in apoptosis signaling pathways, which
include the promotion of apoptosis by P53,
Bax, and caspase-3 and the inhibition of apop-
tosis by Bcl-2 and NF-kB [43-47]. In this study,
we examined apoptosis in CCL-244 cells in
order to reveal the role played by miR-100 in
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the radiosensitivity of CRC. We found that CCL-
244 cells transfected with miR-100 had a sig-
nificantly higher percentage of apoptotic cells
than the negative control-transfected group (P
< 0.05). In addition, miR-100 increased the
expressions of the pro-apoptotic proteins P53
and caspase-3 and decreased the expressions
of the anti-apoptotic proteins Bcl-2 and NF-kB
irrespective of radiation. Collectively, these
data suggest that miR-100 increases radiosen-
sitivity by promoting apoptosis.

The induction of DSBs is also an important
mechanism of radiation-induced cell damage
[48]. Radiation-induced y-H2AX foci are repre-
sentative of DSBs. In this study, we found that
up-regulation of miR-100 significantly increased
the number of y-H2AX foci detected by immu-
nofluorescence analysis in a time-dependent
manner. These results confirm the notion that
miR-100 plays an important role in the regula-
tion of radiosensitivity of CCL-244 cells in CRC.

Conclusion

Our results demonstrated that up-regulation of
miR-100 significantly increased the radiosensi-
tivity of CCL-244 cells in CRC. The involvement
of miR-100 in radiation-induced apoptosis and
DNA DSBs of CRC cells may be the primary
mechanism involved in the radiosensitivity of
CRC. In addition, our clinical sample test results
showed that miR-100 expression was signifi-
cantly lower in tumor tissue than in normal tis-
sue, a finding that may be useful to study the
functional mechanism(s) underlying the onco-
genic role of miR-100. MiR-100 may serve as a
clinical target for reducing radiation resistance.
However, further studies in vivo are warranted
to improve our understanding of miR-100 regu-
lation mechanisms involved in the radiosensi-
tivity of CRC.
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