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Abstract

Dysregulation of microRNAs (miRNAs, miRs) and their putative target genes have been
increasingly reported to contribute to colorectal cancer. However, miRNAs that directly target
the mutated in colorectal cancer (MCC) gene, a tumor suppressor which is downregulated or
inactivated in colorectal cancer, remain largely unknown. By using an array-based miRNA analysis,
we identified a group of miRNAs that were dysregulated in human metastatic versus non-metastatic
colorectal cancer tissues. One of these miRNAs, miR-4260, was predicted to target MCC in the
miRDB database. Results using human HCT116 and HT29 colorectal cancer cell lines showed that
miR-4260 mimic enhanced cell proliferation and migration and reduced apoptosis induced by the
chemotherapeutic agent 5-fluorouracil while miR-4260 inhibitor had inverse effects. Furthermore,
miR-4260 negatively regulated MCC as well as SMAD4 by directly binding to the 3’untranslational
region (3’UTR). Using siRNAs targeting MCC or SMAD4, we showed that upregulation of MCC
and SMAD4 was essential to mediate the functional roles of miR-4260 inhibitor in colorectal
cancer cells. Our in vivo experiments indicated that inhibition of miR-4260 reduced colorectal
tumor growth in nude mice subcutaneously implanted with HCT116 cells. Significantly, miR-4260
was increased in human colorectal cancer tissues with simultaneous downregulation of MCC and
SMADA4, strongly suggesting the clinical relevance of targeting miR-4260 in the treatment of
colorectal cancer. In summary, we identified miR-4260 as a novel oncomiR for colorectal cancer
that targets MCC and SMADA4. Inhibition of miR-4260 can, therefore, be a potential therapeutic
strategy for colorectal cancer.
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Introduction

Colorectal cancer is the third most common  panitumumab is limited to metastatic colorectal

cancer and the fourth leading cause of cancer-related
deaths worldwide [1]. Biological agents that target
vascular endothelial growth factor (VEGF) and
epidermal growth factor receptor (EGFR), in
combination with chemotherapy, have been shown to
improve the clinical outcome for patients with
colorectal cancer [2]. However, the use of some
molecularly targeted agents such as cetuximab and

cancer patients whose tumors have a wide-type
Kirsten-ras (KRAS) gene [3]. Development of novel
biological agents that can target colorectal tumor
growth and progression is critically needed [4].

The mutated in colorectal cancer (MCC) gene
was originally isolated from the human chromosome
5921 and has been identified as a potent tumor
suppressor in colorectal cancer [5]. Early evidence
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reveals that MCC negatively regulates the G1/S cell
cycle transition and is highly expressed in
well-differentiated cells, indicating its potential role as
a tumor suppressor in both cell growth and
differentiation [6, 7]. Loss of MCC has been reported
in different types of cancers, including colorectal
cancer, hepatocellular carcinoma, and acute myeloid
leukemia [8-10]. In particularly, MCC promoter
methylation is commonly present in colorectal cancer
and is believed to be a frequent early event during
colorectal carcinogenesis [11, 12]. Based on a
transposon-based genetic screen in mice with
colorectal cancer, MCC was found to be dysregulated
probably driving tumorigenesis [13]. Furthermore,
re-expression of MCC suppressed Wnt/p-catenin
signal transduction and inhibited cell proliferation in
various colorectal cancer cell lines [11]. In addition to
the promoter methylation, MCC loss during
tumorigenesis could also be linked with LINE-1
retrotransposition events or microRNA (miRNA,
miR) targeting as reported in liver cancer [8, 9].
However, the upstream mechanisms leading to MCC
loss in colorectal cancer remains largely unknown.

A class of small non-coding RNAs, miRNAs
(18-25 nucleotides in length), can negatively regulate
target genes at posttranscriptional level via directly
binding to their 3'untranslated region (3’UTR) [14]. To
date, more than 1880 miRN As have been identified in
human (miRBase database, Release 21). One single
miRNA can downregulate dozens to hundreds of
target genes, and each miRNA can be regulated by a
variety of upstream molecules, forming a complex
gene regulatory system in the control of diverse
biological processes [15]. Increasing evidence
indicates that miRNA dysregulation is involved in the
initiation and development of colorectal cancer. Some
of these miRNAs such as miR-17-5p [16], miR-21 [17],
miR-224 [18], and miR-429 [19] are upregulated while
others including miR-126 [20], miR-143 [21], miR-185
[22], miR-18-3p [23], miR-320a [24], and miR-330 [25]
are downregulated. Dysregulated patterns of
expression of these miRNAs were implicated in the
proliferation, apoptosis, angiogenesis, and metastasis
of colorectal cancer cells [26]. To our knowledge, there
is no information on miRNA(s) directly targeting
MCC, a tumor suppressor involved in colorectal
tumorigenesis, as mentioned previously.

In this study, we performed miRNA array
analysis in tumor tissues from human metastatic
versus non-metastatic colorectal cancer. A total of 25
miRNAs were found to be dysregulated (24
upregulated and 1 downregulated) in human
metastatic  colorectal cancers compared to
non-metastatic samples. Bioinformatics analysis
predicted MCC to be the target of 221 miRNAs in

miRDB  (http://mirdb.org/miRDB/ index.html),
among which only miR-4260 was confirmed to be
upregulated in our miRNA arrays. Thus, we focused
on an in-depth analysis of miR-4260 in colorectal
cancer. Our results are highly suggestive of the

clinical relevance of miR-4260 in colorectal
carcinogenesis
Materials and Methods

Colorectal Cancer Tissue Specimens

Tissue specimens from tumor versus peritumoral
region of colorectal cancer were collected from a total
of 42 patients who signed informed consent.
Complete clinicopathologic data were available from
Tongji Hospital of Tongji University. The tumor tissue
underwent macro-dissection to enhance the tumor
content of the study material. All tissues were stored
immediately in liquid nitrogen and conserved at -80°C
for further use.

miRNA Arrays

Total RNA extracted from the Formalin-fixed,
paraffin-embedded tumor tissue sections of 3
metastatic versus 3 non-metastatic colorectal cancer
patients was used for miRNA array-based analysis
using the Agilent Human miRNA 8x60K V18.0
Platform. The MIAME compliant data were submitted
to Gene Expression Omnibus (GEO, platform ID:
GSE93377).

Quantitative Real-time Polymerase Chain
Reaction (QRT-PCR)

Total RNA was extracted from cells and tissues
using Trizol (TaKaRa) and reverse transcribed to
cDNA using Prime Script™ II 1st Strand cDNA
Synthesis  Kit (TaKaRa) according to the
manufacture’s manual. The expression levels of MCC
and SMAD4 were analyzed by quantitative PCR with
SYBR Green (TaKaRa) on 7900HT Fast Real-Time PCR
System (Applied Biosystems, CA, USA). GAPDH was
used as an internal control for normalization. The
primer sequences were listed in Table 1. For miRNA
analysis, total RNA was reverse transcribed to cDNA
using iScript™ cDNA Synthesis Kit (Bio-Rad). The
Bulge-Loop™ miRNA qPCR Primer Set (RiboBio) was
used to determine the expression level of miR-4260
with Takara SYBR on ABI 7900HT Fast Real-Time
PCR System. 5s was used as an internal control for
normalization.

Colorectal Cancer Cell Line Culture and
Transfection

HCT116 and HT29 cell lines were cultured in
Dulbecco's Modified Eagle Medium (DMEM,
Corning) and RPMI1640 (KeyGEN BioTECH),
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respectively, supplemented with 1%
penicillin-streptomycin (Gibco) and 10% fetal bovine
serum (FBS, HyClone) at 37 °C with 5% CO.. To
investigate the functional roles of miR-4260 in
colorectal cancer cells in vitro, HCT116 and HT29 cell
lines were starved for 6 hrs and then transfected with
miR-4260 mimic (50 nM, RiboBio, Guangzhou,
China), inhibitor (100 nM, RiboBio, Guangzhou,
China), or negative controls for 48 hrs. To investigate
whether miR-4260 contributes to the regulation of
colorectal cancer via targeting MCC and SMAD4,
siRNA for these two genes (75 nM RiboBio,
Guangzhou, China) was transfected in HCT116 and
HT29 cells in combination with miR-4260 inhibitor for
48 hrs.

Table 1. The primer sequences used in this study

Primer (human) Sequences (5'-3")

SMAD 4 Forward CTCATGTGATCTATGCCCGTC
Reverse AGGTGATACAACTCGTTCGTAGT

McCC Forward AATAAACGTCTCCAGCAAACAGA
Reverse CGTTCCTCATAGCGAAGTGTC

GAPDH Forward ATGACATCAAGAAGGTGGTG

Reverse CATACCAGGAAATGAGCTTG

EdU Incorporation Assay

Cell proliferation was determined using EdU
(5-ethynyl-2-deoxyuridine) assay (Ribobio). Briefly,
2x105/mL of HCT116 or HT29 cells were plated in
96-well plates and starved for 6 hrs before
transfection. Cells were then transfected with an
miR-4260 mimic, inhibitor, or negative controls for 48
hrs and exposed to EdU 2 hrs before the end of
transfection. Subsequently, cells were fixed with 4%
formaldehyde overnight at 4 °C. After neutralization
with glycine and washing, cells were treated with
0.5% TritonX-100 for 30 min and reacted with Apollo®
reaction cocktail for 30 min. Nuclei were stained with
Hoechst 33342. The EdU-positive cells were
visualized under a fluorescent microscope (Leica) and
counted with Image ] software.

Flow Cytometry for Cell Cycle and Apoptosis

After transfection with miR-4260 mimic,
inhibitor, or the negative controls, HCT116 and HT29
cells were collected and fixed with cold absolute
ethanol overnight. Cells were then treated with RNase
A (KeyGEN BioTECH) and stained with propidium
iodide (PI, Sigma) in the dark for 15 min. Cell cycle
was determined by flow cytometry (Beckman) and
analyzed by FlowJo software. At least 10,000 events
were recorded for each sample.

To evaluate the role of miR-4260 in colorectal
cancer cell apoptosis induced by  the
chemotherapeutic agent 5-fluorouracil  (5-FU),
HCT116 cells were transfected with miR-4260 mimic,

inhibitor, or their negative controls for 48 hrs and
incubated with 1 pg/mL of 5-FU in DMEM containing
10% FBS for 24 hrs before the end of transfection.
Cells, as well as the culture medium, were collected
and stained with Annexin V-FITC and PI (Bioworld).
Cell apoptosis was determined by flow cytometry
(Beckman). At least 10,000 events were recorded for
each sample.

Transwell Assay

After transfection with miR-4260 mimic,
inhibitor, or their negative controls for 24 hrs, HCT116
cells were resuspended at a density of 2x105/mL in
DMEM without FBS. 200 pL of HCT116 cell
suspension was applied onto  polyvinyl/
pyrrolidone-free polycarbonate membranes with 8.0
pm pores in the upper chamber of transwell system
(Corning). The bottom wells were filled with 600 pL of
DMEM containing 10% FBS. After incubation for 48
hrs, cells that migrated to the lower surface of the
cabinet were fixed with 4% paraformaldehyde (PFA),
stained with crystal violet (Beyotime), and
photographed with Inverted Research Microscope
(Leica).

Western Blotting

Total proteins were extracted from cells and
tissues using RIPA lysis buffer (Beyotime) with 1%
phenylmethanesulfonyl fluoride (PMSF, KeyGEN
BioTECH). Protein concentration was determined by
BCA Protein Assay Kit (TaKaRa) under 595 nm
spectrophotometer (Bio-Rad). Equivalent amounts of
protein samples were subjected to SDS-PAGE gels,
transferred to polyvinylidene difluoride (PVDEF)
membranes (Millipore), and blotted with primary
antibodies anti-SMAD4 (1:1000, Abcam) and
anti-MCC (1:1000, Abcam). Proteins were then blotted
with corresponding secondary antibodies and
visualized by enhanced electrochemiluminescence
(ECL) system (Tanon). GAPDH was used as a loading
control.

Luciferase Reporter Assay

A fragment of the 3'untranslated region (3'UTR)
of MCC or SMAD4 containing the target site of
miR-4260 was obtained by PCR amplification and
then cloned into the pGL3-Basic Vector (Promega).
The primers used were listed in Table 2. 293T cells
were co-transfected with PGL3-basic-3’UTR or
PGL3-basic-3’'UTR mut, Renila, miR-4260 mimic or
negative control using Lipofectamine2000 Reagent in
24-well plates for 24h. Luciferase activity was
measured by a dual-luciferase reporter assay Kit
(Promega) according to the manufacturer’s
instructions.
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Table 2. The primer sequences used in luciferase reporter assay

Primer Sequences (5'-3")
Normal, Forward TCTAGAGTCTGACATCCTGCCCCAA
SMAD4  Mutant, Forward TCTAGAGTCTGACATCCTCGGGGTT
3'UTR Reverse TCTAGAAGTATCCACATCAACAGAGAG
Normal, Forward TCTAGAGGACAATGGAGTGCCCCAAC
McCC Mutant, Forward TCTAGAGGACAATGGAGTCGGGGTTC
3'UTR

Reverse TCTAGACCTCTATCTTAAAGTTGAGACC

The bold is the seed sequence used in luciferase reporter assay.

In Vivo Xenograft Tumor Study

Six-week-old BALB/c nude mice were
purchased from CAVENS Lab Animal Ltd
(Changzhou, China) and bred under specific
pathogen-free conditions in a 12h/12h light/dark
circle. To form tumors, HCT116 cells were
subcutaneously implanted into the right flank of nude
mice (3x10°¢ cells per mouse), and the tumor volume
was measured every other day.

To examine the potential therapeutic role of
miR-4260 inhibition in colorectal cancer development,
a lentivirus-based miR-4260 sponge was established.
Briefly, the sequences of miR-4260 sponge were
designed and ligated into the Fugw. For lentivirus
packaging, 293T cells were co-transfected with
psPAX2, pMD2.G, and Fugw-miR-4260 sponge at the
ratio of 3:1:4 using FuGene Transfection Reagent
(Roche). After 48 to 72 hrs of transfection, the medium
was harvested, centrifugated, and filtered for
lentivirus ~ collection. =~ HCT116  cells  were
subcutaneously implanted into the right flank of
6-week old nude mice (3x10¢cells per mouse) on day
0. Fourteen days after implantation, 50 pL of
lentivirus-based miR-4260 sponge (108 PFU) or Fugw
control was subcutaneously injected around the
tumor, and the xenograft colorectal cancer tissues
were harvested after another 14 days.

Immunohistochemical Staining for PCNA and
Ki67

The xenograft colorectal cancer tissues were
harvested, paraffin embedded, and cut into
5-pum-thick sections. Immunohistochemical staining
was performed using SP Immunohistochemistry Kit
(KeyGEN BioTECH) according to the manufacturer’s
instructions. Antigen retrieval was realized using pH
6.0 citrate buffer, and the endogenous peroxidase
activity was blocked by 0.3% hydrogen peroxide.
Sections were then blocked in 5% bovine serum
albumin (BSA) and incubated with primary
antibodies anti-PCNA (Abcam, 1:300) and anti-Ki67
(Abcam, 1:300) overnight at 4 °C. Sections were
incubated with the secondary antibody and then
stained with DAB substrate chromogen system

(KeyGEN BioTECH). After counterstaining with
hematoxylin, images were photographed with
Inverted Research Microscope (Leica). The percentage
of PCNA- or Ki67-positive cells to total cells was
calculated to evaluate cell proliferation in the tumor
region.

Statistical Analysis

All statistical analyses were performed using
SPSS 20.0 software. Data were presented as the mean
t standard error of the mean (SEM). The quantitative
data were analyzed using an independent-samples
t-test for comparison between two groups.
Comparisons among three or more than three groups
were performed using one-way ANOVA test
followed by Bonferroni’'s post hoc test. The
paired-samples t-test was performed to analyze the
expression level of miR-4260 in 42 pairs of matched
tumor versus peri-tumoral region of human colorectal
cancer tissues. The repeated-measures analyses of
variance were used to analyze the tumor volume after
miR-4260 sponge treatment. Statistical significance
was identified with p<0.05.

Results

miR-4260 Is Upregulated in Colorectal Cancer

To screen miRNAs that might target MCC,
which is involved in the regulation of colorectal
cancer, we first performed miRNA arrays on FFPE
tumor tissue sections from three human metastatic
versus three non-metastatic colorectal cancers. As
shown in Table 3, a total of 24 miRNAs were found to
be  upregulated while one miRNA  was
downregulated in the metastatic colorectal cancer
tissues. Bioinformatics analysis by searching in the
miRDB database (http:/ /mirdb.org/miRDB/
index.html) predicted MCC to be targeted by 221
miRNAs, among which only miR-4260 was identified
by miRNA arrays (Fig.lA) We validated the
upregulation of miR-4260 in metastatic colorectal
cancer tissues by qRT-PCRs (Fig. 1B). Furthermore,
we examined the expression level of miR-4260 in 42
pairs of matched tumor versus peritumoral region of
colorectal  cancer  specimens. The  clinical
characteristics of patients with colorectal cancer were
listed in Table 4. As confirmed by qRT-PCRs,
miR-4260 was significantly upregulated in tumor
tissues compared to matched peritumoral regions
(Fig. 1C), indicating that miR-4260 might be a
potential regulator for colorectal cancer. Thus,
miR-4260 was selected to be studied in-depth in the
present study.
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Figure 1. miR-4260 is increased in human colorectal cancer (A) MCC was predicted to be targeted by 221 miRNAs in miRDB and among them, miR-4260 was identified
to be upregulated in human metastatic colorectal cancer compared to non-metastatic sample. (B) QRT-PCRs for miR-4260 expression in human metastatic versus non-metastatic
colorectal cancer tissues (n=9 per group). (C) qRT-PCRs for miR-4260 expression in the tumor versus the peritumoral region of colorectal cancer from a total of 42 patients.

*, p<0.05.

Table 3. Dysregulated microRNAs in microarray analysis

Name Fold change Regulation p value
hsa-miR-1185-1-3p 2.111893 up 0.044761
hsa-miR-1291 2.110373 up 0.031324
hsa-miR-198 2.029095 up 0.022614
hsa-miR-4299 1.999009 up 0.010821
hsa-miR-1185-2-3p 1.878559 up 0.028431
hsa-miR-652-5p 1.826478 up 0.027472
hsa-miR-370 1.822135 up 0.036486
hsa-miR-4260 1.803656 up 0.029
hsa-miR-663b 1.801719 up 0.011135
hsa-miR-3132 1.79591 up 0.032368
hsa-miR-513a-5p 1.785553 up 7.22E-04
hsa-miR-2467-3p 1.76938 up 0.04895
hsa-miR-3621 1.740965 up 0.009596
hsa-miR-4728-5p 1.683318 up 0.026567
hsa-miR-2278 1.636577 down 0.044191
hsa-miR-514b-5p 1.623918 up 0.036132
hsa-miR-1202 1.619209 up 0.028448
hsa-miR-3198 1.575268 up 0.026717
hsa-miR-718 1.562195 up 0.032462
hsa-miR-550b-2-5p 1.559176 up 0.006162
hsa-miR-4733-5p 1.555993 up 0.008958
hsa-miR-5096 1.553788 up 0.005777
hsa-miR-4656 1.549922 up 0.021697
hsa-miR-3196 1.519126 up 0.006716
hsa-miR-575 1.517856 up 0.022388

miR-4260 Increases Colorectal Cancer Cell
Proliferation and Migration and Reduces
Apoptosis Induced by the Chemotherapeutic
Agent 5-FU

To evaluate the potential functional roles of
miR-4260 in the biological behavior of colorectal
cancer cells, HCT116 and HT29 cell lines were
transfected with miR-4260 mimic, inhibitor, or
negative controls. Subsequently, qRT-PCR was used
to confirm their effects in increasing or decreasing
miR-4260 (Fig. 2A). EdU incorporation assay and flow
cytometry showed that the miR-4260 mimic increased
cell proliferation and promoted G1/S cell cycle
transition in both HCT116 and HT29 cell lines, while
the miR-4260 inhibitor had inverse effects (Fig. 2B and
2C). Transwell assays further demonstrated that
miR-4260 mimic increased the migration capacity of

HCT116 cells, while miR-4260 inhibitor decreased it
(Fig. 2D). Also, miR-4260 mimic reduced, while
miR-4260 inhibitor enhanced the apoptosis of HCT116
cells treated by the chemotherapeutic agent 5-FU (Fig.
2E). Collectively, these results provide in wvitro
evidence that miR-4260 promoted colorectal cancer
cell proliferation and migration and reduced
apoptosis induced by 5-FU.

Table 4. Clinical characteristics of colorectal cancer patients
(n=42)

Variable Mean *SD or No.(%)
Age (X£S, years) 58+10
Sex

Male 27 (64.3%)
Female 15 (35.7%)
Heart rate (XS, times/ min) 76+7
BMI (X £, Kg/m?) 24+3

TNM stage

I 3(7.1%)
1II 18 (42.9%)
I 14 (33.3%)
v 7 (16.7%)

Tumor location

Colon 26 (61.9%)
Rectum 16 (38.1%)
Comorbidity

Hypertension 11 (26.2%)
Diabetes Mellitus 3(7.1%)
Coronary heart disease 5 (11.9%)

MCC and SMAD4 Are ldentified as Two
Target Genes of miR-4260

MCC is predicted to be directly targeted by
miR-4260 according to the data in miRDB
(http:/ /mirdb.org/miRDB/index.html), As expected,
luciferase assay showed that miR-4260 triggered a
significant reduction in luciferase activity in cells
transfected with the MCC 3'UTR construct. However,
it had no effect when the putative miR-4260 binding
site in MCC 3'UTR was mutated (Fig. 3A) indicating
that MCC was a direct target of miR-4260. Also,
Western blots showed that miR-4260 mimic reduced
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while miR-4260 inhibitor increased the protein level of
MCC in HCT116 and HT29 cell lines. These results
suggested that MCC could be negatively regulated by
miR-4260 in colorectal cancer cells (Fig. 3B and 3C). A
function-rescue assay was performed using siRNA
targeting MCC to evaluate if the functional roles of
miR-4260 in the proliferation, migration, and
apoptosis of colorectal cancer cells were mediated
through the MCC gene (Fig. 4A). Our results showed
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that miR-4260 inhibitor reduced the proliferation and
G1/S cell cycle transition of HCT116 and HT29 cell
lines, which could be totally abolished by MCC
siRNAs (Fig. 4B and 4C). Silencing of MCC also
abolished the effect of miR-4260 inhibitor on the
migration and 5-FU-induced apoptosis in HCT116
cells (Fig. 4D and 4E). These data collectively
confirmed MCC as a target gene of miR-4260 in
colorectal cancer cells.
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Figure 2. miR-4260 promotes colorectal cancer cell proliferation and migration, and inhibits apoptosis induced by 5-FU (A) qRT-PCRs for miR-4260
expression in HCT116 and HT29 colorectal cancer cells transfected with miR-4260 mimic, inhibitor, or negative controls (n=3). (B) EdU incorporation assay for cell proliferation
(n=4). EdU (green), DAPI (blue). Scale bar=50 um. (C) Flow cytometry for cell cycle (n=4). (D) Transwell assay for cell migration capacity (n=3). Magnification=200x. (E) Flow
cytometry for cell apoptosis induced by the chemotherapeutic agent 5-FU (n=4). *, p<0.05 versus relative negative control (nc).
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Figure 3. MCC is a target gene of miR-4260 (A) Luciferase reporter assays demonstrated the MCC was a direct target of miR-4260 (n=6). (B) Western blot for MCC
protein level in HCT116 cells transfected with miR-4260 mimic, inhibitor, or negative controls (n=3). (C) Western blot for MCC protein level in HT29 cells transfected with

miR-4260 mimic, inhibitor, or negative controls (n=3). ¥ p<0.05.

SMAD4 was previously reported to be
downregulated by miRNA-130a/301a/454 family and
miR-224, leading to cell proliferation and metastasis
of colorectal cancer [27, 28]. Based on TargetScan
bioinformatics analysis (www.targetscan.org),
SMADA4 is also predicted to be a target of miR-4260,
though its functional role in relation to miR-4260 in
colorectal cancer remains unclear. Here, we first
demonstrated by the luciferase reporter assay that
miR-4260 could directly target the 3'UTR of SMAD4
confirming it as a target gene of miR-4260 (Fig. 5A).
Also, Western blot analysis showed that SMAD4 was
negatively regulated at the protein expression level by
miR-4260 in both HCT116 and HT29 cell lines (Fig. 5B
and 5C). Similarly, silencing SMAD4 via siRNAs
significantly abolished the protective effects of
miR-4260 inhibitor in reducing cell proliferation and
G1/S cell cycle transition in HCT116 and HT29 cell
lines (Fig. 6A-C). The effect of miR-4260 inhibitor on
cell migration and 5-FU-induced apoptosis could also
be attenuated by SMAD4 siRNAs (Fig. 6D and 6E).
Furthermore, concomitant to the increased expression
level of miR-4260 in human colorectal cancer tissues,
MCC and SMAD4 were found to be downregulated
(Fig. 7). Thus, both SMAD4 and MCC were identified
as target genes of miR-4260 mediating its critical roles
in colorectal cancer.

Therapeutic Inhibition of miR-4260 Mitigates
Tumor Growth of Implanted Colorectal
Cancer

To further examine the potential therapeutic
effect of miR-4260 inhibition in colorectal cancer
development, a lentivirus-based miR-4260 sponge
was established which was efficient in reducing
miR-4260 expression level in HCT116 cells (Fig. 8A).

First, HCT116 cells were subcutaneously implanted
into the right flank of 6-week old nude mice (3x10°
cells per mouse). Fourteen days after implantation,
the lentivirus-based miR-4260 sponge was
subcutaneously injected around the tumor, and the
xenografted colorectal cancer tissues were harvested
14 days after the injection (Fig. 8B). Mice treated with
miR-4260 sponge displayed reduced miR-4260
expression level in the xenograft tumor tissues
harvested on day 28 after tumor implantation (Fig.
8C). Importantly, miR-4260 sponge efficiently
reduced the tumor volume measured every other day
and the tumor size on the day of sacrifice (p=0.016,
Fig. 8D and 8E). Immunohistochemical staining also
demonstrated that miR-4260 sponge reduced Ki67-
and PCNA-positive cells in colorectal cancer tissues
(Fig. 8F). These data suggested that therapeutic
inhibition of miR-4260 can mitigate tumor growth of
implanted colorectal cancer cells in vivo.

Discussion

Emerging evidence suggests that dysregulation
of miRNAs is critically involved in the development
and progression of colorectal cancer. Many target
genes of these dysregulated miRNAs have been
identified to regulate cell growth, proliferation,
apoptosis, and metastasis in colorectal cancer [26].
Although the MCC gene is implicated in a variety of
cancers, including colorectal cancer [11-13], miRNAs
that could directly target MCC in the regulation of
colorectal cancer remain largely unknown. In one
instance, downregulation of MCC targeted by
miR-494 has been reported to contribute to cell
proliferation and S-phase entry during liver
tumorigenesis [9].
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Based on miRNA arrays analysis, we identified a
group of miRNAs that were dysregulated in
colorectal cancer (24 upregulated and 1
downregulated in metastatic versus non-metastatic
colorectal cancer). A shortcoming of this study was
the small sample size of three pairs of metastatic and
non-metastatic FFPE specimens used in miRNA
arrays. It is possible that a larger sample size may
have identified more miRNA candidates relevant for
colon carcinogenesis. However, the focus of our study
was to not only identify differentially expressed
miRNAs but also to investigate their clinical relevance
as well underlying potential molecular mechanisms.
Among the 25 dysregulated miRNAs identified by the
microarray platform, miR-4260 was predicted by the
miRDB database to target MCC. We first validated
upregulation of miR-4260 in the metastatic colorectal
cancer tissues by qRT-PCR. To the best of our
knowledge, any functional role of miR-4260 is
currently not known. Thus, we set out to investigate
miR-4260 as well as its potential target MCC in
colorectal cancer. We showed that miR-4260 increased
both cell proliferation and migration, while miR-4260
inhibitor had an opposite effect, indicating the
potential growth-promoting effects of miR-4260 in
colorectal cancer. Furthermore, miR-4260
overexpression reduced cell apoptosis after 5-FU
treatment while miR-4260 inhibition augmented cell
apoptosis in response to the chemotherapeutic agent
5-FU. This observation suggests that reducing
miR-4260 level is an efficient way to diminish the
anticancer drug resistance in colorectal cancer [27-29].
More importantly, we demonstrated that therapeutic
inhibition of miR-4260 efficiently mitigated tumor
growth of the xenografted colorectal cancer in mice.
Collectively, our in vitro and in vivo experiments
provide strong evidence for the tumor-promoting

effect of miR-4260 and a therapeutic effect of
miR-4260 inhibition in colorectal cancer.

MCC is a tumor suppressor which was found to
be downregulated or inactivated by promoter
methylation in colorectal cancer pathology [8, 12, 13].
Bioinformatics analysis, luciferase reporter assay, and
Western blot validation collectively indicated that
MCC was endogenously and negatively regulated by
miR-4260 in both HCT116 and HT29 colorectal cancer
cell lines. Furthermore, function-rescue assays
revealed that MCC upregulation was necessary to
mediate the suppressive effect of miR-4260 inhibition
on cellular proliferation and migration, and resistance
to 5-FU treatment in colorectal cancer cells. It has been
reported that loss of MCC can lead to the activation of
WNT/ B-catenin signaling and thus promote cellular
proliferation during colorectal tumorogenesis [11, 30,
31]. Based on TargetScan bioinformatics analysis
(www. targetscan.org), SMAD4 is also predicted to be
a target of miR-4260. SMAD4 is an important tumor
suppressor which was reported to be targeted by
miR-224 and miR-130a/301a/454 in colorectal cancer
[32, 33]. Downregulation of SMAD4 promotes
proliferation, migration, and invasion of colorectal
cancer cells, however, the upstream mechanism of
SMAD#4 inactivation is poorly understood. Here, we
showed that miR-4260 negatively regulated SMAD4
expression through directly binding to the 3’UTR.
Using siRNAs targeting SMAD4, we further
demonstrated that SMAD4 upregulation was essential
to mediate the suppressive effect of miR-4260
inhibition on proliferation, migration, and resistance
to 5-FU treatment in colorectal cancer cells. Taken
together, our data clearly indicated that MCC and
SMAD4, two key tumor suppressors, were direct
targets of miR-4260 in colorectal cancer.
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We also examined the expressions of miR-4260 42 pairs of matched tumor versus peritumoral region
and its targets in human colorectal cancer specimens.  of colorectal cancer specimens strongly suggesting the
Significantly, miR-4260 was found to be increased in  clinical relevance of miR-4260 as a therapeutic target
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for colorectal cancer. Furthermore, both MCC and
SMAD4 were downregulated in human colorectal
cancer tissues. Lower expressions of MCC and
SMAD4 have already been reported to be related to
high tumorigenicity and poor prognosis in colorectal
cancer patients [11, 12, 34, 35]. Our data have shown
that miR-4260 functions upstream of MCC and
SMAD4 downregulating the expression of both genes.
In the future, it is highly desirable to focus on the in
vivo function of miR-4260 together with MCC or
SMAD4 that appear to play a significant role in
colorectal carcinogenesis.

In summary, we have identified, for the first
time, miR-4260 as a novel oncomiR in colorectal
cancer that promoted cell proliferation, migration,
and reduces apoptosis induced by 5-FU via directly
targeting MCC. We have also shown SMAD4 as
another target gene of miR-4260. Significantly,
therapeutic inhibition of miR-4260 inhibited colorectal
cancer in vivo. Furthermore, we detected increased
levels of miR-4260 in human colorectal cancer tissues
together with downregulation of MCC and SMADA4.
Our data provide compelling evidence that miR-4260
can potentially serve as a novel therapeutic target for
colorectal cancer.
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