
OR I G I N A L R E S E A R C H

miR-194 Inhibits the Proliferation of SW620 Colon

Cancer Stem Cells Through Downregulation of

SSH2 Expression
This article was published in the following Dove Press journal:

Cancer Management and Research

Bo Sun1,*

Yan-Tian Fang1,*

Dan-Juan Jin2

Zong-You Chen3

Zhen-Yang Li3

Xiao-Dong Gu 3

Jian-Bin Xiang3

1Department of Gastric Cancer, Fudan

University Shanghai Cancer Center,

Shanghai, People’s Republic of China;
2Department of General Surgery,

Songjiang District Central Hospital,

Shanghai, People’s Republic of China;
3Department of General Surgery,

Huashan Hospital, Fudan University,

Shanghai, People’s Republic of China

*These authors contributed equally to

this work

Purpose: Colorectal cancer (CRC) stem cells are tumorigenic, capable of self-renewal, and

resistant to therapy. Although the expression pattern and functions of micro RNA (miR)-194

in CRC cells have been widely investigated, little is known about its role in CRC stem cells.

Therefore, the aim of this study was to investigate the potential role of miR-194 in CRC stem

cells.

Materials and methods: CRC stem cells were isolated from the SW620 colon cancer cell

line using microbeads. The expression levels of miR-194 and slingshot 2 (SSH2) in CRC

stem cells were detected by RT-PCR and Western blot. A luciferase reporter assay was

performed to confirm that miR-194 directly targets SSH2. Proliferation of CRC stem cells

was examined by colony formation and MTT assays. Apoptosis in CRC stem cells was

detected by cell cycle and apoptosis assays. The role of miR-194 in tumor growth was

determined in vivo.

Results: Cells positive for CD44 and CD133 accounted for approximately 88.7% of the

isolated population after microbead isolation. We reveal for the first time that miR-194

expression is decreased in CRC stem cells. Specifically, miR-194 is involved in inhibiting

the proliferation of CRC stem cells and promoting CRC stem cell apoptosis by directly

targeting SSH2. Furthermore, overexpression of miR-194 resulted in blocking the G1/S

transition, the induction of cellular apoptotic process, thereby suppressing the malignant

behaviors of CRC stem cells.

Conclusion: This study represents a novel characterization of miR-194 function in CRC stem

cells, which may aid in the development of promising therapeutic strategies targeting CRC.
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Introduction
Colorectal cancer (CRC) is ranked the third most common type of primary malig-

nant tumor in adults, and is the fourth most common cause of tumor-related

mortality worldwide.1 Numerous recent studies have indicated that CRC contains

a critical subpopulation of cells with stem cell-like properties, ie, they are tumori-

genic, capable of self-renewal, and resistant to therapy.2,3 Accumulating evidence

has shown that CRC stem cells play crucial roles in CRC development and may be

a promising new target for therapeutic intervention;4 however, it is still unclear how

CRC stem cells regulate the development and progression of CRC. In this study,

therefore, we focused on the precise biological role of CRC stem cells isolated and

cultured from the CRC cell line, SW620.
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MicroRNAs (miRNAs) constitute a large class of

small, single-stranded, noncoding RNAs that posttran-

scriptionally regulate target mRNA expression.5

Thousands of miRNAs have been recognized as participat-

ing in varied physiological and pathological processes

associated with metabolism, signal transduction, cell adhe-

sion, cell movement, cell differentiation, and apoptosis.6

Accordingly, miRNAs have been found to act both as

oncogenes and tumor suppressors, depending on the target

gene and cancer type.7,8

The expression of miR-194 is markedly reduced in

various cancers, including gastric,9 liver,10 and lung

cancers,11 as well as CRC,12 suggesting that miR-194

possesses tumor-suppressive properties. Although the

expression pattern and function of miR-194 in these cancer

cells have been widely investigated, little is known about

its role in stem cells, particularly CRC stem cells. Notably,

our microarray results showed that miR-194 was the most

downregulated miRNA in CRC stem cells compared with

that in non-stem cells, suggesting that miR-194 may play

an important regulatory role in CRC stem cells.13

Slingshot (SSH) phosphatases belong to a gene family

of three members (SSH1, SSH2 and SSH3). Slingshot

phosphatases and LIM-kinases are involved in activation/

stabilization of filament–actin through cofilin de/

phosphorylation.14 Of several phosphatases that have

been reported to activate cofilin by dephosphorylation,

the slingshot family of phosphatases (SSH1, SSH2 and

SSH3) has emerged as the primary mediator in restoring

cofilin’s actin depolymerizing activity and inducing cell

motility.

The aim of the present study was to investigate the role

of miR-194 in CRC stem cells and identify putative target

genes. The potential mechanisms through which miR-194

regulates the biological behaviors of CRC stem cells were

also investigated. Our findings will contribute to elucidat-

ing the function of miR-194 in CRC stem cells and may

aid the development of therapeutic strategies for CRC.

Materials And Methods
Cell Culture
The human CRC cell line SW620 and HEK 293T cells

were obtained from the Chinese Academy of Sciences,

Shanghai, China. All the cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM; Gibco,

Carlsbad, CA, USA) supplemented with 10% fetal bovine

serum (FBS) and incubated at 37 °C in 95% air/5% CO2.

Microbeads (Miltenyi Biotec GmbH, Bergisch Gladbach,

Germany) were used to isolate CD44+/CD133+ and CD44

−/CD133− cells from the SW620 cell line. After isolation,

CD44+/CD133+ cells were grown in serum-free DMEM/

F12 medium (Gibco) supplemented with 10 ng/mL epider-

mal growth factor (EGF) and 10 ng/mL basic EGF (bEGF;

Sigma–Aldrich, St Louis, MO, USA). Isolated CD44

−/CD133− cells were cultured in DMEM/F12 medium

supplemented only with 10% FBS. All the cells were

maintained in the same above-mentioned environment

during the experiments.

RNA Extraction and Quantitative RT-PCR
Total RNA was extracted from cultured cells using TRIzol

reagent (Invitrogen, Carlsbad, CA, USA) following the

manufacturer’s instructions. The concentration and purity

of each extracted RNA sample were measured using

a Thermo Scientific NanoDrop 2000 spectrophotometer

(NanoDrop Technologies, Wilmington, DE, USA). cDNA

was reverse-transcribed from RNA samples using the

stem-loop reverse transcript primer method. Real-time

PCR was carried out using SYBR Premix EX Taq

(Takara, Dalian, Liaoning, China) in an Applied

Biosystems 7500 quantitative Real-Time PCR System

(Applied Biosystems, Foster City, CA, USA). The

sequences of the primers used are as follows: miR-194: 5′-

TGTAACAGCAACTCCA-3′ (forward), 5′-GTGCAGGG

TCCGAGGT-3′ (reverse); SSH2: 5′-CAAGAATCAGCCA

CAGACGG-3′ (forward), 5′-TAGGACGATGCTTTCTTC

AG-3′ (reverse); GAPDH: 5′-AGAGGCAGGGATGATGT

TCTG-3′ (forward), 5′-GACTCATGACCACAGTCCAT

GC-3′ (reverse). Relative expression levels were calcu-

lated using the 2−ΔΔCT method.

Western Blot Analysis
Total protein was extracted using radioimmunoprecipita-

tion assay (RIPA) buffer containing phenylmethylsulfonyl

fluoride (PMSF; Santa Cruz Biotechnology, Santa Cruz,

CA, USA). The bicinchoninic acid (BCA) protein assay kit

(Beyotime Institute of Biotechnology, Haimen, Jiangsu,

China) was used to determine protein concentrations.

Proteins were separated by sodium dodecyl sulfate–poly-

acrylamide gel electrophoresis (SDS–PAGE) and trans-

ferred to polyvinylidene difluoride (PVDF) membranes.

The membranes were incubated overnight at 4 °C with

anti-SSH2 (1:500, Santa Cruz Biotechnology) and anti-β-
actin (1:1000, Santa Cruz Biotechnology) primary antibo-

dies, followed by incubation with a horseradish peroxidase
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(HRP)-conjugated goat anti-rabbit secondary antibody

(IgG, 1:3000 dilution; Santa Cruz Biotechnology).

Signals were detected using a chemiluminescence detec-

tion kit (Amersham Pharmacia Biotech, Piscataway, NJ,

USA). β-Actin was used as an internal reference and the

experiments were performed in triplicate.

Cell Transfection
miR-194 mimics and the negative control were synthe-

sized by GenePharma (Shanghai, China). CRC stem cells

were cultured in 6-well plates at 2 × 105 cells per well and

incubated overnight until reaching 60% confluence.

Transfections were conducted using Lipofectamine 2000

(Invitrogen) according to the manufacturer’s instructions.

The cells were used for subsequent analyses 48 h after

transfection.

Vector Construction and Luciferase

Reporter Assay
A gene fragment containing the three miR-194 binding sites

in present in SSH2 was designed and cloned into the pGL3-

Control vector (Promega, Madison, WI, USA) to form the 3′-

UTR of the luciferase reporter vector (SSH2-3′-UTR-Wt).

Point mutations were then introduced into the SSH2-3′-UTR-

Wt sequence to generate SSH2-3′-UTR-Mut. The control

Renilla luciferase-encoding plasmid (pRL-TK; Promega),

SSH2-3′-UTR-Wt or SSH2-3′-UTR-Mut, and miR-194 or

negative control (NC) were co-transfected into HEK 293T

cells using Lipofectamine 2000 Reagent (Invitrogen).

Luciferase activity was assayed 48 h after transfection

using the Dual-Luciferase reporter assay (Promega).

Relative luciferase activity was expressed as the ratio of

firefly to Renilla luciferase activity.15

Colony Formation Assay
A total of 500 cells infected with miR-194-expressing

recombinant lentivirus (Hanbio, Shanghai, China) were

seeded in each well of a 6-well plate. After 14 days of

culture, the colonies were fixed in methanol for 10 min

and then stained with a 1% crystal violet solution

(Beyotime Institute of Biotechnology) for 20 min for

imaging.

3-(4,5-Dimethyl-2-Thiazolyl)-2,5-Diphenyl-

2H-Tetrazolium Bromide (MTT) Assay
Cells transfected with miRNA were plated at 2000 cells

per well in 96-well plates. Then, MTT (50 mg per well,

Sigma–Aldrich) was added at different time points and

cultured for an additional 4 h. The cells were lysed for

15 min and the plates gently shaken for 5 min. Dimethyl

sulfoxide (DMSO; Sigma–Aldrich) was used to terminate

the reaction and the absorbance was then assayed at 490

nm.16

Cell Cycle Assay
For cell cycle assay, cells were fixed in the presence of

70% ethanol at 4°C overnight. After washing with phos-

phate-buffered saline (PBS), these cells were incubated in

PBS containing 20 μg/mL of propidium iodide (Sigma–

Aldrich), 200 μg/mL of RNase A, and 0.1% Triton X-100

(BD Biosciences, San Jose, CA, USA) at 37°C for

30 mins. Cell nuclei (1 × 106 cells) were stained with

propidium iodide (Sigma–Aldrich). A FACSCalibur flow

cytometer (BD Biosciences) was used to quantify the

percentage of cells in the G0/G1, S, and G2/M phases of

the cell cycle.

Apoptosis Assay
Cells were washed with ice-cold PBS, trypsinized, and

resuspended in 1× binding buffer at 1×106 cells/mL. After

gentle vortex, the cells were stained with fluorescein iso-

thiocyanate (FITC) using an FITC–Annexin V Apoptosis

Detection Kit (Sigma–Aldrich) followed by a 15 min incu-

bation at room temperature in the dark according to the

manufacture’s protocol. A FACSCalibur flow cytometer

(BD Biosciences) was used to detect the rate of apoptosis.

The experiment was performed in triplicate.

In Vivo Study
Cells infected with miR-194-expressing lentivirus or the

negative control were used for in vivo analysis. Four-week

-old BALB/c nude mice were obtained from the Animal

Experimental Center of Fudan University, and provided

food ad libitum. In total, 5 × 105 cells were implanted

subcutaneously into the shoulder area of each animal.

Tumors that developed were measured with a slide caliper

every 7 days until 35 days post injection. Tumor volumes

were calculated according to the following formula:

volume (mm3)=length×width2/2. All the mice were eutha-

nized 35 days after injection and the subcutaneous tumors

were weighed. The animal study protocol was approved by

the ethics committee of Fudan University. All the experi-

ments were conducted strictly in accordance with

a protocol approved by the Administrative Panel on

Laboratory Animal Care of Fudan University.
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Statistical Analysis
Experimental data were expressed as means ± standard

deviation (SD). The t-test or one-way analysis of variance

(ANOVA) was used to determine significance. Values

were considered significantly different at P<0.05. All sta-

tistical analyses were performed using SPSS 18.0 software

(SPSS Inc., Chicago, IL, USA).

Results
Isolation and Identification of CRC Stem

Cells
Previous studies have identified CD44 and CD133 as stem

cell markers.13 Therefore, CD44+/CD133+ cells were iso-

lated from the SW620 cell line using microbeads and then

evaluated by flow cytometry (Figure 1A). Cells positive for

CD44 and CD133 accounted for approximately 88.7% of the

isolated population after microbead isolation. After 10 days

of culture, sphere formation could be observed under an

inverted microscope (Figure 1B). These results imply that

the CD44+/CD133+ cells possess stem cell characteristics.

Expression Levels of miR-194 and SSH2 in

CRC Stem and Non-Stem Cells
Differential miRNA expression between CRC stem and

non-stem cells was previously determined by miRNA

microarray.13 Of 1711 human miRNAs evaluated, 31 were

found to be significantly downregulated in CRC stem cells.

Because miR-194 was found to be the most significantly

downregulated miRNA in CRC stem cells, this miRNAwas

selected for further studies. The RT-qPCR results confirmed

that miR-194 expression was reduced in CRC stem cells

compared with that in CRC non-stem cells (Figure 1C),

Next, the mRNA expression levels of SSH2 were quantified

in CD44+/CD133+ cells and CD44−/CD133− cells. The

results showed that SSH2 expression was significantly upre-

gulated in CD44+/CD133+ cells compared with that in

CD44−/CD133− cells (Figure 1D) (P<0.05). Analysis of

SSH2 protein levels by Western blot yielded a similar result

(Figure 1E). Combined, these data indicated that the expres-

sion of SSH2 was upregulated in CRC stem cells, while that

of miR-194 was downregulated.

miR-194 Directly Regulates SSH2

Expression in CRC Stem Cells
Bioinformatics databases (TargetScan, PicTar, and

RNAhybrid) were used to predict conserved miRNA-194

target genes. Because SSH2 harbors three highly con-

served miR-194 binding sites at positions 1059–1065,

4624–4630, and 4866–4872 in its 3′-UTR, SSH2 was pre-

dicted to be a target for miR-194 (Figure 2A). To confirm

whether miR-194 directly targets SSH2, miR-194 mimics

were employed to assess the effect of miR-194 on SSH2

expression. For this, CRC stem cells were transfected with

either miR-194 or the NC. Western blot and RT-qPCR

results indicated that SSH2 expression was reduced in

miR-194-transfected cells compared with that in cells

transfected with miR-194-NC (Figure 2B and C). This

suggests that miR-194 regulates the expression of SSH2

in CRC stem cells.

Next, a luciferase reporter assay was performed to

elucidate the molecular mechanisms through which

miR-194 negatively regulates SSH2 expression

(Figure 2D). A gene fragment containing the three miR-

194 binding sites in SSH2 was cloned into the SSH2-3′-

UTR-Wt reporter plasmid, and the resulting plasmid was

co-transfected into CRC stem cells with either miR-194 or

miR-194-NC. As expected, co-transfection of SSH2-3′-

UTR-Wt with miR-194, but not miR-194-NC, led to

a marked downregulation of luciferase reporter activity

(Figure 2E). These findings suggested that miR-194 inhi-

bits SSH2 expression. Point mutations were subsequently

introduced into the miR-194 binding sites in SSH2-3′-

UTR-Mut to disrupt the predicted miR-194 binding sites.

Co-transfection of miR-194 and SSH2-3′-UTR-Mut did

not substantially alter the luciferase activity (Figure 2E).

The above results indicate that miR-194 inhibits SSH2

expression by directly binding to the putative binding

sites present in the 3′-UTR of SSH2.

miR-194 Inhibited Cell Proliferation,

Blocked the G1/S Transition, and

Promoted Apoptosis in CRC Stem Cells
The functional effect of miR-194 on the behaviors of CRC

stem cells was assessed by determining the effects of miR-

194 overexpression on cell proliferation, apoptosis, and

cell cycle progression. To ascertain whether miR-194

upregulation affects the proliferative ability of CRC stem

cells, we conducted plate colony formation assays and

MTT assays. The colonies were significantly lower in the

miR-194 group (186±63) as compared with that in the

miR-194-NC group (52±16, Figure 2F, P<0.05). As

shown in Figure 2G, the proliferation of colorectal cancer

stem cells was significantly reduced in the miR-194 group
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SSH2

β-actin

CD44+CD133+     CD44-CD133-

100μm

Before IsolationA

B

D E

C

After Isolation

Figure 1 Isolation and identification of colorectal cancer (CRC) stem cells in the SW620 cell line and determination of miR-194 and slingshot 2 (SSH2) expression levels in CRC

stem cells and non-stem cells. (A) The proportions of CD44+ and CD133+ cells were analyzed by flow cytometry before and after isolation with microbeads. Before isolation,

CD44+/CD133+ cells accounted for 4.53% of the total number of cells. After isolation, CD44+/CD133+ cells accounted for 88.7% of the total number of cells. (B) CRC stem cells

were cultured in serum-free medium and sphere formation was evaluated under a microscope after 10 days. Scale bar = 100 µm. (C) RT-qPCR results showed that the expression

levels of miR-194 were reduced (*P<0.05 according to the two-tailed t test). (D)The expression levels of SSH2were increased in CRC stem cells comparedwith those in CRC non-

stem cells (*P<0.05 according to the two-tailed t test). (E) The SSH2 protein expression levels were increased in CRC stem cells compared with those in CRC non-stem cells.
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NC
miR-194

Annexin V-FITC

edidoI
muidiporP

NC miR-194

G0G1: 60.19 %
G2M: 16.18%
S-Phase:23.63%

G0G1: 32.15 %
G2M: 19.42 %
S-Phase: 48.43 %

NC miR-194

SV40
Promoter Luciferase Poly A

pGL3-REPORTER
Xbal 1934

Hpal 2094
SSH2

β-actin

NC           miR-194

Position 1059
A

-1065 of SSH2    3’UTR 5’     ...AGAUUAUAUUUGAAU UGUUACA U...

hsa-mir-194 3        AGGUGUACCUCAACG UGUUACA U...

Position 4624-4630 of SSH2   3' UTR 5’    ... AAGACUCUCCUCUGA CUGUUAC C... 

hsa-mir-194 3          AGGU GUACCUCAAC GACAAUG U

Position 4866-4872 of SSH2   3' UTR 5’     ...CAGAUUCAAUGUUCU UGUUACA G... 

hsa-mir-194 3       AG GUGUACCUCAACG ACAAUGU

B

C D

E F

G H

I

Figure 2 miR-194 inhibits cell proliferation, blocks the G1/S transition, and promotes apoptosis in colorectal cancer (CRC) stem cells by directly targeting the slingshot 2

(SSH2) gene. (A) The 3′-UTR of SSH2 contains three binding sites for miR-194. (B) NC represents CRC stem cells transfected with miR-194-NC; miR-194 represents CRC

stem cells transfected with miR-194. The SSH2 mRNA expression levels, determined via quantitative RT-PCR, were reduced in CRC stem cells transfected with miR-194

compared with those in CRC stem cells transfected with miR-194-NC (*P<0.05). (C) The SSH2 protein expression level, determined via Western blot, was reduced in CRC

stem cells transfected with miR-194 compared with that in CRC stem cells transfected with miRNA-194-NC. (D) Schematic presentation of luciferase reporter vector, this

containing either the wild-type or mutant 3′-UTR of SSH2 were co-transfected into HEK 293T cells with miR-194-NC or miR-194. (E) Compared with co-transfection with

miR-194-NC, co-transfection with miR-194 led to a significant decrease in the luciferase activity of the pGL3-SSH2-3′ UTR-Wt reporter (P<0.05 according to the two-tailed

t test), but not in that of the pGL3-SSH2-3′-UTR-Mut reporter. (F) Colony formation assay demonstrating that CRC stem cells transfected with miR-194-NC formed

a substantially higher number of colonies than CRC stem cells transfected with miR-194(P<0.05 according to the two-tailed t test). (G) MTT assay showing that CRC stem

cell proliferation was significantly decreased in miR-194 transfected cells compared with that in cells transfected with miRNA-194-NC (P<0.05 according to ANOVA). (H)

miR-194 blocks the G1/S transition in CRC stem cells. Cells were transfected with miR-194 or miR-194-NC and subjected to flow cytometry for cell-cycle analysis. The

results showed that, compared with CRC stem cells transfected with miRNA-194-NC, the proportion of miRNA-194-transfected CRC stem cells at the G1 phase was

increased, whereas the proportion at the S phase was markedly reduced(P<0.05 according to the two-tailed t test). (I) The effect of miR-194 and miR-194-NC on CRC stem

cell apoptosis was investigated by Annexin V–FITC/PI staining. A greater percentage of apoptotic cells were observed among miR-194-transfected cells than among those

transfected with miRNA-194-NC(P<0.05 according to the two-tailed t-test).
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compared with that in the miR-194-NC group (P<0.05).

These data suggested that miR-194 functions as

a repressor in regulating CRC stem cell proliferation.

A cell cycle assay was performed to examine the effect

of miR-194 overexpression on CRC stem cell apoptosis.

As shown in Figure 2H, the percentage of G0-G1 phase

cells in the miR-194 group was 60.19%±5.35, whereas it

was only 32.15%±4.87 in the miR-194-NC group (Fig. 5A

b and B b, P < 0.01). The percentage of cells reentering

into S phase in the miR-194 group (23.63%±4.11) was

significantly less than that in the miR-194-NC group

(48.43%±5.35, P < 0.01). These results indicate that high

miR-194 concentrations induce cell cycle arrest at the G1

phase, thereby blocking the G1/S transition.

To further investigate the effects of miR-194 overex-

pression on CRC stem cell apoptosis, an apoptosis assay

was conducted. As shown in Figure 2I, the apoptosis rate

of colorectal cancer stem cells in the miR-194 group

(5.78%±1.02)was increased as compared with that in the

miR-194-NC group (0.18%±0.10, P<0.01). These data

clearly indicate that miR-194 induces apoptosis in CRC

stem cells.

miR-194 Overexpression Reduces Tumor

Size
To further determine the role of miR-194 in tumor growth,

a xenograft tumor model was established in nude mice

(Figure 3A). As illustrated in Figure 3B, tumor volumes

were smaller in the miR-194 group than in the miR-194-NC

group at 14,21,28,35 days after inoculation. In addition,

when the mice were euthanized at 35 days after inoculation,

tumors were found to weigh less in the miR-194 group than

in the miR-194-NC group (Figure 3C). These findings

suggest that overexpression of miR-194 suppresses CRC

stem cell proliferation in vivo.

NC

miR-194

A

C

B

Figure 3 Colorectal cancer (CRC) stem cells transfected with miR-194 or miR-194-NC were implanted subcutaneously into the shoulder area of mice. (A) A xenograft

tumor model was established in nude mice. At 14 days, The tumors were removed from the animal models and displayed. (B)Tumor growth with implantation of CRC stem

cells transfected with miR-194 was considerably slower than that with implantation of CRC stem cells transfected with miR-194-NC at 14,21,28,35 days after inoculation

(*P < 0.05 according to ANOVA; n = 6). (C) At 5 weeks after implantation, tumor weight with implantation of CRC stem cells transfected with miR-194 was lower than that

with implantation of CRC stem cells transfected with miR-194-NC (P<0.05 according to the two-tailed t-test; n = 6).
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Discussion
Cancer stem cells constitute a small subpopulation of

cancer cells present in various types of tumors. These

cells exhibit stem cell-like properties, including the poten-

tial for self-renewal and differentiation into multiple

lineages, and are resistant to radiation and chemotherapy.

Numerous studies investigating CRC have focused on

modulating miR-194 function. However, it is still

unknown whether miR-194 expression is closely asso-

ciated with CRC stem cells – the “seed cells” in CRC.

Cancer stem cells isolated from various tumors are

normally identified as such through the expression of

specific surface epitopes. CRC stem cells have been

reported to express specific surface markers, namely,

CD24, CD44, CD133, Lgr5, and CD166.4,17–19 In this

study, the stem cell phenotype of the CD44+/CD133+

cells identified by flow cytometry was verified by forma-

tion of stem cell spheres after 10 days of serum-free

culture.

Several recent studies have demonstrated that

microRNAs are important regulatory factors in cancer

stem cells, controlling the growth and migratory, invasive,

and metastatic capacity of tumors. Wang et al found that

miR-20a and miR-106a were significantly upregulated in

glioma stem cells isolated from both primary human

glioma specimens and a glioblastoma cell line. miR-20a

and 106a have been shown to enhance the invasive ability

of glioma stem cells through regulation of the TIMP

metallopeptidase inhibitor 2 (TIMP2) gene, suggesting

that both miRNAs represent potential therapeutic

targets.20 miR-135a can inhibit the tumorigenic potential

of medulloblastoma stem cells by directly targeting the

Rac/Cdc42 guanine nucleotide exchange factor 6

(ARHGEF6) gene.21 Takahashi et al identified miR-27b,

which was strongly downregulated in breast cancer stem

cells, as a potential tumor suppressor. Surprisingly, knock-

down of miRNA-27b resulted in cancer stem cell

generation.22 These reports showed that microRNAs have

important biological functions in cancer stem cells.

A previous study suggested that miR-194 is significantly

dysregulated in CRC patients,23 while another study

showed that miR-194 is highly induced during epithelial

maturation in the small intestine.24 Additionally, Zhao et al

suggested that overexpression of miR-194 inhibits cell pro-

liferation, induces G0/G1 or S phase cell cycle arrest, and

increases apoptosis and dysregulated cell invasion and

migration. Furthermore, overexpression of miR-194 was

shown to suppress xenografted CRC growth, while loss of

miR-194 in APC Min/+ mouse colons promoted de novo

tumor formation.25 Although miR-194 dysregulation has

been implicated in various human tumors, the precise func-

tion of miR-194 in CRC stem cells remains largely

unknown. In this study, we found that miR-194 expression

was decreased in CRC stem cells. We conducted MTT

assays and plate colony formation assays to ascertain

whether miR-194 functions as a suppressor in regulating

CRC stem cell proliferation, as well as cell cycle and the

apoptosis assays to investigate the effect of miR-194 upre-

gulation on CRC stem cell apoptosis. The results clearly

indicate that miR-194 can induce apoptosis in CRC stem

cells. Furthermore, we also showed that overexpression of

miR-194 induces cellular apoptotic processes, thereby reg-

ulating the malignant behaviors of CRC stem cells.

Additionally, we confirmed in vivo that miR-194 overex-

pression leads to reduced tumor size in nude mice, suggest-

ing that miR-194 can suppress tumor growth. Our data

indicate that miR-194 plays a vital role in protecting against

the malignant behaviors of CRC stem cells.

SSH2 belongs to a gene family composed of three

members (SSH1, SSH2, and SSH3) that have been shown

to control essential cellular processes, including invasion,

migration, and motility. Members of the SSH phosphatase

family have been reported to act downstream of the α6β4
integrin/Rac1 signaling pathway,14 and be negatively regu-

lated by phosphorylation of their serine residues. SSH2

family members are required for the effective migration

and invasion of tumor cells through maintenance of the

unidirectionality of membrane protrusions.26 The results of

a previous study implied that SSH2 knockdown in the

UOK257 renal cancer cell line preferentially induces cas-

pase 3/7 activity, which is closely associated with apopto-

tic processes in tumor cells.27 However, no study has

provided a detailed evaluation of the antiapoptotic func-

tion of SSH2 in tumor stem cells. In this study, we found

a negative correlation between SSH2 and miR-194 expres-

sion in CRC stem cells. Furthermore, the expression level

of SSH2, as determined by quantitative RT-PCR and

Western blot, was downregulated after miR-194 transfec-

tion. However, further studies are needed to confirm

whether miR-194-mediated regulation of SSH2 is direct

or indirect. Among the numerous potential miR-194 gene

targets identified in bioinformatics databases, we found

that SSH2 contains three binding sites for miR-194,

strongly suggesting that this microRNA interacts directly

with SSH2. To test this assumption, we performed
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a luciferase reporter assay; as expected, co-transfection of

miR-194 and SSH2-3′-UTR-Wt resulted in a marked

downregulation of luciferase reporter activity, whereas co-

transfection of miR-194-NC and SSH2-3′-UTR-Wt or

miR-194 and SSH2-3′-UTR-Mut had no significant effect

on luciferase activity. Our present data indicate that miR-

194 can suppress the malignant behaviors of CRC stem

cells by directly suppressing SSH2 transcription. However,

most of our results were from cell experiments in vitro, we

just found the phenomenon of overexpression of miR-194

reducing tumor size in vivo. The mechanism is still not

very clear, this needs further research.

Conclusion
In summary, we have shown, for the first time, that miR-

194 expression is decreased in CRC stem cells. Our results

indicate that miR-194 inhibits CRC stem cell proliferation

and promotes apoptosis by directly targeting SSH2.

Furthermore, overexpression of miR-194 was shown to

result in the induction of apoptosis, thereby suppressing

the malignant behaviors of CRC stem cells. Therefore, this

study reports a novel characterization of miR-194 in CRC

stem cells, which may aid in the development of promising

therapeutic strategies targeting CRC.
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