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Abstract: MicroRNAs (miRNAs), as key regulators of gene expression, are closely related to 

tumor occurrence and progression. MiR-194 has been proved as a tumor regulatory factor in 

various cancers; however, the biological function and mechanism of action in colorectal cancer 

(CRC) have not been well explored. In the present study, we found that miR-194 expression is 

upregulated in CRC clinical specimens, while overexpression of miR-194 promotes cell migra-

tion and invasion in CRC cell lines. Besides, miR-194 significantly influenced the epithelial–

mesenchymal transition (EMT) markers by downregulating E-cadherin expression (P,0.01) 

and upregulating vimentin and MMP-2 expression (P,0.001, P,0.05). Cell migration is the 

cell movement related to actin cytoskeleton. In this study, we found miR-194 increased cell 

polarization in SW480 cells. Moreover, zymography assay showed that miR-194 significantly 

upregulated the gelatin-degrading activity of MMP-2 (P,0.01). Collectively, our findings 

suggest that miR-194 functions as a tumor promoter in CRC, which may provide new insights 

for the study of CRC development and metastasis.
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Introduction
Colorectal cancer (CRC) is one of the most common malignant tumors, and also the 

leading cause of cancer death worldwide.1 Lymph node metastasis is not only the 

key route of distant metastasis, but also a vital prognostic factor in CRC patients.2,3 

Consequently, further understanding of the molecular mechanism underlying lymph 

node metastasis is of great clinical significance.

MicroRNAs (miRNAs) are a class of small, noncoding RNAs that regulate gene 

expression posttranscriptionally by directly binding their 3′-untranslated region (3′-UTR) 

of mRNA.4 An increasing number of studies confirm that miRNAs play a central role in 

inflammation, invasiveness, and progression in CRC.5–9 Epithelial–mesenchymal transi-

tion (EMT) plays an essential role in cancer invasion and metastasis in CRC.10 During the 

EMT process, cancer cells lose the expression of adhesion proteins such as E-cadherin, 

and increase the expression of mesenchymal phenotype markers such as vimentin and 

the matrix metalloproteinases (MMPs) family.11 The downregulation of E-cadherin is 

normally considered to be the hallmark of EMT, which can be mediated by its transcrip-

tional repression through the binding of EMT transcription factors (EMT-TFs),12 such 

as Twist, Snail, Slug, Zeb
1
, and Zeb

2
.13 MMPs have been identified as key enzymes in 

the EMT process as they are capable of degrading the extracellular matrix components, 

specifically basement membrane, proteoglycan, fibronectin, and collagen.14
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In our previous study, we applied miRNA microarray 

analysis to two different epithelial features cell lines SW480 

and SW620, which demonstrated that miR-194 and miR-192 

were differentially expressed and that the results were con-

sistent with Chen’s previous study.15 In this study, we have 

evaluated the functional role of miR-194 in cell lines, as 

well as through a direct comparison between primary CRCs 

and corresponding matching lymph nodes metastasis. We 

provide evidence that miR-194 can regulate EMT in human 

CRC metastasis.

Materials and methods
Tissue specimens
A total of 62 CRC tumor tissues were collected from patients 

who underwent surgical resection in The Second Affiliate 

Hospital of Chongqing Medical University and The Second 

Affiliate Hospital of Zhejiang University School of Medicine 

from August 2014 to September 2015. The 62 CRC patients 

had not undergone radiotherapy or chemotherapy before 

surgical resection. The tissues were frozen immediately 

after resection and stored at -80°C until this study was con-

ducted in November 2015. Clinicopathologic characteristics 

of the patients are summarized in Table 1. The study was 

approved by the ethical review committees (Ethic Number: 

2014048).

Cell lines
Human CRC cell lines SW480 with epithelial features and 

SW620 with mesenchymal features were donated by Cancer 

Research Institute of Zhejiang University. The two cell lines 

were cultured in L15 medium (GIBCO, Grand Island, NY, 

USA) supplemented with 10% fetal bovine serum (FBS) and 

in a humid atmosphere of 5% CO
2
 at 37°C.

RNA extraction and real-time 
quantitative reverse transcription 
polymerase chain reaction (qRT-PCR)
Total RNA was extracted using Trizol reagent (Thermo 

Fisher Scientific, Waltham, MA, USA), according to 

the manufacturer’s instruction, and reverse transcribed 

using the PrimeScript RT Reagent Kit (Takara, Dalian, 

People’s Republic of China). Expression of miR-194 was 

analyzed using Hairpin-it miRNAs qPCR Quantitation 

Kit (GenePharma, Shanghai, People’s Republic of China). 

Expression of U6 snRNA (GenePharma) and GAPDH 

(Takara) was used as endogenous control. qRT-PCR was 

performed with the SYBR Green PCR Master Mix (Applied 

Biosystems, Foster City, CA, USA). The primers of candidate 

genes are listed in Table 1. All experiments were performed 

in at least triplicate, and the relative expression levels were 

calculated using the 2-ΔΔCt method.

Lentivirus infection and stable cell 
transfection
The lentivectors’ expression of miR-194 and negative control 

were purchased from GenePharma Company. Lentivectors and 

packaging vectors were co-transfected into SW480 cells with 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Cells 

were cultured to approximate 80% confluence and then added 

and then added 2.0×105 transducing units (TU)/well lentivectors. 

Substitute the culture medium with varying concentrations of 

Blasticidin (0, 4, 6, 8, 10 μg/mL; Sigma-Aldrich, St Louis, MO, 

USA), and replenish the selective media every 3–4 days until 

the drug resistance colonies yield (approximately 21 days).

Cell proliferation assay
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) was performed to measure cell proliferation. In brief, 

the cells were seeded in 96-well plates at a density of 5,000 

per well, and grown for 24, 48, and 72 hours, and then MTT 

(Sigma-Aldrich) solution (5 mg/mL) was added to each well 

and incubated for another 4 hours at 37°C. Then the medium 

was removed, and 100 μL dimethyl sulfoxide (DMSO; Sigma-

Aldrich) was added to each well to dissolve crystals. Next, 

the plates were put into the 37°C incubator for 5 minutes 

to dissolve air bubbles. The absorbance was measured at a 

wavelength of 490 nm using a microplate reader (Molecular 

Devices VersaMax, Remington, Madison, NC, USA).

Wound healing assays
The cells were seeded in 6-well plates at a density of 1.5×106 per 

well, and wounds were generated using pipette tips. Serum-free 

Table 1 Sequence of primers used in this study

Name Sequence (5′–3′)

MMP-2 Forward: ATTCTGGAGATACAATGAGGT
Reverse: TTCACGCTCTTCAGACTT

MMP-9 Forward: GAAGATGCTGCTGTTCAG
Reverse: AAATAGGCTTTCTCTCGGTA

E-cadherin Forward: GACCAAGTGACCACCTTA
Reverse: AGAGCAGCAGAATCAGAAT

Vimentin Forward: CATTGAGATTGCCACCTAC
Reverse: TCGTTGATAACCTGTCCAT

GAPDH Forward: GGTATCGTGGAAGGACTC
Reverse: GGGATGATGTTCTGGAGAG

miR-194 Forward: CGATCTCTCATGTAACAGCAACTC
Reverse: TATGGTTGTTCTCGTCTCTGTGTC

U6 snRNA Forward: ATTGGAACGATACAGAGAAGATT
Reverse: GGAACGCTTCACGAATTTG
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medium was then added for 48 hours in a humid atmosphere of 

5% CO
2
 at 37°C. The wound closure was assessed by ImageJ 

Software (National Institutes of Health, Bethesda, MD, USA).

Invasion and migration assays
Invasion and migration assays were performed using a tran-

swell system (BD Biosciences, Bedford, MA, USA). A total 

of 2×105 cells in a serum-free medium were seeded into the 

upper chamber with matrigel (for invasion assay) or without 

matrigel (for migration assay), while the medium containing 

20% FBS was added to the lower chamber. After 24 hours 

of incubation, cells on the upper membrane were removed 

with cotton wool, whereas cells adhering to the lower surface 

were fixed in methanol for 15 minutes and then stained with 

0.1% crystal violet for 30 minutes. The number of cells was 

counted in five random fields using an inverted microscope 

(Olympus, Tokyo, Japan).

Western blotting
Western blot analysis was performed according to the pro-

tocol provided by the manufacturer (Bio-Rad Laboratories 

Inc., Hercules, CA, USA). Briefly, total protein was extracted 

using radioimmunoprecipitation assay (RIPA) cell lysis buf-

fer (Beyotime, Shanghai, People’s Republic of China), and 

the concentration was determined by Bicinchoninic Acid 

Protein Assay Kit (Beyotime). Total protein was separated on 

a sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE; 6%–10% gel), transferred onto polyvinylidene 

difluoride membranes, and then incubated with the specific 

primary antibodies against E-cadherin (Cell Signaling 

Technology, Beverly, MA, USA), vimentin (Cell Signaling 

Technology), MMP-2 (GeneTex, Inc., Irvine, CA, USA), and 

MMP-9 (GeneTex, Inc.) overnight at 4°C. GAPDH (Beyo-

time) was used as an internal reference. Then the membranes 

were washed with Tris Buffered Saline, with Tween-20 

(TBST) and probed with a horseradish peroxidase-labeled 

goat anti-rabbit IgG antibody for 1 hour. Signals were visu-

alized using electrochemiluminescent substrates (Millipore, 

Billerica, MA, USA). The images were analyzed by Sigma 

Photo Pro 6.0 software (SPSS Inc., Chicago, IL, USA).

Cytoskeleton staining and confocal 
microscopy
A total of 1×104 cells were seeded on Millicell EZ Slide 

(Millipore) and cultured in a humid atmosphere of 5% CO
2
 

at 37°C. After 8 hours, the cells were washed twice with 

phosphate-buffered saline (PBS), and then fixed with 3.7% 

paraformaldehyde for 10 minutes at room temperature. 

Then the cells were washed for another 10 minutes with 

0.1% TritonX-100 in PBS and blocked with 5% bovine serum 

albumin (BSA). Cells were incubated with Actin-Tracker 

Green (Beyotime) for 60 minutes to stain the F-actin fila-

ments. The cell nucleus was stained with 4′,6-diamidino-2-

phenylindole (DAPI) for 10 minutes. Finally, fluorescence 

images were collected using a Carl-Zeiss LSM 710 confocal 

microscope (Carl Zeiss, Oberkochen, Germany).

Zymography assay
Gelatin zymography was used to analyze the enzymatic 

activity of the secreted collagenases MMP-2 and MMP-9. 

In brief, the cells were seeded in 6-well plates at a density of 

2×106 per well. After 12 hours, the cells were washed twice with 

PBS and then cultured in a serum-free medium for 48 hours. 

The medium was collected, and each sample was so adjusted as 

to contain the same quantity of protein, and then separated by 

8% SDS-PAGE containing 0.1% gelatin. The gels were washed 

twice in 2.5% Triton X-100 for 45 minutes and incubated in 

renaturing buffer at 37°C for 42 hours, then stained for 3 hours 

with 0.05% Coomassie Blue in 10% acetic acid/30% methanol. 

Then the gels were destained with 10% acetic acid/30%  

methanol for 0.5 hour, 10% acetic acid/20% methanol for  

1 hour, and 5% acetic acid/10% methanol for 2 hours. The 

band intensities were quantitated using the Image-Pro Plus 5.1 

software (Medium Cybernetics Inc., Bethesda, MD, USA).

Statistical analysis
Each assay was performed at least in triplicate, and data were 

analyzed using the Statistical Product and Service Solutions 

(SPSS) 19.0 software (SPSS Inc.). Experimental data were 

expressed as the mean ± standard deviation (SD). Statistical 

significance was analyzed using Student’s t-test. Pearson’s 

correlation coefficient was used to measure correlation. 

P,0.05 was considered statistically significant.

Ethical statement
The study was approved by the ethical review committees of 

The Second Affiliate Hospital of Chongqing Medical Univer-

sity and The Second Affiliate Hospital of Zhejiang University 

School of Medicine. The patients gave written informed consent 

for their tissue samples to be collected and used in the study.

Results
MiR-194 is significantly upregulated in 
lymph nodes metastasis tissues from 
CRC patients
The expression levels of miR-194 were evaluated by qRT-

PCR in 62 CRC tumor tissues. As shown in Figure 1A, 
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miR-194 expression was significantly upregulated in lymph 

nodes metastasis compared with lymph nodes negative. Cor-

relation analysis revealed that miR-194 upregulation was sig-

nificantly correlated with lymph nodes metastasis (P,0.05), 

while no significant correlation was found in other clinico-

pathologic characteristics (Table 2). We next investigated 

miR-194 expression in SW480 with epithelial features and 

SW620 with mesenchymal features by qRT-PCR and found 

significant differences in the miR-194 expression levels in 

the two cell lines (eightfold, Figure 1B, P,0.01).

MiR-194 did not significantly influence 
proliferation in CRC cells
Lentivirus system was performed to establish stable SW480 

cell lines overexpressing miR-194, mock transfection (MT), 

and negative control (NC) as the control groups. Compared 

with SW480 cells, the morphology of overexpressing 

miR-194 cells changed obviously with visible interstitial 

characteristic (Figure 2A). Overexpression of miR-194 

was validated by qRT-PCR (fivefold, Figure 2B, P,0.01). 

MTT assays showed that miR-194 overexpression did not 

significantly influence cell proliferation ability of SW480 

cells (Figure 2C, P.0.05).

MiR-194 increases cell polarization in  
CRC cells
In order to investigate the effects of miR-194 on cell mor-

phology and actin cytoskeletal reorganization, we stained 

the F-actin filaments in CRC cell lines using fluorescent 

phalloidin, as shown in Figure 3. We observed that SW480 

cells showed several protrusions in different directions, 

apparently smaller lamellipodia, but that cells overexpress-

ing miR-194 were elongated, suggesting reestablished 

polarization, featuring one or two predominant lamellipo-

dia. By time lapse, we observed that cells overexpressing 

miR-194 did translocate effectively owing to this strongly 

polarized phenotype.

MiR-194 promotes the invasion and 
migration of CRC cells
Effects of miR-194 on CRC cell migration and invasion 

were evaluated through wound healing assays and transwell 

with or without matrigel assays. As indicated in Figure 4, 

SW480 cells treated with lentivirus coding for miR-194 

significantly promoted cell invasion and migration ability 

Figure 1 Expression status of miR-194 in CRC tissue specimens and cell lines.
Notes: (A) The relative expression of miR-194 in lymph nodes metastasis compared with lymph nodes negative. (B) The relative expression of miR-194 in CRC cell lines. 
*P,0.05, **P,0.01.
Abbreviations: LNs, lymph nodes; CRC, colorectal cancer.

Table 2 Clinicopathological characteristics of 62 patients with 
colorectal cancer

Characteristics Number  
of patients

Relative expression  
of miR-194

P-value

Age, years 0.315
#60 25 92.46
.60 37 68.15

Sex 0.928
Male 34 77.34
Female 28 74.62

Tumor location 0.652
Colon 26 65.83
Rectum 36 75.26

Tumor size 0.589
#5 cm 37 72.31
.5 cm 25 78.69

Histological type 0.745
Well 15 79.90
Moderately 25 51.32
Poor 22 91.25

Infiltration 0.912
pT1–2 11 69.31
pT3 29 67.36
pT4 22 81.97

LN metastasis 0.027
pN0 29 51.34
pN1–2 33 93.76

Notes: Statistical analysis was carried out using chi-square test. P,0.05 was 
considered statistically significant.
Abbreviation: LNs, lymph nodes.
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compared with the negative control group and mock trans-

fection group (P,0.001).

Overexpression of miR-194 induces EMT 
in CRC cells
We applied qRT-PCR and western blot to validate the rela-

tionship between miR-194 and the expression of EMT-related 

genes on CRC cell lines. Expression levels of mesenchymal 

markers vimentin and MMP-2 were significantly increased; 

in contrast, epithelial marker E-cadherin was significantly 

decreased (Figure 5).

MiR-194 increases MMP-2 activity, leading 
to the EMT process of CRC cells
MMP-2 is a key enzyme for the invasion and migration of 

cancer cells. To evaluate whether miR-194 regulates MMP-2 

activity, we performed zymography assay. According to 

the zymography data, miR-194 significantly increased the 

gelatin-degrading activity of MMP-2. These data suggest 

that miR-194 increases MMP-2 activity, leading to the inva-

sion and migration of CRC cells (160%, Figure 6, P,0.01). 

Taken together, these findings have important biological 

and clinical implications, as they suggest that upregulation 

of miR-194 is involved in CRC metastasis, during which the 

colonic cells increasingly gain mesenchymal characteristics 

and simultaneously lose epithelial features, which facilitates 

their invasion and migration abilities.

Discussion
Recently, more evidence has emerged showing that miRNAs 

play a key role in various types of cancer, including lung 

cancer,16 breast cancer,17 pancreatic cancer,18 ovarian cancer,19 

and colorectal cancer.20 In CRC, miRNAs are involved in the 

pathogenesis of cellular differentiation, proliferation, apop-

tosis, and migration.21 In this study, we demonstrated that 

miR-194 was significantly upregulated in a control study of 

62 CRC clinical specimens. In cell lines with different epi-

thelial and mesenchymal features, SW480 cells show a lower 

Figure 2 MiR-194 reveals no significant effect on CRC cell proliferation.
Notes: (A) The changes in morphology before and after transfection were observed by inverted microscopy (×100). (B) SW480 cells were infected with miR-194 or 
negative control (miR-NC) or mock transfection control (miR-MT) lentivirus, and the expression of miR-194 was analyzed by qRT-PCR. (C) MTT assays were performed to 
investigate the proliferation ability of CRC cells. *P,0.01.
Abbreviations: CRC, colorectal cancer; NC, negative control; MT, mock transfection; h, hours; OD, optical density.
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Figure 3 Overexpression of miR-194 alters F-actin cytoskeleton distribution and cell morphology.
Notes: (A) SW480 cells showing several protrusions in different directions, apparently smaller lamellipodia. (B) Mock transfection group. (C) Negative control group. 
(D) Cells overexpressing miR-194 were elongated, featuring one or two predominant lamellipodia. Scale bars: 10 μm.

Figure 4 (Continued)
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Figure 4 MiR-194 promotes the invasion and migration of CRC cells.
Notes: Wound healing assays (A) and Transwell without matrigel assays (B) were performed to investigate the migration ability of CRC cells. (C) Transwell with matrigel 
assays was performed to investigate the invasion ability of CRC cells. (a) SW480; (b) miR-MT; (c) miR-NC; (d) miR-194. *P,0.001. Scale bars: 10 μm.
Abbreviations: CRC, colorectal cancer; NC, negative control; MT, mock transfection; h, hours.
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expression of miR-194 in comparison with SW620 cells. 

These results suggest that miR-194 may play an important 

role as a tumor promoter in the progression of CRC.

The involvement of miR-194 has been demonstrated 

in the origination and progression in certain varieties of 

cancer.22,23 To investigate the functional roles of miR-194 in 

CRC cell lines, we constructed miR-194 stably expressing 

SW480 cells. Wound healing assays and transwell assays 

revealed that miR-194 promotes cell invasion and migration 

of SW480 cells; however, miR-194 is not significantly influ-

enced by proliferation in CRC cells. This was identical with 

a previous finding that miR-194 expression influenced tumor 

progression and survival in CRC liver metastases.24 Addition-

ally, Liang’s study25 confirmed that miR-194 promoted the 

migration and invasion of ovarian carcinoma cells. However, 

another report revealed that low expression of miR-194 

contributes to malignant progression, suggesting miR-194 

as a tumor suppressor in bladder cancer and non-small cell 

lung cancer.26,27 All of these studies indicated that miR-194 

has different effects on different types of cancers, which are 

regulated by many cytokines and involved in different signal 

transduction pathways.

Cell migration is the cell movement related to actin 

cytoskeleton. Many molecular and genes are involved in 

the regulation of actin cytoskeleton and cell movement. 

In Karen’s study, ROCK2 attenuates Rac1 activity at the 

leading edge and dendritic spine head, which may provide the 

motive power for migration.28 The Wiskott–Aldrich syndrome 

family of proteins are involved in cell migration and degrada-

tion of extracellular matrix by inducing the formation of the 

protrusive membrane structures.29 In this study, we found 

miR-194 increased cell polarization in SW480 cells. However, 

miR-194 had no effect on the expression of Wiskott-Aldrich 

syndrome like (WASL) gene (data have not shown). Thus, we 
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Figure 5 The auxo-action of miR-194 on the EMT of CRC cells.
Notes: qRT-PCR (A) and Western blot (B) were performed to examine the effects of miR-194 overexpression on EMT markers (MMP-2, MMP-9, E-cadherin, and vimentin). 
*P,0.05, **P,0.01, ***P,0.001.
Abbreviations: CRC, colorectal cancer; EMT, epithelial–mesenchymal transition; NC, negative control; MT, mock transfection; qRT-PCR, real-time quantitative reverse 
transcription polymerase chain reaction.

Figure 6 MiR-194 increased the gelatin-degrading activity of MMP-2.
Notes: Zymography assay was performed to examine whether miR-194 regulates MMP-2 activity, leading to the invasion and migration of CRC cells. **P,0.01.
Abbreviations: CRC, colorectal cancer; NC, negative control; MT, mock transfection.
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propose that the WASL gene is not a target gene of miR-194 

in SW480 cells. Our future studies will focus on other target 

genes of miR-194 that are related to cell migration.

EMT is a process by which cells modify the adhesion mole-

cules expressed, allowing them to adapt a migratory and invasive 

behavior.30 During EMT, downregulation of E-cadherin dimin-

ishes cell–cell adhesion, permitting CRC cells to move freely and 

eventually settle at distant metastatic sites,31 which also involves 

multiple MMPs that direct the interactions of tumor cells with the 

surrounding matrix environment.32 In this study, we found miR-

194 was significantly upregulated in CRC with lymph nodes 

metastasis, suggesting miR-194 might be a regulator of EMT. 

Our study confirms that miR-194 inhibited epithelial marker 

E-cadherin and increased mesenchymal markers vimentin and 

MMP-2. Moreover, zymography assay was performed in our 

study, which allows one to measure the relative amounts of active 

and inactive enzymes,33 and results showed that miR-194 signifi-

cantly increased the gelatin-degrading activity of MMP-2. These 

data suggest that miR-194 is an EMT promoter in CRC cells.

Conclusion
This study indicates that miR-194 is upregulated in CRC speci-

mens and cell lines and that miR-194 promotes cell migration 

and invasion of CRC cells. These data suggest that miR-194 

functions as a tumor promoter in CRC, which may provide new 

insights for the study of CRC development and metastasis.

Disclosure
The authors report no conflicts of interest in this work.
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