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Abstract

Colorectal cancer metastasis is believed to be associated with microRNA dysregulation. However, 

little is known as to how microRNAs regulate colorectal cancer proliferation, invasion and 

metastasis. In the present study, we compared the microRNA expression profiles between patients 

of colorectal cancer at diagnosis with and without liver metastasis. MicroRNA-320b was found to 

be among those up-regulated in the patient group with metastasis. We subsequently found that 

microRNA-320b, opposite of its homolog, microRNA-320a that differs by only a single 

nucleotide, functions in promoting colorectal cancer cell proliferation and invasion. Moreover, we 

found that overexpression of exogenous microRNA-320b can up-regulate the target genes of 
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microRNA-320a including β-catenin, Neuropilin-1 and Rac-1, which are all known to promote 

tumor proliferation, invasion and metastasis. These results suggest that microRNA-320b may 

function in competing with microRNA-320a. Thus, our study has proposed one novel mechanism 

for controlling colorectal cancer proliferation and invasion through homologous competition 

between microRNAs. This mechanism may be important for colorectal cancer metastasis.
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Introduction

Colorectal cancer (CRC) is the third most common cause of cancer death worldwide [1]. As 

many as one third of the CRC patients have either synchronous or metachronous liver 

metastases [2]. Approximately 50% of patients who are diagnosed with CRC patients die of 

the distant metastasis [3]. Due to poor prognosis of metastatic CRC, understanding the 

underlying mechanisms for the metastatic process is highly critical. Such knowledge is 

essential for early detection of metastasis and more effective treatment.

Colorectal cancer metastasis is associated with epigenetic regulation, such as microRNAs 

dysregulation [4–6]. Some microRNAs such as miR-21, were found to be preferentially 

expressed in colorectal tumors at more advanced TNM stages and associated with poorer 

survival [7]. Other microRNAs such as miR-135b were found to be significantly associated 

with more favorable prognosis in CRC patients [8]. A number of microRNAs have been 

shown to functionally participate in the tumorigenesis and metastasis process. MicroRNAs 

such as miR-31, miR-21 and miR-9 promote CRC migration and invasion whereas miR-200 

and miR-320a suppress colorectal cancer [9–11]. Moreover, studies have indicated that 

microRNAs regulate the mechanistic pathways of CRC metastasis, such as epithelial–

mesenchymal transition (EMT) and angiogenesis. Downstream targets of these microRNAs 

that are involved in these pathways were also identified. For example, the miR-200 family 

repressed EMT by targeting ZEB1/2β-catenin [12,13]. In a similar manner, miR-107 was 

shown to function as a suppresser of HIF-1 and VEGF expression [14]. Additionally, 

Neuropilin-1 and Rac-1 were found to be targeted by microRNA-320a [15–18]. Like many 

other microRNAs, microRNA-320a has been shown to be also involved in multiple cancer 

diseases including colorectal cancer, breast cancer, and prostate cancer.

To obtain a comprehensive knowledge of how microRNAs control CRC metastasis, we 

performed microRNA microarray analysis to compare microRNA expression profiles 

between primary colorectal adenocarcinomas with metastasis and those without metastasis 

found at diagnosis. In this study, microRNA-320b was identified as one of the microRNAs 

up-regulated in primary colorectal adenocarcinomas with metastasis. Intriguingly, 

microRNA-320b was found to promote CRC proliferation and invasion by competing with 

its homolog microRNA-320a.
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Materials and methods

Patients and tissue samples

Tumor tissue samples were obtained by surgical resection and stored at −80 °C from 2009 to 

2013 at the Second Affiliated Hospital of Zhejiang University School of Medicine. Two 

pathologists confirmed these tissue samples as colorectal adenocarcinoma. Liver metastases 

were identified by CT scans, MRI and/or biopsy preoperatively and confirmed intra-

operatively.

This project was approved by the ethical committee of the Second Affiliated Hospital of 

Zhejiang University, School of Medicine and informed consent was obtained from all the 

patients.

RNA extraction and microRNA microarray

Total RNA, including microRNA used for microarray, was extracted using TRIZOL 

(Invitrogen), according to the manufacturer's protocol. The quality of RNA was assessed by 

the Agilent 2100 Bioanalyzer (Agilent Technologies). 100 ng of total RNA was labeled 

using the Agilent miRNA Complete and Hyb Kit. The samples were hybridized to the 

Agilent Human miRNA Microarrays that were formatted with eight high-definition 60K 

arrays, based on miRBase Release 19.0. Hybridization was carried out at 20 RPM at a 

temperature of 55 °C for 20 hours. Scanning and image analysis were performed using the 

Agilent High Resolution C-scanner equipped with extended dynamic range software. 

Feature Extraction Software (Version 10.5) was used for data extraction from raw 

microarray image files. Data visualization and analysis were performed with GeneSpring 

GX (Version 10.0).

Cell culture and transient infection

The SW620 human colon cancer cells were cultured in Leibovitz's L-15 medium (Gibco, 

Life Technology) with 10% fetal bovine serum. The RKO human colon cancer cells were 

cultured in RPIM1640 medium (Gibco, Life Technology) containing 10% fetal bovine 

serum. The LoVo human colon cancer cells were cultured in F-12 medium (Gibco, Life 

Technology). All the cell lines were originally obtained from the American Type Culture 

Collection (ATCC). For overexpression and inhibition of microRNAs, microRNA-320a 

mimics (micrON™ hsa-miR-320a mimic, miR10000510, RiboBio, China), microRNA-320b 

mimics (micrON™ hsa-miR-320b mimic, miR10005792, RiboBio, China), microRNA-320a 

inhibitor (micrOFF™ hsa-miR-320a inhibitor, miR20000510, RiboBio, China), and 

microRNA-320b inhibitor (micrOFF™ hsa-miR-320b inhibitor, miR20005792, RiboBio, 

China) were transiently transfected to mammalian cells by Lipofectamine2000 (Invitrogen, 

Life Technology). Real-time PCR TaqMan assays (Applied Biosystems, Life Technologies) 

were used to assess the expression level of microRNA after transfection.

Cell proliferation assay

Cell proliferation assay was conducted using the Cell Counting Kit-8 (CCK-8, Dojindo). 

Cells were plated into the 96-well plates, and cell proliferation was evaluated at 24 h, 48 h 

and 72 h after plating. 10 μl of CCK-8 solution was added to each well and the plate was 
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incubated with cells in the 37 °C incubator for 4 hours. Cell proliferation was measured at an 

absorbance of 450 nm.

Trans-well invasion assay

Matrigel (BD Biosciences) coated 8 μm-pore trans-wells (Corning Inc.) were used for the 

invasion assay. Assays were conducted according to the manufacturer's protocol. SW620 or 

RKO cells after transient infection were seeded in the upper chamber with serum-free 

Leibovitz's L-15 or RPMI 1640 medium, and the lower chamber was prepared with the 

medium containing 10% fetal bovine serum. In 48 h or 72 h, non-invaded cells in the upper 

chamber were removed with cotton swabs, and crystal violet stain solution was then used to 

stain the invaded cells. Images were taken at 10× magnification. For enumeration of the 

invaded cells, the invaded cells were trypsinized for cell calculation after removing the non-

invaded cells.

Protein extraction and western blotting

Cells were lysed in RIPA buffer (Beyotime, Jiangsu, China) containing protease inhibitor 

cocktail (Beyotime). Total protein was quantified by the Bradford protein assay (Bio-Rad, 

Hercules, CA). Samples were denatured at 100 °C for 5 min. Equal amounts of total protein 

were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

and western blotting using polyvinylidene fluoride microporous membranes (Bio-Rad). 

Membranes were incubated with primary antibody overnight at 4 °C, followed by incubation 

with horseradish peroxidase-linked secondary antibody at room temperature for 1 hour and 

detected with SuperSignal West Pico Chemiluminescent Substrate (Thermo). The primary 

antibodies, anti-Rac1 and anti-Neuropilin1 were purchased from Abcam (Cambridge, UK), 

while anti-β-catenin and anti-GAPDH were purchased from Cell Signaling Technology 

(Danvers, MA).

Statistics analysis

Statistical analysis was performed with SPSS16.0. Statistical significance was tested by two-

tailed Student's t-test and differences were considered statistically significant with a p-value 

< 0.05.

Results

Microarray analysis of microRNAs in primary colorectal adenocarcinomas of patients with 
liver metastasis compared to those without metastasis

To identify the microRNAs that correlated to colorectal cancer with metastasis, we 

conducted a microRNA microarray analysis of RNA obtained from primary colorectal 

adenocarcinomas of twenty patients with liver metastasis and of twenty-seven patients 

without metastasis at the time of diagnosis. There is no statistically significant difference in 

basic demographic or clinicopathologic features between the patients with or without 

metastasis (Supplementary Table S1). However, as anticipated, slightly more patients with 

metastasis possess the factors known to be associated with poor prognosis including T4 

stage, N2 stage, lymphatic invasion and perineural invasion. Ten microRNAs were found to 

be significantly up-regulated and three were found to be significantly down-regulated for 
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more than 1.40 folds in primary colorectal adenocarcinomas of patients with liver metastasis 

at the time of diagnosis compared to those of patients without metastasis (Fig. 1A). Among 

them, microRNA-320b was found to be up-regulated by 1.42 folds in primary colorectal 

adenocarcinomas of patients with liver metastasis at the time of diagnosis compared to those 

of patients without metastasis (p = 0.0036) (Fig. 1B). Interestingly, microRNA-320a has 

been reported to be down-regulated in the liver metastasis tissues of the colorectal cancer. 

Therefore, microRNA-320b appears to functionally different from microRNA-320a in 

colorectal cancer. However, there is only one base difference at the 3′-terminus between 

microRNA-320a and microRNA-320b (Fig. 1C). The probe sequence that detected 

microRNA-320a (probe ID: A_25_P00012261) in the microarray analysis is 5′-

TCGCCCTCTCAA-3′; and that for microRNA-320b (probe ID: A_25_P00015035) is 5′-

TTGCCCTC TCAACCC-3′. Therefore, probe sequences for microRNA-320a and 

microRNA-320b are different and explained how microarray analysis may distinguish 

microRNA-320b from microRNA-320a. We then found that the current quantitative real-

time RT-PCR assay can only partially distinguish the expression of microRNA-320a from 

that of microRNA-320b (Supplementary Fig. S1).

MicroRNA-320a and microRNA-320b have distinct functions in colorectal cancer cell 
proliferation

As microRNA-320b is up-regulated in primary colorectal adenocarcinomas of patients with 

liver metastasis compared to those of patients without metastasis, we hypothesized that 

microRNA-320b functions in promoting colorectal cancer growth and invasion. To this end, 

we first assessed its role in tumor cell proliferation. The SW620 colon cancer cells have low 

expression level of microRNA-320 (Supplementary Fig. S2) and therefore were used to 

study if transfection of microRNA-320 would affect cell proliferation. As shown in Fig. 2A 

measured by the CCK8 assay and in Fig. 2B measured by the cell numbers, transfection of 

the microRNA-320b mimic increased the proliferation rate of SW620 cells whereas 

transfection of the microRNA-320a mimic decreased the proliferation of SW620 cells. By 

contrast, RKO colon cells show high expression levels of microRNA-320 (Supplementary 

Fig. S2) and therefore were used to study if inhibition of microRNA would affect cell 

proliferation. As shown in Fig. 2C measured by the CCK8 assay and in Fig. 2D measured by 

the cell confluence, transfection of the microRNA-320b inhibitor decreased the proliferation 

rate of RKO cells, whereas transfection of the microRNA-320a inhibitor increased the 

proliferation of RKO cells. These results indicate that microRNA-320a and microRNA-320b 

have distinct functions in controlling the proliferation of the colorectal cancer cells.

MicroRNA-320a and microRNA-320b have opposite functions in colorectal cancer cell 
invasion

Next, we examined the role of microRNA-320 in colorectal cancer cell invasion by the 

trans-well assay. As shown in Fig. 3A, B and D demonstrating the invaded cells, 

transfection of the microRNA-320b mimic increased the invasion of both SW620 cells and 

RKO cells whereas transfection of the microRNA-320a mimic decreased the invasion of 

both SW620 cells and RKO cells. Similarly, RKO colon cells that have high expression 

level of microRNA-320 (Supplementary Fig. S2) were used to study if inhibition of 

microRNA will affect cell invasion. As shown in Fig. 3C and E demonstrating invaded cells, 
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transfection of the microRNA-320b inhibitor decreased the invasion of RKO cells whereas 

transfection of the microRNA-320a inhibitor increased the invasion of RKO cells. This 

indicates that microRNA-320a and microRNA-320b have opposite functions in controlling 

the invasion of the colorectal cancer cells.

MicroRNA-320b competes with microRNA-320a in targeting β-catenin, Neurophilin-1 and 
Rac-1

Based on the observation that microRNA-320a and microRNA-320b, homologs with one 

nucleotide difference, have opposite functions in controlling the proliferation and invasion 

of the colorectal cancer cells, we hypothesized that microRNA-320b competes with 

microRNA-320a. To test this hypothesis, we overexpressed microRNA-320a and 

microRNA-320b in RKO cells, SW620 cells, and LoVo cells, respectively. RKO cells 

express low levels of β-catenin, Neuropilin-1 and Rac-1, which, as described above, are 

well-characterized targets of microRNA-320a. Thus, low expression of β-catenin, 

Neuropilin-1 and Rac-1 in RKO cells may be caused by a high expression of 

microRNA-320a. We confirmed that β-catenin, Neuropilin-1 and Rac-1 are targets of 

mciroRNA-320a in RKO cells as transfection of microRNA-320a was able to further inhibit 

the expression of all three targets (Fig. 4A). By contrast, overexpression of microRNA-320b 

can enhance the expression of β-catenin, Neuropilin-1 and Rac-1 (Fig. 4B), suggesting that 

micro-320b may counteract the function of microRNA-320a by competing with 

microRNA-320a in RKO cells. Thus, β-catenin, Neuropilin-1 and Rac-1 appear to be also 

the in vivo targets of microRNA-320b.

SW620 cells express high levels of β-catenin, Neuropilin-1 and Rac-1(Fig. 4C&D). High 

expression of β-catenin, Neuropilin-1 and Rac-1 may be a result of microRNA-320b, whose 

expression may exceed that of microRNA-320a in SW620 cells. As shown in Fig. 4C, 

overexpression of microRNA-320a can suppress the expression of β-catenin, Neuropilin-1 

and Rac-1, confirming that β-catenin, Neuropilin-1 and Rac-1 are the targets of 

microRNA-320a in SW620 cells and suggesting that overexpression of microRNA-320a 

may overcome the competing effect of microRNA-320b in SW620 cells. By contrast, 

transfection of microRNA-320b in SW620 cells was still able to enhance the expression of 

β-catenin, Neuropilin-1 and Rac-1 (Fig. 4D).

To further confirm that β-catenin, Neuropilin-1 and Rac-1 are targets of both 

microRNA-320a and microRNA-320b, we examined their effects in LoVo cells, which 

express moderate levels of β-catenin, Neuropilin-1 and Rac-1 compared to either RKO or 

SW620 cells. As anticipated, we found that microRNA-320a inhibits the expression of all 

three targets (Fig. 4E) whereas microRNA-320b enhances the expression of all three targets 

(Fig. 4F). Taken together, these results suggest that microRNA-320a and microRNA-320b 

targets β-catenin, Neuropilin-1 and Rac-1 in colon cancer cells in two opposite directions, 

thus providing an explanation for the distinct biological functions of microRNA-320a and 

-320b.
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Discussion

Until now, this study was the largest one to identify microRNAs involved in CRC metastasis 

by comparing the expression of microRNAs between primary colorectal adenocarcinomas 

with vs. without metastasis. For the first time, our study suggested that the one nucleotide 

difference between microRNA-320a and microRNA-320b results in opposite functions in 

controlling cell proliferation and invasion of colorectal cancer. In contrast to the previously 

established role of microRNA-320a in suppressing CRC proliferation and invasion, 

microRNA-320b was identified in our study as a biomarker that is up-regulated in primary 

colorectal adenocarcinomas with liver metastasis compared to those without metastasis and 

was found to promote CRC proliferation and invasion. Furthermore, our study suggested 

that microRNA-320b targets the same genes of microRNA-320a including β-catenin, 

Neuropilin-1 and Rac-1 by competing with microRNA-320a.

However, we were unable to distinguish the expression of microRNA-320b from that of 

microRNA-320a, by using quantitative real-time PCR. With only one nucleotide difference 

between microRNA-320a and microRNA-320b, it would be difficult for PCR-based 

techniques to distinguish between microRNA-320a and microRNA-320b. The current 

hybridization-based technology of the TaqMan assay was not able to accurately distinguish 

between microRNA-320a and microRNA-320b, either. In the current TaqMan assay, 

although the probe specific for microRNA-320a binds to microRNA-320a stronger than to 

microRNA-320b, it is still able to bind microRNA-320b to a significant degree [19]. 

Similarly, the probe specific for microRNA-320b is able to bind microRNA-320a to a 

significant degree. The subtlety of the one nucleotide difference between microRNA-320b 

and microRNA-320a presents a challenge in the utilization of a number of techniques to 

characterize expression.

It has been well established that, after cleaving the pre-microRNA into mature microRNA 

by Dicer, the single strand mature microRNAs will be incorporated into Argonaute (Ago) 

proteins to form the RNA-induced silencing complex (RISC). Guided by sequence 

complementarity between microRNA and targeting mRNA, the RISC plays its silencing 

functions through site-specific cleavage or translational inhibition [20,21]. The site-specific 

cleavage process requires a perfect match or near-perfect match between microRNA and 

target mRNA, while the translational inhibition is more commonly mediated by mismatched 

microRNA and targeting mRNA sequences [20]. Therefore, it is possible that 

microRNA-320b can bind to the targeting mRNAs of microRNA-320a with a partially 

matched sequence, particularly where there is only one single nucleotide difference. In 

addition, many studies have suggested that a 7–8 mer length of nucleotide sequence at the 5′ 

seed area is sufficient for a microRNA to select its specific mRNA target. It is common that 

homologous microRNAs share the same 5′ seed area but have distinct 3′ compensatory sites, 

and thus have different functions [22]. Here, it is possible that microRNA-320a and 

microRNA-320b share the same 5′ seed area which determines the binding to target mRNAs 

whereas the single nucleotide mismatch in the 3′ compensatory sites determines the 

interaction with the Ago proteins. The literature suggests that the function of microRNAs 

can be determined by a single nucleotide in the region that is associated with Ago [23–25]. 

Thus, microRNA-320b, having the same 5′ seed area, would compete with microRNA-320a 
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in binding to target mRNAs, but may fail to form RISC with Ago due to a single nucleotide 

difference in the 3′ region. Nevertheless, the exact mechanism underlying the different 

functions of microRNA-320a and microRNA-320b remains to be explored.

Our comparison of microRNA microarrays between primary tumors of CRC with and 

without liver metastasis has identified microRNA-320b as a facilitator of colorectal cancer 

proliferation and invasion. Historically, metastasis-associated genes were often uncovered 

by comparing primary tumors to their matched metastases; and many of them were 

differentially regulated as a consequence of metastasis. In the past, only one study compared 

the microRNA expression profiles between primary colorectal adenocarcinomas with vs. 

without metastasis in three samples in each patient group [26]. As microRNA-320b was 

identified by screening the biomarkers that are up-regulated in 20 primary colorectal 

adenocarcinomas with liver metastasis compared to 27 primary colorectal adenocarcinomas 

without liver metastasis, microRNA-320b may more likely be a cause of metastasis. 

Therefore, further analysis of the mechanistic role of microRNA-320b in CRC development 

and metastasis is warranted. MicroRNA-320b may also become a target for colorectal 

cancer therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. 
A. A list of microRNAs differentially expressed in CRC with metastasis vs. without 

metastasis with fold changes (Metastasis/Non-metastasis) ≥ 1.4 and p values ≤ 0.01 in the 

unpaired t-test. * indicates a dead microRNA entry in the miRBase (v.21) database. B. 

Microarray analysis of relative expression levels of microRNA-320b in primary colorectal 

adenocarcinomas of patients with liver metastasis at the time of diagnosis compared to those 

of patients without metastasis (Fold change = 1.42, p = 0.0036). C. Sequences of 

microRNA-320a and microRNA-320b.
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Fig 2. 
MicroRNA-320a and microRNA-320b have different functions in colorectal cancer cell 

proliferation. SW620 cells transfected with 40 nM mimics of microRNA-320a and 

microRNA-320b, respectively, or with the control microRNA were measured by the CCK8 

assay (A) and by counting the cell number (B) at 24, 48, 72 hours following transfection. 

RKO cells transfected with 40 nM inhibitors of microRNA-320a and microRNA-320b, 

respectively, or with the control microRNA inhibitor were measured by the CCK8 assay (C) 

and by counting the cell number (D) at 24, 48, 72 hours following transfection. (*p < 0.05, 

**p < 0.01, ***p < 0.001).

Zhou et al. Page 11

Cancer Lett. Author manuscript; available in PMC 2015 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 3. 
MicroRNA-320a and microRNA-320b have opposite functions in colorectal cancer cell 

invasion. The invasion of SW620 cells and RKO cells transfected with the mimics of 

microRNA-320a and microRNA-320b, respectively, or with the control microRNA was 

measured by the trans-well assay at 48 hours following transfection. A and B show invaded 

SW620 cells and invaded RKO cells stained by crystal violet. Invaded RKO cells were 

counted and shown in the histogram in D. The invasion of RKO cells transfected with the 

inhibitors of microRNA-320a and microRNA-320b, respectively, or with the control 

microRNA were measured by the trans-well assay at 48 hours following transfection. 

Invaded RKO cells stained by crystal violet shown in C. Invaded RKO cells were counted 

and shown in the histogram in E. (*p < 0.05).
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Fig 4. 
Competition between microRNA-320a and microRNA-320b in targeting β-catenin, 

Neuropilin-1 and Rac-1. At 24 hours and 48 hours following transfection, the expression 

levels of β-catenin, Neuropilin-1 and Rac-1 in RKO (A, B), SW620 (C, D) and LOVO (E, F) 

cells transfected with the mimics of microRNA-320a (A, C, E) and microRNA-320b (B, D, 

F), respectively, transfected with the Lipo2000 negative control, or untransfected (blank) 

were measured by Western Blot. GAPDH was used as an internal control. It should be noted 

that the expression of Neuropilin-1 and Rac-1 was not enhanced at 24 hours, but was 

substantially enhanced at 48 hours following the transfection of exogenous microRNA-320 

mimics.
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