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Abstract. Colon cancer is one of the most common and lethal 
malignancies worldwide. Despite major advances in the treat-
ment of colon cancer, the prognosis remains very poor. Thus, 
novel and effective therapies for colon cancer are urgently 
needed. In the present study, the expression status of miR‑218 
and the role of the phosphoinositide 3‑kinase (PI3K)/protein 
kinase  B  (Akt)/mammalian target of rapamycin  (mTOR) 
pathway were investigated in colon cancer samples. Firstly, we 
observed that miR‑218 expression was significantly reduced, 
while PI3K/Akt/mTOR pathway activity was enhanced. 
The overexpression of miR‑218 suppressed the proliferation, 
migration and invasion of LoVo colon cancer cells, whereas the 
inhibition of miR‑218 promoted these processes. Furthermore, 
the PI3K/Akt/mTOR signaling pathway was identified as a 
direct target of miR‑218. The upregulation of miR‑218 inhib-
ited the activation of the PI3K/Akt/mTOR signaling pathway, 
as well as the expression of matrix metalloproteinase (MMP)9. 
The downregulation of miR‑218 activated the PI3K/Akt/mTOR 
signaling pathway and promoted MMP9 expression. Taken 
together, our results demonstrate that miR‑218 suppresses the 
proliferation, migration and invasion of LoVo colon cancer 
cells by targeting the PI3K/Akt/mTOR signaling pathway and 
MMP9. Our data indicate that miR‑218 is a potential target in 
the treatment of colon cancer.

Introduction

Colon cancer is the second most common type of cancer and 
the fourth leading cause of cancer-related mortality world-
wide (1,2). Indeed, the lifetime risk of developing colon cancer 
in the United States is approximately 20% (2), and in China the 
development of colon cancer is increasing each year (3). Despite 
major advances in the treatment of colon cancer, its prognosis 
remains very poor (4,5). Frequent intraperitoneal metastases 
and post‑surgical recurrence are characteristics of colon cancer 
and the major factors leading to poor prognosis (6,7). Therefore, 
exploring the molecular mechanisms underlying the pathogen-
esis of colon cancer may provide valuable insight and aid in the 
development of novel and effective therapeutic approaches for 
colon cancer.

MicroRNAs (miRNAs or miRs) are a specific type of small 
non‑coding RNA that modulate gene expression through the 
suppression of mRNA translation. The aberrant expression of 
miRNAs has been linked to tumor initiation, progression and 
prognosis (8‑10). Of these cancer‑associated miRNAs, miR‑218 
expression has been frequently observed to be decreased in 
human colon cancer (11,12). Furthermore, it has been reported 
that the miR‑218 expression level is associated with the TNM 
stage, and that miR‑218 hypo-expression in sera and tissues is 
indicative of a poor prognosis in patients with colon cancer (13). 
However, the mechanisms of action of miR‑218 in colon cancer 
progression remain elusive.

In addition to miRNAs the hyperactivation of the phos-
phoinositide 3‑kinase (PI3K)/protein kinase B (Akt) signaling 
pathway is frequently observed in various types of cancer (14). 
The involvement of this pathway in the development of colon 
cancer and metastasis, including cell proliferation, apoptosis and 
migration, has been extensively investigated (15‑18). Furthermore, 
the blockade of PI3K/Akt activity in colon cancer cells has 
shown promising anti‑cancer effects (19‑22). Recent studies 
have demonstrated that the downstream factor of the PI3K/Akt 
pathway, the mammalian target of rapamycin  (mTOR), is a 
potential therapeutic target in various types of cancer, including 
non‑small cell lung cancer  (23), colorectal cancer  (24,25), 
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renal carcinoma  (26), non‑Hodgkin's lymphoma  (27) and 
leukemia (28,29). In addition, the activation of the PI3K/Akt 
pathway has been shown to correlate with a poor prognosis in 
stage Ⅱ colon cancer, and Akt phosphorylation is a prognostic 
factor for disease‑free survival (30). These findings confirm that 
the PI3K/Akt pathway is essential for the development of colon 
cancer and is a promising target for the treatment of colon cancer.

It has been previously reported that the upregulation of 
miR‑218 inhibits the proliferation of oral squamous carcinoma 
cells by targeting Akt and mTOR (31), and increases the sensi-
tivity of gastrointestinal stromal tumor cells to imatinib through 
the PI3K/Akt pathway (32). In the present study, we also revealed 
that the PI3K/Akt signaling pathway may be a potential target of 
miR‑218 using gene target prediction programs. Furthermore, the 
effect of miR‑218 on the PI3K/Akt/mTOR signaling pathway was 
explored, and it was shown that miR‑218 is a negative regulator 
of this pathway. Matrix metalloproteinase (MMP)9 was identi-
fied as a downstream factor of miR‑218, and miR‑218 inhibited 
MMP9 expression in colon cancer cells. Therefore, miR‑218 
was identified as a repressor of colon cancer development and 
progression by targeting the PI3K/Akt/mTOR signaling pathway 
and MMP9 expression. Consequently, miR‑218 is a potential 
target in the treatment of colon cancer treatment.

Materials and methods

Reagents. The miRNA extraction kit was from Tiangen Biotech 
(Beijing) Co., Ltd. (Beijing, China). The TaqMan MicroRNA 
Assay kit, and TaqMan® Universal PCR Master Mix were 
purchased from Applied Biosystems (Foster City, CA, USA). 
TargetScan version 5.1 (http://www.targetscan.org/index.html) 
was used to find potential targets for miR-218.

Cell lines and colon tissue specimens. Human colon tissue 
specimens were obtained from patients with surgical resections 
performed at the Affiliated Cancer Hospital of Guangzhou 
Medical University (Guangdong, China). A total of 4 tumor 
tissue samples and adjacent normal tumor tissue samples were 
collected from 4 patients with colon cancer. The study was 
approved by the Ethics Committee of the Affiliated Cancer 
Hospital of Guangzhou Medical University, and legally effec-
tive informed consent was obtained from all patients.

Cell transfection. Human LoVo cancer cells (obtained from the 
Cell Bank of Sun Yat-Sen University) were seeded in 6‑well 
plates at a final density of 8x104 cells/well and cultured overnight 
at 37˚C in a humidified atmosphere of 95% air and 5% CO2 prior 
to transfection. Subsequently, transfections were conducted for 
miR‑218 mimic, non‑specific control (NC) and miR‑218 inhib-
itor using Lipofectamine 2000 (Invitrogen Life Technologies, 
Carlsbad, CA, USA) according to the manufacturer's instructions. 
The culture medium was changed from serum‑free DMEM to 
DMEM containing 10% fetal bovine serum (Gibco-BRL, Grand 
Island, NY, USA) 5 h after transfection. Following culture for 
a further 48 h, total RNA and cellular protein lysates were 
collected and used for reverse transcription-quantitative PCR 
(RT‑qPCR) and western blot analysis, respectively.

MTT assay. LoVo cells were seeded into 96-well plates 
(8x104 cells/well) and assessed by MTT assay. To determine 

viability, the cells were then treated with 5 mg/ml MTT for 
4 h at 37˚C and then the medium was carefully removed. The 
resulting formazan crystals were dissolved in 150 µl dimethyl 
sulfoxide (DMSO), and the absorbance at 570 nm was deter-
mined using a plate reader. 

Protein extraction and western blot anlaysis. Total cellular 
proteins were extracted using lysis buffer containing 150 mM 
NaCl, 10 mM Tris at pH 7.2, 0.1% SDS, 1.0% Triton X‑100, 
1% deoxycholate and 5 mM EDTA. Subsequently, protein 
levels were quantified using the Bio‑Rad Protein Assay kit 
(Bio‑Rad, Hercules, CA, USA). A total of 30 µg protein was 
used for 10% sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS‑PAGE) followed by transfer to PVDF 
membranes  (Bio‑Rad). The PVDF membranes were then 
incubated in 5% milk dissolved in 1X TBST buffer at room 
temperature for 1 h to block the potential non‑specific binding 
of primary antibodies. Subsequently, the primary antibodies, 
including mouse monoclonal anti‑Akt (ab79360), anti‑mTOR 
(ab134903) and anti‑GAPDH (ab22556) antibodies (Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA), were added followed 
by incubation overnight at 4˚C. After washing with 1X TBST 
buffer, the corresponding secondary HRP‑conjugated antibody 
(LS-C170893; Santa Cruz Biotechnology,  Inc.) was added. 
After washing with 1X TBST buffer, the ECL chemilumines-
cent detection system (Pierce Biotechnology, Inc., Rockford, 
IL, USA) and X‑ray films were used for protein detection. The 
blots were then scanned and the band density was quantified 
using the GeneGnome western blot imaging system (Syngene, 
Cambridge, UK) using GeneSnap software.

RNA extraction and RT‑qPCR. Total RNA was extracted from 
the cultured LoVo cells using the RNeasy Mini kit (Qiagen, Inc., 
Valencia, CA, USA). The isolated RNA was quantified by 
measuring its absorbance at 260 nm. The expression level of 
matured miRNAs was analyzed by stem‑loop reverse tran-
scription followed by quantitative PCR (qPCR). All reagents 
for the stem‑loop reverse transcription, including the TaqMan 
MicroRNA Assay kit and the TaqMan Universal PCR Master 
Mix were obtained from Applied Biosystems. miR‑218 expres-
sion in the human colon tissue samples was normalized to the 
endogenous reference gene, GAPDH. For the detection of the 
mRNA expression of PI3K, Akt and mTOR, reverse transcrip-
tion was performed using the PrimeScript™ RT reagent kit 
[Takara Biotechnology (Dalian) Co., Ltd., Liaoning, China]. 
qPCR was performed on a LightCycler 480 System (Roche, 
Basel, Switzerland) using SYBR Premix Ex Taq Ⅱ [Takara 
Biotechnology (Dalian) Co., Ltd.]. GAPDH was used as the 
endogenous control. The 2‑ΔΔCT method was used to quantify 
the expression changes of target genes. Three independent 
experiments were performed.

Wound healing assay. Wound healing assay was conducted 
48  h after cell transfection. An artificial homogeneous 
wound was created on the monolayer using a sterized 200 µl 
micropipette tip when the cells reached approximately 
90% confluency. Cell debris was removed by washing with 
DMEM twice. Wound closure via cell migration was observed 
12 h later by capturing images using an inverted microscope 
with x40 objective (Olympus Corp., Tokyo, Japan).
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Invasion and migration assays and immunofluorescence 
staining. Tumor invasion assay was performed as follows: friefly, 
an 8‑µm pore polycarbonate membrane filter was inserted into 
each Transwell chamber (Corning, Inc., Corning, NY, USA) and 
coated with 50 µl of Matrigel (Sigma, St. Louis, MO, USA) with 
a final concentration of 4 mg/ml. A total of 5x103 transiently 
transfected LoVo cells was then seeded into the upper chamber 
with 100 µl of serum‑free medium, and 1 ml DMEM containing 
20% FBS was added to the bottom chamber. The cells were 
incubated at 37˚C for a further 48 h. For immunofluorescence 
staining, the LoVo cells that had invaded into the lower surface 
of the filter were fixed with 4% paraformaldehyde and stained 
with crystal violet. Cells from 3 random visual fields per filter 
were captured using a microscope at x100 magnification and 
counted for quantification. Tumor cell motility assay was 
performed similarly to the Matrigel invasion assay, but without 
the Matrigel coating of the filter. For all assays, 3 independent 
experiments were performed.

Data analysis. Data are presented as the means ± SD and 
analyzed using SPSS 13.0 software (SAS Institute, Inc., Cary, 
NC, USA). Significant differences/correlations between the 
different groups were calculated using the Student's t‑test, 
χ2 test or Pearson's correlation. A value of P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Aberrant changes in miR‑218 expression and the PI3K/ 
Akt/mTOR pathway in colon cancer tissues. We first examined 
the miR‑218 expression level in the colon cancer and adjacent 

normal tissue samples. It was shown that the expression level 
of miR‑218 was significantly lower in the tumor tissues than 
in the adjacent normal tissues (Fig. 1A). The status of the 
PI3K/Akt/mTOR pathway in thetumor tissues was further 
analyzed, and the results revealed that the expression of PI3K 
and mTOR at both the mRNA and protein level was mark-
edly increased in the tumor tissues compared to the adjacent 
normal tissues (Fig. 1B and C). Whereas the expression of 
Akt was only slightly altered at both the mRNA and protein 
level (Fig. 1B and C), the phosphorylation of Akt protein was 
significantly enhanced in the tumor tissues (Fig. 1C), which 
indicated that the PI3K/Akt/mTOR pathway was aberrantly 
activated in the colon cancer tissue samples.

Overexpression of miR‑218 inhibits the proliferation, migration 
and invasion of LoVo colon cancer cells. As described above, 
miR‑218 expression negatively correlated with the development 
of colon cancer. To investigate the causal role of miR‑218 in the 
development of colon cancer, miR‑218 mimics and inhibitors 
were transfected into the LoVo human colon cancer cells to 
examine the effect of miR‑218 overexpression or inhibition on 
cell proliferation, migration and invasion. MTT assay revealed 
that cell proliferation was significantly inhibited by transfection 
with miR‑218 mimics (24.7±5.5%), while it was significantly 
promoted by transfection with miR‑218 inhibitors (Fig. 2A).

In addition to its effect on cell proliferation, miR‑218 was 
found to be critical for the migration and invasion abilities of the 
LoVo colon cancer cells. In the migration assay, the number of 
invading cells in the lower Transwell chamber was significantly 
decreased in the miR‑218 mimic-transfected group (19.7±5.0%), 
while this number was increased in miR‑218 inhibitor-

Figure 1. Aberrant miR‑218 expression and phosphoinositide 3‑kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) pathway activity in 
colon cancer tissue samples. (A) The miR‑218 level was significantly lower in the colon cancer tissue as compared to the normal tissue samples. (B) The expression 
of PI3K and mTOR at the mRNA level was upregulated, while Akt mRNA expression only slightly altered in the tumor tissues. (C) The expression of PI3K and 
mTOR at the protein level was upregulated, while Akt protein expression was only slightly altered in the tumor tissues. The phosphorylation of Akt was enhanced 
in the tumor tissues. *P<0.05.
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transfected group (117.0±9.6%) (Fig. 2B). Similar phenomena 
were also observed in the Matrigel invasion assay, in which the 
number of invading cells was reduced to 28.3±7.6% by trans-
fection with miR‑218 mimics and increased to 118.7±9.5% by 
transfection with miR‑218 inhibitors (Fig. 2C). Furthermore, 
the rate of wound closure was slower in the miR‑218 mimic-
transfected group, while the rate was increased in the miR‑218 
inhibitor-transfected group (Fig. 2D).

Regulation of the PI3K/Akt/mTOR signaling pathway by 
miR‑218. In order to investigate the molecular mechanisms 
underlying the miR‑218‑mediated development of colon 
cancer, the potential targets of miR‑218 were predicted using 
the TargetScan database. Potential miR‑218 target sites were 
detected in the 3' UTR of PIK3C2A (position 393‑400 of 
PIK3C2A 3' UTR) and PIK3R1 (position 3591‑3598 of PIK3R1 
3' UTR) (Fig. 3A).

The effect of miR‑218 on the PI3K/Akt/mTOR signaling 
pathway was further investigated in the LoVo colon cancer 
cells. It was shown that the expression levels of PI3K and 
mTOR at the mRNA and protein level were upregulated by 
transfection with miR‑218 inhibitor, while they were markedly 
inhibited by transfection with miR‑218 mimics (Fig. 3B, C 
and E). Furthermore, the phosphorylation of Akt was inhibited 
by transfection with miR‑218 mimics, while it was promoted 

by transfection with miR‑218 inhibitor (Fig. 3E). However, the 
expression of Akt at both the mRNA (Fig. 3D) and protein level 
(data not shown) was only slighlty altered following transfec-
tion with miR‑218 mimics or inhibitor. These results indicate 
that miR‑218 is a negative regulator of the PI3K/Akt/mTOR 
signaling pathway.

Expression of MMP9 is inhibited by miR‑218. The degradation 
of basement membranes and the extracellular matrix is critical 
for tumor invasion and metastasis. MMPs, MMP2 and 9 in 
particular, are the most vital enzymes for extracellular matrix 
degradation in tumor invasion (33‑35). This, in combination 
with the fact that miR‑218 was found to negatively correlate 
with tumor migration and invasion, led us to investigate the 
effect of miR‑218 on the expression of MMP9 and MMP2. As 
shown in Fig 4A, transfection with miR‑218 mimics inhibited 
the expression of MMP9 at the mRNA level, while transfec-
tion with miR‑218 inhibitor restored the mRNA expression of 
MMP9. However, MMP2 expression was only slightly altered 
in both the miR‑218 mimic- and the miR‑218 inhibitor-trans-
fected cells (Fig. 4B).

Furthermore, the expression of MMP9 at the protein level 
was analyzed in the colon cancer tissue specimens. It was shown 
that MMP9 expression was significantly higher in the tumor 
tissues as compared to the adjacent normal tissues (Fig. 4C). 

Figure 2. Cell proliferation, migration and invasion are regulated by miR‑218. (A) MTT assay revealed that cell proliferation was significantly inhibited in the 
cells transfected with miR‑218 mimics (24.7±5.5%) as compared to the cells transfected with the non‑specific control or miR‑218 inhibitor. (B) Cell migration 
was significantly decreased in the cells transfected with miR‑218 mimics (19.7±5.0%), while miR‑218 inhibitor promoted the migration of LoVo colon cancer 
cells (117.0±9.6%). (C) Cell invasion was markedly inhibited in the cells transfected with miR‑218 mimics (28.3±7.6%, while it was enhanced in the cells 
transfected with miR‑218 inhibitor (118.7±9.5%), as shown by by Matrigel invasion assay. (D) Cells transfected with miR‑218 mimics showed a slower wound 
closure rate than the cells transfected with the non‑specific control or miR‑218 inhibitor. *P<0.05.
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However, MMP2 expression was quite similar between the 
colon cancer tissues and adjacent normal tissues (Fig. 4C). 
In addition to western blot anlaysis, immunofluorescence 
staining was employed to examine the effect of miR‑218 on 
the expression status of MMP9 and MMP2 in the LoVo colon 
cancer cells, and the results revealed that transfection with the 
miR‑218 inhibitor enhanced the expression of MMP9, while 
transfection with the miR‑218 mimics inhibited MMP9 expres-
sion (Fig. 4D). However miR‑218 had little effect on MMP2 
expression (Fig. 4D).

Discussion

The survival and prognosis of colon cancer is poor, partly due 
to frequent tumor relapse and metastasis. Therefore, clarifica-
tion of the molecular pathogenesis of colon cancer is crucial 
for developing effective therapeutic strategies to improve 
prognosis. In the present study, we focused on the correlation 

between miR‑218 and the development of colon cancer. It was 
found that miR‑218 expression was downregulated in the colon 
cancer cells and tissue samples. Furthermore, the inhibition 
of miR‑218 in the human colon cancer cell line enhanced the 
cell migration and invasion ability, which was suppressed 
by the overexpression of miR‑218. Indeed miR‑218 has also 
been found to inhibit invasion and metastasis in other tumors, 
including gastric cancer (36,37), head and neck squamous cell 
carcinoma (38) and cervical squamous cell carcinoma (39). 
These findings indicate that miR‑218 is a potential tumor 
suppressor in colon cancer.

As described above, miR‑218 functions as a tumor 
suppressor in several types of cancer, and multiple down-
stream targets, such as the Slit‑Robo1 pathway (36), the Wnt 
signaling pathway (40) and the TGFβ signaling pathway (41), 
have been reported. In this study, we found that miR‑218 binds 
to the 3' UTR of PIK3C2A (position 393‑400) and PIK3R1 
(position 3591‑3598), indicating PI3K signaling as a potential 

Figure 3. miR‑218 regulates the phosphoinositide 3‑kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) signaling pathway. (A) The 
TargetScan database revealed that miR‑218 binds to the 3' UTR of PIK3C2A (position 393‑400 of PIK3C2A 3' UTR) and PIK3R1 (position 3591‑3598 of 
PIK3R1 3' UTR). (B) PI3K expression at the mRNA level was inhibited in the LoVo colon cancer cells transfected with miR‑218 mimics, while it was promoted 
in the cells transfected with miR‑218 inhibitor. (C) mTOR expression at the mRNA level was inhibited in the LoVo colon cancer cells transfected with miR‑218 
mimics, while it was promoted in the cells transfected with miR‑218 inhibitor. (D) Akt expression at the mRNA level only slighlty altered following transfection 
with miR‑218 mimics or inhibitor. (E) The expression of PI3K and mTOR at the protein level was examined by western blot analysis; miR‑218 mimics inhibited 
their expression, while miR‑218 inhibitor promoted it. The phosphorylation of Akt protein was inhibited by miR‑218 mimics and was promoted by the miR‑218 
inhibitor in LoVo colon cancer cells. *P<0.05; **P<0.01.
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downstream pathway of miR‑218. We further confirmed that 
miR‑218 is an inhibitor of the PI3K/Akt/mTOR pathway in 
human colon cancer cells. PI3K is a membrane protein related 
to G protein‑coupled receptors (42). PI3K activation triggers a 
series of intracellular events leading to the activation of Akt 
and mTOR (43‑45), which thereafter induces the expression 
of multiple target genes that regulate cell proliferation, differ-
entiation and other funtions (46,47). Our results revealed that 
the PI3K/Akt/mTOR pathway was involved in the invasion 
and metastasis of colon cancer cells, which was negatively 
regulated by miR‑218.

The results of the present study demonstrated that cancer 
cell migration and invasion were inhibited by transfection with 
miR‑218 mimics, whereas transfection with miR‑218 inhibitor 
promoted the migration and invasion of colon cancer cells. 
These results indicate that miR‑218 plays an important role in 
suppressing the metastasis of colon cancer cells. Furthermore, 
there was an inverse correlation between PI3K/Akt/mTOR 
expression and the miR‑218 expression level in the colon 

cancer tissues, which was consistent with our in vitro results. 
These data confirmed that miR‑218 inhibited colon cancer 
cell migration and invasion through the downregulation of 
PI3K/Akt/mTOR.

The activation of the PI3K signaling pathway is also asso-
ciated with the hyper‑expression of MMP, which accelerates 
tumor migration and invasion (48‑51). Our results revealed 
that the activation of the PI3K/Akt/mTOR signaling pathway 
was enhanced and the expression levels of MMP9 were 
significantly higher in thecolon cancer tissues compared with 
the non‑tumor tissues. Furthermore, the overexpression of 
miR‑218 inhibited MMP9 expression and tumor aggressive-
ness. These results indicate that MMP9 is a downstream factor 
of miR‑218 in regulating cancer cell invasion and migration.

In conclusion, our study demonstrated that miR‑218 
suppressed the invasion of colon cancer cells by inhibiting 
the activation of the PI3K/Akt/mTOR signaling pathway and 
MMP9 expression. Furthermore, the miR‑218 expression level 
inversely correlated with both PI3K/Akt/mTOR and MMP9 

Figure 4. Effect of miR‑218 on the expression of matrix metalloproteinase (MMP)9 and 2. (A) MMP9 expression at the mRNA level was inhibited by transfection 
with miR‑218 mimics and was promoted by transfection with miR‑218 inhibitor. (B) MMP2 expression at the mRNA level was not affected by transfection with 
miR‑218 mimics or inhibitor in the LoVo colon cancer cells. (C) MMP9 expression at the protein level was significantly higher in the tumor tissues, whereas MMP2 
expression was normal in the tumor tissues. (D) Immunofluorescence staining revealed that MMP9 expression was inhibited by transfection with miR‑218 mimics 
and was promoted by transfection with miR‑218 inhibitor. miR‑218 mimics/inhibitor had little effect on MMP2 expression.*P<0.05.
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in the resected colon cancer tissues. These findings suggest 
that miR‑218 is a potential target in the treatment of advanced 
colon cancer.
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