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MicroRNA-155 promotes the proliferation and invasion
abilities of colon cancer cells by targeting quaking
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Abstract. The increasing expression of microRNA-155
(miR-155) and decreasing expression of RNA-binding protein
quaking (QKI) in colon cells have been observed previously.
In this study, we attempted to establish the correlation between
miR-155 and QKI. In addition, we assessed whether the
expression of miR-155 and QKI is linked to the proliferation
and invasion capabilities of colon cells. Firstly, nineteen tumor
samples, divided into two groups according to the presence
or absence of lymphatic metastasis, were obtained from colon
cancer patients at the First Affiliated Hospital of Wenzhou
Medical University, China. The expression level of miR-155
and QKI was measured by quantitative polymerase chain
reaction (QPCR). Secondly, the GES-1, SW480 and COLO205
cell lines were cultured and the expression level of QKI and
miR-155 was also assessed by qPCR. Thirdly, a luciferase
reporter gene assay was performed to detect the associa-
tion between miR-155 and QKI, and qPCR and western blot
analysis were performed to confirm the effects of miR-155
on the expression of QKI at the mRNA and protein level.
Subsequently, the SW480 cells were used in the following
experiments. Following treatment with miR-155 inhibitor and
QKI overexpression vector, western blot analysis, propidium
iodide (PI) staining and a cell scratch assay were carried out
to assess the effects of miR-155 on the proliferation and inva-
sion potential of colon cancer cells. qPCR findings revealed
higher miR-155 expression and lower QKI expression in colon
cancer tissues as well as the colon cancer cell lines SW480 and
COLO205. The relative luciferase activity of the 3' untranslated
region (3'UTR) was decreased by approximately 45% when
SW480 cells stimulated by mimic-miR-155 were combined
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with the wild-type 3'UTR constructs. In addition, when the
cells were treated with mimic-miR-155, QKI expression was
significantly decreased at the mRNA and protein level. These
outcomes revealed that miR-155 decreased the production of
QKI by acting on the 3'UTR of the QKI gene. Furthermore,
PI staining and the cell scratch assay revealed that miR-155
influenced the cell cycle and invasion abilities of colon cancer
cells by directly targeting QKI and decreased the production
of QKI by acting on the 3'UTR of the QKI gene. This study
has demonstrated the correlation between miR-155 and QKI,
in which miR-155 regulates the cell cycle and invasion ability
of colon cancer cells via the modulation of QKI expression.
Our study provides novel therapeutic strategies for colon
cancer therapy.

Introduction

Colon cancer is one of the most common types of cancer in the
world, yet its underlying development mechanism is unknown.
However, there are a number of indications regarding the progres-
sion from colonic epithelial cells to carcinoma. Unhealthy eating
habits and environmental pollution aggravate the mutation of
genes controlling cell adhesion and proliferation and conse-
quently play significant roles in cancer development (1).

microRNAs (miRNAs) are a class of approximately 22-nt,
non-coding RNAs, that generally suppress gene expression
through binding to the 3' untranslated region (3'UTR) of target
genes (2-4). microRNA-155 (miR-155) participates in various
aspects of cell physiology: it plays a critical role in the innate
and acquired immune response and is associated with various
diseases including autoimmune disorders, leukemia, athero-
sclerosis and tumors including breast and lung (5).

In previous studies, high expression of miR-155 in colorectal
cancer has been linked to lymph node metastases (6,7).
Furthermore, lymph node metastases have long been associated
with higher proliferation and invasion abilities. At the same
time, a type of RNA-binding protein named quaking (QKI),
which suppresses gastric cancer cell proliferation by decreasing
[-catenin expression (8), has been detected in colon cancer (9).
The phenomenon of high miR-155 expression and low QKI
expression in colon cancer prompted us to investigate the correla-
tion between them and further ascertain whether miR-155 affects
the differentiation of colon cancer by targeting QKI directly.
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Materials and methods

Tissues. The study was approved by the ethics committee
of Wenzhou Medical University (Wenzhou, China). After
obtaining their informed consent, colon tumors and adjacent
normal tissues were collected from surgical patients at the First
Affiliated Hospital of Wenzhou Medical University prior to the
operation. When cancerous tissues were removed, they were
frozen immediately at -80°C. Next, the samples were divided
into two groups depending on the presence of lymphatic
metastasis. The non-invasion group refers to primary colon
cancer samples without lymphatic metastasis, while the inva-
sion group refers to cancer samples with lymphatic metastasis.

Cell culture. Human colon cancer cell lines SW480 and
COLO205, and the non-malignant gastric intestinal epithelial
cell line GES-1 were all cultured in high-glucose Dulbecco's
modified Eagle's medium (DMEM,; Gibco, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (Gibco). Cells were
maintained at 37°C under a 5% CO, atmosphere. SW480 was
selected as the cell type for the remaining experiments.

Quantitative polymerase chain reaction (qPCR). qPCR for
mRNA or miRNA analyses was performed using ABI PRISM®
7900HT (Applied Biosystems, Carlsbad, CA, USA), with the
following reactions: 95° for 30 sec, 40 cycles of 95° for 5 sec
and 65° for 34 sec. The mRNA levels of 18S and U6 were used
as an internal control for mRNA or miRNA, respectively.
Relative expression of RNA was measured using the 244
method. The primers were as follows: QKI: F-rAAGCCC
ACCCCAGATTACCT, R-ACTCTGCTAATTTCTTC
GTCCAG,; p-catenin: FFAAAGCGGCTGTTAGTCACTGG,
R-CGAGTCATTGC ATACTGTCCAT; e-cadherin:
F-CGAGAGCTACACGTTCACGG, R-GGGTGTCGAGGG
AAAAATAGG:; lactase: F-TCCACCGCTGGTCCTCTAA,
R-CACTGTTTTCTCGT CTGGATTCT.

We first analyzed the dissolution curve to determine the
specificity of the qPCR amplification. Quantification of the
relative expression levels of these target genes was obtained by
the formula 222, where AACt = (Ct of the target gene - Ct of
U6) yeamment - (Ct Of the target gene - Ct of U6),,, .- Each treat-
ment condition was evaluated in five wells. Data were given
in arbitrary units relative to the control, which was assigned
a value of 1.

Western blot analysis. Total protein was harvested by lysate cells
with RIPA buffer (Cell Signaling Technologies, Beverly, MA,
USA). The bicinchoninic acid assay was used to determine the
protein concentration. Proteins were separated by SDS-PAGE
gel, and then transferred to a PVDF membrane (Millipore,
Billerica, MA, USA). After blocking with 5% non-fat milk, the
membranes were incubated with corresponding primary anti-
bodies in a TBS/Tween-20 buffer overnight at 4°C. The primary
antibodies were against QKI (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA), -catenin, e-cadherin and lactase (all
from Cell Signaling Technologies). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an endogenous control.
The next day, after washing three times with TBS/Tween-20, the
PVDF membranes were incubated with appropriate secondary
antibodies for 1 h at room temperature. Finally, they were
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washed another three times, then the membranes were soaked
in an enhanced chemiluminescence (ECL) reagent for 5 min.
Immunoreactivity was detected with the ECL reaction (Pierce
Biotechnology, Rockford, IL, USA). All experiments were
repeated three times.

Luciferase reporter assay. The wild-type (WT) 3'UTR and
mutant (Mut) 3'UTR of the human QKI gene were cloned
according to the instructions from http://www.targetscan.org/.
The primers used to amplify the QKI gene were as follows:
QKI-3'UTR F-5'-CACGTCTAGAGCATGTGTTT
GACCTG-3' and QKI-3'UTR R-5-GGACTCCGGAGC
GCATACCAGTAA GCACG-3'. Then the reporter vector was
constructed to the PGL3-basic vector (Promega Corporation,
Madison, W1, USA), and the cloning site was Xbal/Xbal. The
SW480 cells were cultured in 12-well plates. When the cells
reached 80-90% confluence, the cells were transfected with
0.75 pg PGL3-WT-3'UTR-QKI and PGL3-Mut-3'UTR-QKI
plasmids, and then 10 pmol mimic-miR-155 or mimic-control
(Ruibobio, Guangzhou, China) was added using
Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad,
CA, USA). After 24 h, the cells were harvested by digestion.
The luciferase activity was measured according to the manu-
facturer's instructions. The relative luciferase activity was
expressed as the ratio of firefly luciferase fluorescence to
renilla luciferase fluorescence.

Cell cycle assay. The SW480 cells were cultured in DMEM in
12-well plates. When they reached 80% confluence, miR-155
and QKI vector was added to the supernatant. Following
stimulation for 24 h, the SW480 cells were harvested through
centrifugation, and then fixed with a 70% ethanol ice bath for
24 h. The following day, the cells were washed with cold phos-
phate-buffered saline twice, and then stained with propidium
iodide (PI) protected from the light at 37°C for 30 min. Each
treatment condition was investigated in three wells. Then flow
cytometry (BD Biosciences, San Jose, CA, USA) was used to
measure the cell number in the G1, S and G2 phases.

Cell scratch assay. For scratch assays, the SW480 cells (cell
density 5x10°/cm?) were spread in a capsule. Then the cells
were stimulated with various treatments. After overspreading
the entire field of the microscope without overlapping, certain
cells were wiped off to leave a cross-shaped area without
cells. After 24 h, the results were evaluated according to the
coverage of cells.

Statistical analysis. GraphPad 5.0 software (GraphPad
Software Inc., San Diego, CA, USA) was used to process the
data, which are presented as the means + standard deviation.
Comparisons between two groups were performed with a
two-tailed t-test. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

High expression of miR-155 and low expression of QKI in
colon cancer tissues. The qPCR findings revealed higher
miR-155 expression and lower QKI expression in colon cancer
tissue than in normal gastric intestinal epithelial tissue (Fig. 1).
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Figure 1. Expression of microRNA-155 (miR-155) and quaking (QKI) in
colon cancer tissues. The expression of miR-155 increased significantly
in colon cancer tissues compared with normal tissues. Furthermore, colon
cancer tissues with lymph node metastasis (LM) had a higher expression
level of miR-155 than tissues with no lymph node metastasis (NLM). In
contrast, QKI mRNA expression was lower in colon cancer tissues than in
normal tissues, and lower in tissues with lymph node metastasis compared
with tissues without lymph node metastasis. "P<0.05, “P<0.01, compared
with miR-155 expression; “P<0.05, compared with QKI expression.
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Figure 2. Expression of microRNA-155 (miR-155) in colon cancer cell lines
SW480 and COLO205. In accordance with the clinical results, the results
of quantitative polymerase chain reaction demonstrated that miR-155
expression was higher in SW480 and COLO205 than in GES-1. Moreover,
COLO205 expressed a higher level of miR-155 compared with SW480.
“P<0.05, ""P<0.01, compared with miR-155 expression; “P<0.05, #P<0.01,
compared with QKI expression.

Moreover, colon cancer tissues with lymph node metastasis
had higher miR-155 expression than the cancer tissues
without lymph node metastasis (Fig. 1). Correspondingly,
in comparison with the primary colon cancer tissues, lower
QKI expression was observed in the colon cancer tissues with
lymph node metastasis (Fig. 1).

High expression of miR-155 and low expression of QKI in
colon cancer cell lines. As expected, between the SW480 and
COLO205 colon cancer cell lines, COLO205 had the stronger
invasion and metastasis potential. GES-1 was considered to
be the normal control of the two cell lines. qPCR was also
performed to investigate the expression level of miR-155 and
QKI in colon cancer cell lines. Consistent with the results in
cancer tissues, we demonstrated that miR-155 and QKI had a
similar expression profile to the colon cancer tissues (Fig. 2),
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with COLO205 cells having a higher expression level of
miR-155 and lower expression level of QKI (Fig. 2).

miR-155 decreases production of QKI by acting on 3'UTR
of OKI gene. Due to the phenomenon of the simultaneous
existence of a high expression level of miR-155 and a low
expression level of QKI in colon cancer, we speculated that
QKI was the target of miR-155. By using computational
deductions (10), we identified that one miR-155 binding site
was included in the 3'UTR of QKI mRNA. We then designed
luciferase reporters with the WT 3'UTR and Mut 3'UTR of
QKI (Fig. 3A). The relative luciferase activity of the 3'UTR was
decreased by ~45% when SW480 cells were transfected with
mimic-miR-155 (Fig. 3B). Furthermore, when the cells were
treated with mimic-miR-155, the QKI expression was signifi-
cantly decreased at both the mRNA and protein level (Fig. 3C
and D). When they were treated with miR-155 inhibitor, the
expression of QKI increased significantly (Fig. 3C and D).

miR-155 affects the cell cycle of colon cancer cells in a
OKI-dependent manner. In order to verify whether miR-155
affects the colon cancer cell cycle by targeting QKI we firstly
performed PI staining of SW480 cells, and the flow cytom-
etry findings revealed that the ratio of G1/S was increased
in SW480 cells when treated with miR-155 (Fig. 4B). When
treated with the QKI expression vector, the G1/S ratio also
increased significantly (Fig. 4D).

Then, we measured the expression of 3-catenin, which plays
a critical role in the cell cycle of cancer cells by promoting the
expression of the majority of cell cycle-related genes (11,12).
We observed that miR-155 inhibitor decreased the expression
of B-catenin, which was consistent with the results of over-
expression of QKI stimulation (Fig. 4E).

miR-155 suppresses the invasion capabilities of SW480 cells
and inhibits the expression of e-cadherin and lactase by
targeting QKI. A cell scratch assay was carried out to confirm
that miR-155 indeed promotes the invasion capabilities of
colon cancer cells (Fig. 5B). E-cadherin, a cell adhesion-related
protein (13) whose expression is suppressed in colon cancer
cells, and lactase, a differentiation marker of colon cells
which is expressed at a low level in colon cancer cells, both
play significant roles in the differentiation of colon cancer
cells (9,14). Treatment with the miR-155 inhibitor and QKI
overexpression vector increased the expression of e-cadherin
and lactase, which promoted colon cancer cell differentiation;
the results obtained through transfection of miR-155 inhibitor
were similar (Fig. 5E).

Discussion

In a previous study, high expression of miR-155 was detected
in colon cancer and this was considered to be associated with
lymph node metastases (6). To our knowledge, the cellular
and molecular effects of miR-155 on colon cancer cells
have not previously been reported in detail. In this study, we
demonstrated that the RNA-binding protein QKI is a target of
miR-155 in colon cancer cells. miR-155 promotes the prolif-
eration and invasion abilities of colon cancer cells by targeting
QKI.
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Figure 3. Quaking (QKI) is a target of microRNA-155 (miR-155) in colon cancer. A mutative mRNA binding sequence of miR-155 in the 3' untranslated region
(UTR) of QKI mRNA and mutated sequence was constructed (A). Relative luciferase activity was decreased when wild-type (WT) 3'UTR-QKI was treated
with mimic-miR-155, while the relative luciferase activity of mutant (Mut) 3'UTR-QKI was not affected by the same treatment (B). Expression of QKI was
increased significantly following miR-155 inhibitor treatment, and decreased following mimic-miR-155 treatment at the mRNA (C) and protein (D) level.
“4p<0.01, comparing relative luciferase activity between WT-3'UTR-QKI and Mut-3'UTR-QKI treated with mimic-miR-155; "P<0.05, comparing mimic-con-

trol group and mimic-miR-155 group; “P<0.05, comparing inhibitor control group and inhibitor miR-155 group.
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Figure 4. (A-E) miR-155 affects the cell cycle of the colon cancer cell through
quaking (QKI). QKI was demonstrated to be a target of microRNA-155
(miR-155), so we examined whether miR-155 was capable of altering the cell
cycle of the colon cancer cell line, SW480. G1/S was observed to be increased
in SW480 cells when treated with miR-155 inhibitor (B), while on treatment
with QKI overexpression plasmid, the G1/S also increased significantly (D).
One of the key factors of the cell cycle, 3-catenin, was also decreased by the
treatment of miR-155 inhibitor and QKI expression vector (E).
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Figure 5. microRNA-155 (miR-155) affects the invasion capability of colon
cancer cells by targeting quaking (QKI). The cell scratch assay revealed
that after 24 h the SW480 cells covered the area marked with a cross com-
pletely (A), while for cells treated with the miR-155 inhibitor, the thickness
of the cross remained relatively large (B). Similarly, compared with the
vector control (C), the QKI expression vector inhibited the invasion capacity
of SW480 (D). E-cadherin and lactase expression when treated with the
miR-155 inhibitor or QKI expression vector (E).
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As is already known, miRNA is mostly relevant to inflam-
mation, and establishes an association between inflammation
and cancer (15). Recent studies have shown that high expres-
sion of miR-155 was detected in various cancers including
breast (16,17), lung (18), lymphoma and leukemia (19). By
inducing mutator activity, miR-155 intensified the progres-
sion process from normal epithelia cells to cancer cells (20).
The present study demonstrated that miR-155 expression is
positively correlated with lymph node metastasis in colon
cancer, which is consistent with the results of a previous
study (6). Furthermore, our study clarified the connection
between miR-155 and QKI, which exerts anti-proliferative
and differentiative functions in gastric and colon cancer (8.,9).
In accordance with previous studies (6,8,9,20), our results
demonstrated that the low expression of QKI is due to the high
expression of miR-155.

In addition, we revealed that inhibiting the function of
miR-155 restored the expression of QKI. Furthermore, both
overexpression of QKI and inhibition of miR-155 have the
same effect on the cell proliferation and invasion abilities of
colon cancer cells. In order to confirm the effect of miR-155
on the role of invasion abilities of colon cancer cells, we also
analyzed the expression of e-cadherin and lactase, two entero-
cyte markers of colon epithelial cells. The expression levels
of both markers were increased by overexpression of QKI,
whose effects are reached uniformly through the inhibition of
miR-155. The high expression of 3-catenin detected in colon
cancer promotes the proliferation of colon cancer cells and can
be suppressed by miR-320a (21). In our results, the expression
of B-catenin was intensively suppressed by miR-155 inhibition
and QKI overexpression, while QKI was considered to be a
suppressor of 3-catenin.

In conclusion, the present study has revealed that miR-155
regulates the cell cycle and invasion ability of colon cancer
cells via the modulation of QKI expression. The study provides
novel therapeutic strategies for colon cancer therapy.
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