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Abstract: Colorectal cancer (CRC) is one of the leading causes of cancer-associated mortality worldwide. There is in-
creasing evidence that microRNAs (miRNAs) are involved in development and progression of colorectal carcinoma.
miR-145 is a tumor suppressor and has been confirmed as a negative regulator of colorectal cancer. Although mul-
tiple target genes have been identified for miR-145, the molecular mechanism by which it inhibits colon cancer is
still unknown. Here, we used bioinformatic analysis and a reporter assay to identify KLF5, a putative oncoprotein in
colon cancer, as a potential direct target of miR-145. Ectopic expression of mir-145 robustly decreased the expres-
sion of KLF5 proteins in in CRC tissues and cell lines. Furthermore, overexpression of miR-145 induced cell cycle
arrest in the G1 phase colon cancer cells. This phenomenon was consistent with siRNA-mediated down-regulation
of KLF5 in colon cancer cells. Additionally, we performed a rescue experiment to demonstrate that the reexpression
of KLF5 partially attenuated cell cycle arrest in the G1 phase in miR-145 transfected colon cancer cells. Real-time
PCR analysis of colon cancer cell lines showed an inverse relationship between expressions of miR-145 and KLF5,
providing a plausible explanation that high level KLF5 activation in colon carcinoma may be due to the reduction of
miR-145. Our study demonstrated for the first time that miR-145 induces cell cycle arrest in the G1 phase by directly
targeting KLF5 in colon cancer cells; further emphasizing that miR-145 may be a promising candidate in colorectal
cancer therapeutics.
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Introduction onstrated to be required for the development

and progression of colorectal cancer, previous

Colorectal cancer is one of the major causes of
cancer mortality and morbidity worldwide. In
the past two decades, significant progress has
been made in understanding the molecular
mechanism responsible for the development
and progression of colorectal cancer [1]. With
the development of advanced genomic technol-
ogy, the global genomic landscape and critical
gene mutations in colorectal cancer have been
identified [2-4]. Based on a several genetic
models, it has been proposed that colorectal
cancer develops from cumulative stepwise
genetic changes in key genes with important
functions such as the control of cell prolifera-
tion, apoptosis and invasion [5]. Although ab-
normally high activation of multiple signaling
pathways such as the WNT/APC/[3-catenin pa-
thway and RAS/RAF pathway have been dem-

analyses of the genetic modifications have not
clearly defined the underlying cause of this type
of tumor [1, 6]. In recent years, functional stud-
ies have suggested that post-transcriptional
regulation mediated by miRNAs can coordinate-
ly target multiple genes to promote the develop-
ment of colorectal cancer [7]. Given the funda-
mental biological processes regulated by miR-
NAs and the knowledge that many of these
processes are altered in colon cancers, it fol-
lows that we should investigate whether miR-
NAs play a critical role in tumorigenesis of
colorectal tissues and if it can be developed as
a cancer therapy [8].

MicroRNAs are endogenous small non-coding
RNA molecules capable of silencing protein
coding genes by binding complementary se-
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quences in 3’-untranslated regions (3'-UTR) of
target mRNAs to induce their degradation or
translational repression [9]. An increasing body
of evidence has suggested that the aberrant
expression of miRNAs may lead to the initiation
and progression of malignant diseases. Based
on their expression patterns in cancer tissues,
miRNAs can be classified as oncomirs and
tumor suppressive miRNAs. The high level ex-
pression of oncomirs or the low level expres-
sion of tumor suppressive miRNAs is frequently
associated with poor outcomes for clinical
patients, indicating that the forced expression
of tumor suppressive miRNAs or the decreased
expression of endogenous oncomirs could be a
promising strategy for cancer therapeutics [10].
The focus of miRNA-based cancer therapeutics
is the choice of appropriate tumor suppressive
mMiRNAs to introduce selectively into cancer
cells [11]. The decreased expression of miR-
145 has been detected in multiple types of
cancer, including colon cancer, breast cancer,
bladder cancer, prostate cancer, ovarian can-
cer, gastric cancer and even B-cell malignan-
cies [12]. Given that miR-145 is located in a
fragile site of the genome frequently deleted in
cancer tissues, it is reasonable to define miR-
145 as a tumor suppressive miRNA [13].

The transcriptional analysis of p53 directly
binding to a specific DNA site on the promoter
region of miR-145 further confirmed that this
miRNA plays a pivotal role in p53-mediated
tumor suppression [14]. Supporting evidence
indicates that miR-145 inhibits proliferation,
migration, and invasion and induces apoptosis
of cancer cells as previously reviewed [12].
Although various putative target genes of miR-
145 have been experimentally identified to
explain its effect on the migration and invasion
of cancer cells, the molecular mechanism of
the inhibitory effect of miR-145 on the growth
of cancer cells has not been elucidated clearly
[15-18]. Although previous studies have shown
that c-myc and IRS-1 may be the target genes
of miRNAs in colon cancer cells, the specificity
of the interaction was not confirmed by muta-
tional analysis of the seed sequences in each
of these studies [14, 19, 20].

In this study, by loss-of-function and gain-of-
function experiments, we determined that KL-
F5 is a significant target of miR-145, contribut-
ing to the G1/S arrest in colon cancer cells.
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KLF5, also called intestinal-enriched Kruppel-
like factor IKLF, is a member of the KLF family.
It functions as a transcriptional factor in a cell-
type or cell-context dependent manner [21]. It
is expressed predominantly in the intestinal
tract and is concentrated at the base of the
crypt epithelium where active cell division
occurs, indicating that it may be involved in the
accelerated proliferation of specific tissue-
derived cells [22]. KLF5 can enhance colony
formation in non-transformed cells derived
from both the ileum and colon in vitro [23]. In
recent years, it has been reported that KLF5
functions not only in small intestine and colon
tissues, but also in transformed epithelium
[24]. Further study showed that during the pro-
gression of intestinal cancer, KLF5 may have
an oncogenic effect in non-transformed cells
and even accelerate tumor-derived/Ras-trans-
formed cells, suggesting that KLF5 plays a criti-
cal role in the development and progression of
intestinal and colorectal tissues [25]. Although
there is increasing evidence indicating that
KLF5 has robust functions as a factor in carci-
nogenesis by positively regulating cellular pro-
liferation, how KLF5 itself is regulated is still
unclear. Using a high throughput screening sys-
tem, the activation of MAPK and PKB signaling
pathways were shown to be involved in the reg-
ulation of KLF5 at the transcriptional level [26].
However, we describe here for the first time a
regulatory mechanism of KLF5 expression at
the post-transcriptional level. Such in-depth
analysis of the molecular mechanism of miR-
NA-induced cell cycle arrest may help us to
develop novel strategies for cancer therapeu-
tics.

Materials and methods
Cell culture and patient tissue samples

Colon cancer cell lines SW480, SW620, HCT-
116, HT29, DLD-1, Colo205 and GES-1 immor-
talized gastric mucosa cells were obtained
from the Classical Type Collection (Shanghai,
China). Cancer cells were cultured at 37°Cin a
humidified atmosphere of 5% CO, with RPMI-
1640 medium (Life Technologies, Grand Island,
NY, USA) containing 10% fetal calf serum (FCS)
with 50 U/ml penicillin and 50 pg/ml strep-
tomycin. HEK 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM,;
Sigma. St. Louis, MO) supplemented with 10%
FCS.
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Forty one pairs of CRC tissues and matched
adjacent normal tissues were obtained from
patients in Xijing Hospital from 2012 to 2014.
The tissues were snap-frozen in liquid nitrogen
and stored at -80°C until RNA extraction. For
the use of these clinical materials for research
purposes, prior patient’s consents and approv-
al from the Institutional Research Ethics Com-
mittee were obtained.

Bioinformatic analysis of miRNA target genes

We search the following miRNA databases
for the prediction and analysis of putative tar-
get genes of miR-145: http://microrna.sanger.
ac.uk/; http://pictar.bio.nyu.edu/ and http://
www.targetscan.org/vert_40/.

Constructs and luciferase assay

The construct pCDNA3.1-KLF5 harboring the
open reading frame (ORF) of KLF5 was obtained
using standard gene cloning protocols. The
primers used were the following: forward 5-ct-
cgagatggctacaagggtgetgag-3'; reverse 5'-gga-
tcctcagttetggtgectcttcat-3. The full DNA se-
quence of KLF5 ORF was confirmed by auto-
matic DNA sequencing, and the ORF fragment
was inserted into the pCDNA3.1 vector. The
wild-type and mutant miR-145 binding sequenc-
es at the 3’-UTR of KLF5 and its complementa-
ry oligos were synthesized, denatured/rena-
tured, and then cloned into the Pstl/EcoRlI sites
of a luciferase gene in the pGL3 luciferase
vector (Promega). The sense sequences were
5’- aattcgcaagaaaaccacaactaaaactggaaatgta-
tattttgtatatttgagetgea-3'  (wild-type) and 5'-
aattcgcaagaaaaccacaactaattccagttatgtatatttt-
gtatatttgagctgeca-3' (mutant). The antisense
sequences were b’-gctcaaatatacaaaatataca-
tttccagttttagtigtggttttctigeg-3' (wild-type) and
5'-gctcaaatatacaaaatatacatttccagttttagttgtg-
gttttettgeg-3' (mutant). The entire 3-UTR of
KLF5 with either the wild-type or a mutant mir-
145 binding site (the seed residues) was also
cloned into Pstl/EcoRI sites in the modified
pGL3 vector (Promega). Dual luciferase assays
were performed as previously described [27].
Briefly, all plasmids and RNA olignucleotides
were transfected in HEK293T cells in 48-well
plates as indicated. In each well, 10 ng of the
renilla luciferase expressing phRL-TK vector
(Promega, Madison, USA) was co-transfected
for normalizing transfection efficiency. Reporter
plasmids pGL-KLF5/UTR or pGL-KLF5/UTR-Mut
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(200 ng) together with 10 nM miR-145, miR-
145 inhibitor or negative control were co-trans-
fected using Lipofectamine 2000 and Opti-
MEM | reduced serum medium (Life Tech-
nologies, CA, USA). After 48 h, cells were har-
vested with 100 uL PLB reagent (Promega,
Madison, USA), and 20 pL cell lysates were pre-
pared in reporter lysis buffer (Promega). Firefly
luciferase activity was measured for each well
using the Dual Luciferase Assay Kit (Promega)
with an analytical luminometer (TD-20/20,
Turner Designs, Sunnyvale, USA) according to
the manufacturer’s instruction. Briefly, 10% vol-
ume of each cell lysate (20 uL) was added to
100 pL of Luciferase Assay Reagent Il. The
reaction was stopped with the addition of 100
puL Stop & Glo reagent. Normalized relative
luciferase activity (RLA) was calculated using
the following formula: RLA = [firefly luciferase
activity]/[renilla luciferase activity].

Total RNA preparation and reverse transcrip-
tion

Total RNA from cell lines were extracted using
Trizol (Invitrogen, USA). Concentration and pu-
rity of total RNA were measured using a
SmartSpec Plus spectrophotometer (Bio-Rad,
CA, USA). The ratio of A260:A280 was used to
indicate the purity of total RNA. cDNA was gen-
erated using the miScript Reverse Transcription
Kit (Qiagen, Hilden, Germany). According to the
manufacturer’s instructions, 1 ug total RNA, 1
pL miScript Reverse Transcriptase Mix, 4 uL 5 x
miScript RT buffer and an appropriate volume
RNase-free water were mixed well and incubat-
ed for 5 min at 95°C to inactivate the miScript
Reverse Transcriptase Mix. All reverse tran-
scriptions and no-template controls were run
simultaneously.

Real-time polymerase chain reaction (PCR)
analysis

A miScript SYBR Green PCR Kit (Qiagen, Hilden,
Germany) was used to measure the expression
of mature miR-145 in collected colon cancer
cell lines after reverse transcription. Real-time
PCR was performed using on an ABI 7500
QPCR System (ABI, USA), following the manu-
facturer’s protocol. The 20 uyl PCR mixture
included 2 ul reverse transcription product, 10
pl 2 x, QuantiTect SYBR Green PCR Master Mix,
2 pl 10 x miScript Universal Primer, 2 yl 10 x
miScript Primer Assay (specific for miR-145,
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Figure 1. Downregulation of miR-145 expression in CRC tissues and cell lines. A. The expression of miR-145 in 41
pairs of CRC tissues and paired adjacent non-tumorous colorectal tissues were examined by RT-gPCR. B. The ex-
pression levels of miR-145 in immortalized gastric mucosa cells (GES) and 6 CRC cell lines. Transcription levels were
normalized to U6 expression. Data are presented as means + SD. "P < 0.05, P < 0.01, ™"P < 0.001.

purchased from Qiagen, Hilden, Germany), and
4 pl RNase-free water. The reaction mixtures
were incubated at 95°C for 15 min, followed by
40 amplification cycles of 94°C for 15 s, 55°C
for 30 s, and 70°C for 30 s. The threshold cycle
(Ct) was defined as the fractional cycle number
at which the fluorescence passed the fixed
threshold. We also quantified U6 small nuclear
2 RNA transcripts using the Hs_RNUG6B_2 miS-
cript Primer Assay (Qiagen, Hilden, Germany)
for normalizing miR-145 levels.

Synthetic miR-145 mimics, inhibitor and siRNA
targeting KLF5

mir-145 mimics, mir-145 inhibitor, KLF5 target-
ing siRNA (siKLF5-11: cacacacaccucugcugu-
ucc; siKLF5-2: aagcucaccugaggacucaca) and
negative control RNA oligonucleotides were
all purchased from Genepharma Corporation
(Shanghai, China). All RNA oligonucleotides are
transiently transfected into cells by using
Lipofectamine 2000 according to the manufac-
turer’s procedure (Invitrogen, CA, USA) at a final
concentration of 50 nM.

Cell growth assay

Cells were subjected to an MTT [3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide] assay (Sigma Aldrich) to evaluate the
metabolic rate of cells as previously described
[27]. Twenty-four hours after seeding (1 x 103
per well), 20 uL (5 mg/ml) of MTT was added to
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each well of a 96-well plate for incubation for 4
h at 37°C. The supernatant was removed, and
150 pL of DMSO was added after 10 min of
oscillation. The absorbance (OD) was deter-
mined using an ELISA detector at the wave-
length of 490 nm.

Flow cytometric analysis of cell cycle distribu-
tion

One day before transfection, 5 x 10° colon can-
cer cells were plated into 6-well culture plates.
Cells were transfected with miR-145, miR-145
inhibitor or negative control. Forty-eight hours
after transfection, cells were harvested and
fixed in 70% ethanol at 4°C overnight and th-
en stained with 250 pg/mL propidium iodide
(Sigma-Aldrich), 5 pg/mL RNase A (Sigma-
Aldrich) and 5 mmol/L EDTA in PBS (pH 7.4) for
30 min. The cell cycle analysis was perform-
ed using a FACScan (Beckman Instruments,
Fullerton, CA, USA). Each transfection was per-
formed in triplicate.

Western blot analysis

Cells were transfected with miR-145 mimics,
miR-145 inhibitor or negative control in six-well
plates. After transfection, cells were cultured
for 72 h, and the proteins were extracted using
RIPA lysis buffer supplemented with a protease
inhibitor cocktail (Sigma, USA). Protein samples
(30 pg) were resolved by 12% SDS-PAGE and
then transferred to nitrocellulose membranes.

Int J Clin Exp Pathol 2016;9(5):5197-5209
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Figure 2. The effect of ectopic expression of miR-145 on the proliferation of colon cancer cells. A. qRT-PCR analysis
of mature miR-145 in SW480 and SW620 colon cancer cells transfected with miR-145 mimics in the indicated time
point. B. miR-145 mimics-transfected and NC mimics-transfected colon cancer cells were assessed by MTT assay
with the mean data from two independent experiments, each carried out in triplicate. C. The cell cycle distribution
of miR-145 mimics-transfected and NC mimics-transfected colon cancer cells was calculated by FACS assay. D. The
protein expression of cyclin-D1 of miR-145 mimics-transfected and NC mimics-transfected colon cancer cells was
detected by Western blot. Data are presented as means + SD. “P < 0.05.

The membranes were blocked by TBST buffer
(TBS plus 0.1% Tween-20) containing 5% w/v
non-fat milk and hybridized with primary anti-
body, followed by incubation with specific HRP-
conjugated secondary antibody. Protein bands
were visualized by the ECL detecting system
(Pierce, USA). Mouse monoclonal anti-KLF5
(Abcam, USA) and anti-cyclin-D1 (CST, USA)
were used. Monoclonal anti-actin (1:5000,
Sigma-Aldrich, USA) was used for the loading
control.
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Statistical analysis

Statistical analysis was performed using SPSS
15.0 software (SPSS Inc., USA). Data are
expressed as the mean * standard deviation
(SD) from at least three separate experiments.
The differences between groups were analyzed
using the Student t test to compare two groups
or by one-way ANOVA for more than two groups.
A value of P < 0.05 was considered to be statis-
tically significant.

Int J Clin Exp Pathol 2016;9(5):5197-5209
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Figure 3. miR-145 targets 3'-UTR of KLF5 gene and attenuates KLF5 expression in colon cancer cells. A. Repre-
sentative nucleotide sequence matches binding sites of miR-145. The panel shows predicted duplex combination
between the human KLF5 3’'UTR and miR-145 (upper, sequence of KLF5 3’'UTR containing miR-145 binding site;
middle, sequence of the miR-145; lower, sequence of KLF5 3’UTR containing mismatched miR-145 binding site as
indicated in bold letters ). B. The luciferase activity of a reporter plasmid containing wild-type of KLF5 3’UTR (Luc-
KLF5-3’UTR) or mutated-type of KLF5-3'UTR (Luc-KLF5-mutation 3’'UTR) was measured in HEK293 cells which were
co-transfected with miR-145 or NC mimics. C. The KLF5 protein level was detected in miR-145 mimics-transfected
and NC mimics-transfected SW480 and SW620 cells by using Western blot 48 h after transient transfection. D. The
KLF5 mRNA level was detected in miR-145 mimics-transfected and NC mimics-transfected colon cancer cells by
using qPCR 48 h after transient transfection. Each bar represents the mean value + SD from three independent
experiments ("P < 0.05).

Results cancer cell lines examined, the intestinal epi-
thelial-derived cell line GES had the highest
level of miR-145 expression (Figure 1A). Taken
together, these results suggest that the down-
regulation of miR-145 may play important roles

in CRC carcinogenesis and progression.

miR-145 significantly down-regulated in CRC
tissues and cell lines

To study the expression and significance of
miR-145 in CRC carcinogenesis, we measured

the expression of miR-145 in 41 pairs of CRC Ectopic expression of miR-145 inhibits prolif-

tissues and their matched adjacent normal tis-
sues. The results showed that miR-145 expres-
sion was significantly decreased in CRC tissues
compared with their matched normal tissues
(Figure 1B). We further assessed the expres-
sion levels of miR-145 in different CRC cell lin-
es (SW480, SW620, HCT-116, HT29, DLD-1,
Colo205). Compared with most of the colon
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eration of colon cancer cells by inducing cell
cycle arrest at G1/S transition

There is growing evidence demonstrating that
miR-145 is a bona fide tumor suppressive
miRNA in many types of cancer, including colon
cancer [28]. An in vivo study showed that appli-
cation of miR-145 can obviously inhibit growth

Int J Clin Exp Pathol 2016;9(5):5197-5209
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of colon cancer cells in tumor-bearing nude
mice [29]. However, the mechanism of tumor
inhibition by miR-145 has not been properly
elucidated, and whether miR-145 may induce
cell cycle arrest in colon cancer cells is uncer-
tain. In this study, we introduced exogenous
miR-145 mimics into the colon cancer cell lines
SW480 and SW620. After transient transfec-
tion of miRNA mimics, we examined the kinetic
pattern of miR-145 expression in cancer cells
by gRT-PCR. The expression level of miR-145
was upregulated by 10-fold (P < 0.01) in SW480
cells transfected with miR-145 mimics com-
pared to the cells transfected with negative
control (NC) mimics, and this high-level expres-
sion of miRNA was sustained for at least 72 h
(Figure 2A), demonstrating that the effect of
exogenous miR-145 in colon cancer cells may
be evaluated for a sufficient amount of time
over the course of our experiment. Analysis by
the MTT assay showed that ectopic expression
of miR-145 led to a significant reduction in cell
growth compared with the control mimics in
these two colon cancer cell lines (Figure 2B).

To further assess the effect of miR-145 on pro-
liferation of colon cancer cells, we examined
cell cycle distribution by using flow cytometry.
The mir-145-transfected SW480 and SW620
cells showed higher percentages of cells in the
GO/G1 phase and lower percentages of S
phase or G2/M phase cells (P < 0.05; Figure
2C). It is well known that the G1-S transition is
under the control of cyclinD/CDK4 complexes.
As the G1/S transition is defined by accumula-
tion of cyclin-D1, we determined its expression
in colon cancer cell lines transfected with miR-
145 and the control mimics by Western blot. As
indicated in Figure 2D, the expression of cy-
clin-D1 was significantly decreased in miR-
145-transfected SW480 and SW620 cells as
compared with control miRNA-transfected can-
cer cells. These results suggested that the
ectopic expression of miR-145 decreased cy-
clin-D1 expression in colon cancer cells, delin-
eating the role of miR-145 in the inhibition of
colon cancer cell proliferation.

KLF5 is a direct target of miR-145 in colon
cancer cells

Given that many miRNAs have been identified

as direct negative regulators of cyclin-D1, we
wanted to test whether miR-145 may also be
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a direct modulator of cyclin-D1 in controlling
G1/S transition. Thus, we cloned the full-length
3'UTR of cyclin-D1 and constructed the cyclin-
D1 3'UTR reporter plasmid to examine if miR-
145 induces G1 phase arrest through the direct
regulation of cyclin-D1 expression by a post-
transcriptional regulatory mechanism. However,
our luciferase reporter assay failed to detect an
obvious effect of miR-145 mimics on the 3'UTR
of cyclin-D1 (data not shown), suggesting th-
at other yet unidentified molecule(s) may be
involved in miR-145-mediated G1 phase arrest
and the regulation of cyclin-D1 expression in
colon cancer cells.

Using the Targetscan program and database, a
serial of miR-145 target genes was found.
Among them was the transcriptional factor
KLF5 which contains one predicted target
sequence for miR-145 from positions 123 to
134 in its 3'-UTR (Figure 3A). Thus, we hypoth-
esized that KLF5 may play an important role in
the miR-145-mediated control of the G1/S cell
cycle transition of colon cancer cells.

To test if miR-145 directly targets the KLF5
gene, we inserted a DNA sequence containing
the miR-145 binding sites (3’'UTR) of the KLF5
gene into a modified luciferase reporter vector.
To demonstrate the specificity of miR-145 tar-
geting of the KLF5 gene, we also generated a
mutant reporter construct containing modifica-
tions in the miR-145 binding sites within the
KLF5 3'UTR (Figure 3B). We transfected the
reporter constructs into HEK293 cells along
with synthetic miR-145 or NC mimics. At 48 h
after transfection, the miR-145 had suppressed
the luciferase reporter activity by more than
60%, whereas mutation of the predicted miR-
145 binding sites abolished the suppressive
effect of miR-145 on the luciferase activity. Our
result suggests that miR-145 may directly
attenuate the expression of KLF5 by binding to
its 3-UTR.

Western blot analysis of the total protein
extracts from SW480 and SW620 cells trans-
fected with miR-145 showed an obvious down-
regulation of KLF5 at the protein level (Figure
3C) compared to the control groups. Quanti-
fication of the KLF5 immuno-bands on the
Western blot demonstrated that mir-145 ca-
used a 40% or 30% reduction of KLF5 proteins
in both SW480 and SW620 cells, respective-
ly, after normalization by B-actin (Figure 3C).

Int J Clin Exp Pathol 2016;9(5):5197-5209
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Figure 4. Targeting KLF5 is involved in tumor suppression of miR-145 in colon cancer cells. A. qPCR analysis of KLF5
expression in colon cancer cells transfected with siRNAs targeting KLF5. B. The cell cycle distribution of KLF5-siRNA-
transfected and NC siRNA-transfected colon cancer cells was calculated by FACS assay. C. Western blot analysis of
exogenous KLF5 expression in SW480 colon cancer cells. D. The cell cycle distribution of SW480 and SW620 cells
transfected with pCDNA3.1 control as compared with the group transfected with both pCDNA3.1-KLF5-myc and miR-

145 mimics. Data are presented as means + SD. *P < 0.05.

These results indicated that KLF5 is a direct
target of miR-145 in colon cancer cells. To fur-
ther analyze the regulatory mechanism of miR-
145 on KLF5 expression, we transiently trans-
fected miR-145 mimics into colon cancer cell
lines and quantatively (qRT-PCR) measured
KLF5 expression at the mRNA and protein lev-
els. The results demonstrated that miR-145
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reduced accumulation of KLF5 via the degrada-
tion of KLF5 mRNA (Figure 3D).

miR-145 suppresses colon cancer cells by tar-
geting KLF5

To investigate whether miR-145 regulates the
cell cycle by targeting KLF5, we used siRNA to

Int J Clin Exp Pathol 2016;9(5):5197-5209
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silence KLF5 expression in SW480 and SW620
colon cancer cell lines. gRT-PCR analysis con-
firmed that our KLF5 siRNA targeting could
obviously reduce KLF5 expression (Figure 4A).
siRNA knockdown of KLF5 in SW480 and
SW620 colon cancer cells induced significant
levels of cell cycle arrest at the G1/S transition
phase (Figure 4B). These results indicate that a
reduction of KLF5 expression can mimic miR-
145 to inhibit proliferation of colon cancer cells
by regulating the cell cycle, suggesting that tar-
geting KLF5 may be the mechanism of the
tumor suppression by miR-145 in colon cancer
cells.

Overexpression of KLF5 rescues miR-145-in-
duced cell cycle arrest of colon cancer cells in
G1/S transition

To further validate that the effect of miR-145 on
the cell cycle is mediated by KLF5, we per-
formed a “rescue” experiment to re-express
KLF5 cDNA lacking the 3-UTR prior to trans-
fecting cells with miR-145 and testing the cell
cycle profiles. The KLF5 expression level was
also verified by Western blot in this experiment
(Figure 4C). The analysis of cell cycle distribu-
tion revealed that forced KLF5 expression par-
tially attenuated miR-145-induced cell cycle
arrest in SW480 and SW620 cells (Figure 4D).
These data suggested that the effects of miR-
145 on the cell cycle were partially mediated by
KLF5. Interestingly, when we transiently trans-
fected exogenous KLF5 without the 3'UTR
sequence into HT29 colon cancer cells, we did
not detect an obvious change of cell cycle dis-
tribution in HT29-KLF5 cells compared with
HT29-pCDNA3.1 or intact parental cells (Data
not shown). This phenomenon may be explained
if the proliferation of only some types of colon
cancer cell lines is dependent upon KLF5.

Discussion

It has been more than a decade since miRNAs
were first found to function in the development
and progression of cancer [30]. Currently, miR-
NAs are not only used as biomarkers for the
diagnosis and prognosis of malignant diseases,
but they are also being developed as promising
candidates in cancer therapeutics [11]. In
recent years, miRNA-based therapeutic strate-
gies have been explored to inhibit growth of
cancer cells by overexpression of tumor sup-
pressive miRNAs in several preclinical trials
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[31-33]. Other anti-tumor strategies such as
SiRNA utilize synthetic RNA-oligonucleotides to
silence only one oncogenic gene within a key
malignancy pathway of cancer cells, and thus
may not be practical for clinical applications
given the heterogeneous nature of tumors.
However, the miRNA-based therapeutic strate-
gy is different in that it aims to restore a natural
tumor-suppressive function [34]. As tumor sup-
pressive miRNA are frequently downregulated
in carcinoma cells, its restoration can suppress
tumor growth by affecting several malignancy
end points via downregulation of multiple onco-
genes [35]. Thus, miRNA-based therapeutics
may be an optimal strategy for the treatment of
malignant diseases, and exploring the molecu-
lar mechanism of tumor suppression by miR-
NAs is indispensible for taking this approach
from bench to bedside.

In our study, we focused on the molecular
mechanism of miR-145-induced cell cycle
arrest in the G1/S transition. Given that miR-
145 is a well-known tumor suppressive miRNA,
the in-depth analysis of its role in cell cycle
arrest would further validate the use of miR-
145-based therapeutics in colon cancer. Mir-
145 is the first miRNA identified to be down-
regulated in colorectal carcinoma [28]. As men-
tioned above, the genomic region encoding
miR-145 is often deleted in cancer [13]. We
found that levels of miR-145 in patient colon
tumor tissues were much lower than in adja-
cent normal tissues. Consistent with the results
found in CRC tissues, miR-145 expression lev-
els were significantly lower in all six CRC cell
lines tested compared with immortalized gas-
tric mucosa cells. Accordingly, ectopic expres-
sion of miR-145 was demonstrated to inhibit
and even suppress anchorage-independent
growth of many types of colon cancer cell lines,
indicating that downregulation of miR-145 can
promote carcinogenesis of colorectal tissue.
Indeed, reintroduction of this miRNA can effi-
ciently reverse the malignant phenotype of
colorectal cancer cells [36]. Although one
mMiRNA can simultaneously target a large num-
ber of target genes that result in detectable
changes in mammalian cells [9], the previously
experimentally identified direct target genes of
miR-145 could not provide a reasonable expla-
nation for miR-145-induced cell cycle arrest of
colon cancer cells in G1/S transition [19, 20,
37]. Using in silico analysis, putative targets of

Int J Clin Exp Pathol 2016;9(5):5197-5209



MicroRNA-145 induces cell cycle arrest in G1 phase by targeting KLF5

miR-145 with potential oncogenic functions
have been predicted such as MYCN, FOS, YES
and FLI, CCDN2, CDK3 and mitogen activated
protein kinase pathway (MAPK) MAP3K3 and
MAPK4K4. However, few of them have been
shown to be involved in miR-145-induced cell
cycle arrest [28].

Here, we predicted that KLF5, a member of the
zinc finger family of proteins, may be one direct
target gene negatively regulated by miR-145. To
identify the bona fide target genes of a specific
miRNA, solid experimental evidence should be
obtained following several critical standard
rules. First, the miRNA must be tested to deter-
mine whether it can directly bind the 3'UTR or
ORF region of target genes [38]. Second, ecto-
pic expression of the miRNA should result in
obvious downregulation of the target gene at
either the translational or transcriptional level
[9]. Third, the phenotype of ectopically ex-
pressed miRNA should be similar to that of siR-
NA-induced silencing of target genes. Fourth, in
a “rescue” experiment, the miRNA-mediated
phenotype should be reversed by reintroduc-
tion of the target genes with no nucleotide
sequences complementary to that of the mi-
RNA. Finally, an inverse correlation between
the miRNA and its target genes should be
observed in vivo. Based on these standards,
our series of experiments presented here dem-
onstrated that KLF5 is a direct target gene of
miR-145 in colon cancer cells. The results of
both the reporter assay and Western blot analy-
sis preliminarily identified the downregulation
of KLF5 by miR-145 in colon cancer cells
(Figures 2 and 3). In the functional experiment,
the transient transfection of miR-145 robustly
inhibited expression of KLF5 in SW480 and
SW620 colon cancer cell lines. The cell cycle
distribution analysis was consistent with anoth-
er experiment showing that transient transfec-
tion of miR-145 mimics induced cell cycle arrest
of these two colon cancer cell lines in G1/S
transition. Notably, a “rescue” experiment dem-
onstrated that restoration of KLF5 partially
attenuated miR-145-induced cell cycle arrestin
the SW480 cell line, indicating that KLF5 may
function in miR-145-mediated cell cycle arrest
in G1/S transition. We did not perform the par-
allel “rescue” experiment in SW620 cells since
the liposome-mediated transfection of pCDNA-
KLF5 was not high enough to result in an ob-
vious change unlike with the SW480 cells.
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Previous studies have demonstrated that KLF5,
as a promoter of cellular proliferation, can con-
trol G1/S transition by increasing CCND1,
CCNB1 and CDC2 expression at the transcrip-
tional level [39, 40]. It was also reported that
overexpression of KLF5 accelerated monolay-
er proliferation and anchorage-independent
growth of non-transformed epithelial cells, sug-
gesting that KLF5 may have oncogenic poten-
tial in colon cancer [23]. Accordingly, a breast
cancer study also found that high level expres-
sion of KLF5 correlated with poor prognosis of
clinical patients [41]. Thus, our present study
together with previous reports support the
notion that KLF5 plays a critical role in miR-
145-induced cell cycle arrest of colon cancer
cells in G1/S transition.

Although we have demonstrated that KLF5 is a
bona fide direct target gene of miR-145 in colon
cancer cells, we cannot exclude the possibility
that other unidentified target genes are involved
in miR-145-induced cell cycle arrest in colon
cancer cells. It was reported previously that
overexpression of miR-145 also has an inhibi-
tory growth effect on HT29 colon cancer cells
[28]. Our future studies will focus on discover-
ing additional target genes involved in miR-
145-mediated cell cycle regulation. Strikingly,
when we transferred exogenous KLF5 into
HT29 colon cancer cells, we did not detect an
obvious change of cell cycle distribution (data
not shown). This further emphasized that
although KLF5 was demonstrated to be impor-
tant in cell cycle regulation of colon cancer
cells, the KLF5-dependent cancer proliferation
may only occur in certain colorectal tissue-
derived transformed cells.

A recent study from a triple-gene knock-in ani-
mal model has shown that KLF5 is a crucial
mediator of carcinogenesis in mice harboring
combined ApcMin and KRASV12 mutations
[42], highlighting an important role of KLF5
in intestinal tumorigenesis. Considering that
KLF5 was found to be a direct target gene of
miR-145 in colon cancer cells in our present
study, it can been easily concluded that the
decreased miR-145 expression combined with
high level activation of K-Ras and loss of APC
function leads to tumorigenesis of colorectal
tissue. In our future studies we will analyze the
relationship between the expression pattern
of these molecules and prognosis of clinical
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patients. Taken together, our study for the first
time demonstrated that miR-145 induces cell
cycle arrest in the G1 phase, at least partially,
by directly targeting KLF5 in colon cancer cells,
providing further evidence that miR-145 could
be a promising candidate in therapy for colorec-
tal cancer.

Acknowledgements

This study was supported by National Science
Foundation of China (81400110, 81400144,
8117228 & 81370928).

Disclosure of conflict of interest
None.

Address correspondence to: Li Liu, Department of
Hematology, Tangdu Hospital, Fourth Military
Medical University, Xi'an 710038, China. E-mail:
liulil@medmail.com.cn; Tao Wang, Department of
Immunology, Fourth Military Medical University,
Xi'an 710032, China. E-mail: fmmuwangt@fmmu.
edu.cn

References

[1] Fearon ER, Vogelstein B. A genetic model for
colorectal tumorigenesis. Cell 1990; 61: 759-
67.

[2] Wood LD, Parsons DW, Jones S, Lin J, Sjéblom
T, Leary RJ, Shen D, Boca SM, Barber T, Ptak J,
Silliman N, Szabo S, Dezso Z, Ustyanksky V,
Nikolskaya T, Nikolsky Y, Karchin R, Wilson PA,
Kaminker JS, Zhang Z, Croshaw R, Willis J,
Dawson D, Shipitsin M, Willson JK, Sukumar S,
Polyak K, Park BH, Pethiyagoda CL, Pant PV,
Ballinger DG, Sparks AB, Hartigan J, Smith
DR, Suh E, Papadopoulos N, Buckhaults P,
Markowitz SD, Parmigiani G, Kinzler KW,
Velculescu VE, Vogelstein B. The genomic land-
scapes of human breast and colorectal can-
cers. Science 2007; 318: 1108-13.

[3] Bozic I, Antal T, Ohtsuki H, Carter H, Kim D,
Chen S, Karchin R, Kinzler KW, Vogelstein B,
Nowak MA. From the Cover: Accumulation of
driver and passenger mutations during tumor
progression. Proc Natl Acad Sci U S A 2010;
107: 18545-50.

[4] Schumacher FR, Schmit SL, Jiao S, Edlund CK,
Wang H, Zhang B, Hsu L, Huang SC, Fischer CP,
Harju JF, ldos GE, Lejbkowicz F, Manion FJ,
McDonnell K, McNeil CE, Melas M, Rennert
HS, Shi W, Thomas DC, Van Den Berg DJ,
Hutter CM, Aragaki AK, Butterbach K, Caan BJ,
Carlson CS, Chanock SJ, Curtis KR, Fuchs CS,
Gala M, Giocannucci EL, Gogarten SM, Hayes
RB, Henderson B, Hunter DJ, Jackson RD,

5207

(7]

[10]

(11]

[12]

(13]

(14]

Kolonel LN, Kooperberg C, Kury S, LaCroix A,
Laurie CC, Laurie CA, Lemire M, Levine D, Ma J,
Makar KW, Qu C, Taverna D, Ulrich CM, Wu K,
Kono S, West DW, Berndt Sl, Bezieau S,
Brenner H, Campbell PT, Chan AT, Chang-
Claude J, Coetzee GA, Conti DV, Duggan D,
Figueiredo JC, Fortini BK, Gallinger SJ,
Gauderman WJ, Giles G, Green R, Haile R,
Harrison TA, Hoffmeister M, Hopper JL, Hudson
TJ, Jacobs E, Iwasaki M, Jee SH, Jenkins M, Jia
WH, Joshi A, Li L, Lindor NM, Matsuo K, Moreno
V, Mukherjee B, Newcomb PA, Potter JD,
Raskin L, Rennert G, Rosse S, Severi G, Schoen
RE, Seminara D, Shu X0, Slattery ML, Tsugane
S, White E, Xiang YB, Zanke BW, Zheng W, Le
Marchand L, Casey G, Gruber SB, Peters U.
Genome-wide association study of colorectal
cancer identifies six new susceptibility loci. Nat
Commun 2015; 6: 7138.

Oving IM, Clevers HC. Molecular causes of co-
lon cancer. Eur J Clin Invest 2002; 32: 448-57.
Kaiser J. Cancer. First pass at cancer genome
reveals complex landscape. Science 2006;
313: 1370.

Cummins JM, He Y, Leary RJ, Pagliarini R, Diaz
LA Jr, Sjoblom T, Barad O, Bentwich Z,
Szafranska AE, Labourier E, Raymond CK,
Roberts BS, Juhl H, Kinzler KW, Vogelstein B,
Velculescu VE. The colorectal microRNAome.
Proc Natl Acad Sci U S A 2006; 103: 3687-92.
Schetter AJ, Leung SY, Sohn JJ, Zanetti KA,
Bowman ED, Yanaihara N, Yuen ST, Chan TL,
Kwong DL, Au GK, Liu CG, Calin GA, Croce CM,
Harris CC. MicroRNA expression profiles asso-
ciated with prognosis and therapeutic out-
come in colon adenocarcinoma. JAMA 2008;
299: 425-36.

Bartel DP. MicroRNAs: target recognition and
regulatory functions. Cell 2009; 136: 215-
233.

Garzon R, Calin GA, Croce CM. MicroRNAs in
Cancer. Annu Rev Med 2009; 60: 167-79.

van Rooij E, Kauppinen S. Development of mi-
croRNA therapeutics is coming of age. EMBO
Mol Med 2014; 6: 851-64.

Sachdeva M, Mo YY. miR-145-mediated sup-
pression of cell growth, invasion and metasta-
sis. Am J Transl Res 2010; 2: 170-80.

Calin GA, Sevignani C, Dumitru CD, Hyslop T,
Noch E, Yendamuri S, Shimizu M, Rattan S,
Bullrich F, Negrini M, Croce CM. Human mi-
croRNA genes are frequently located at fragile
sites and genomic regions involved in cancers.
Proc Natl Acad Sci U S A 2004; 101: 2999-
3004.

Sachdeva M, Zhu S, Wu F, Wu H, Walia V,
Kumar S, Elble R, Watabe K, Mo YY. p53 re-
presses c-Myc through induction of the tumor
suppressor miR-145. Proc Natl Acad Sci US A
2009; 106: 3207-12.

Int J Clin Exp Pathol 2016;9(5):5197-5209


mailto:liuli1@medmail.com.cn
mailto:fmmuwangt@fmmu.edu.cn
mailto:fmmuwangt@fmmu.edu.cn

[15]

(16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

MicroRNA-145 induces cell cycle arrest in G1 phase by targeting KLF5

Chen B, Huang Z, Zhang Y, Chen Y, Li
Z. MicroRNA-145 Suppresses Osteosarcoma
Metastasis via Targeting MMP16. Cell Physiol
Biochem 2015; 37: 2183-2193.

Xia W, Chen Q, Wang J, Mao Q, Dong G, Shi R,
Zheng Y, Xu L, Jiang F. DNA methylation medi-
ated silencing of microRNA-145 is a potential
prognostic marker in patients with lung adeno-
carcinoma. Sci Rep 2015; 5: 16901.

Pagliuca A, Valvo C, Fabrizi E, di Martino S,
Biffoni M, Runci D, Forte S, De Maria R, Ricci-
Vitiani L. Analysis of the combined action of
miR-143 and miR-145 on oncogenic pathways
in colorectal cancer cells reveals a coordinate
program of gene repression. Oncogene 2013;
32:4806-13.

Sachdeva M, Mo YY. MicroRNA-145 suppress-
es cell invasion and metastasis by directly tar-
geting mucin 1. Cancer Res 2010; 70: 378-87.
Shi B, Sepp-Lorenzino L, Prisco M, Linsley P,
deAngelis T, Baserga R. MicroRNA 145 targets
the insulin receptor substrate-1 and inhibits
the growth of colon cancer cells. J Biol Chem
2007; 282: 32582-90.

Gregersen LH, Jacobsen AB, Frankel LB, Wen J,
Krogh A, Lund AH. MicroRNA-145 targets YES
and STAT1 in colon cancer cells. PLoS One
2010; 5: e8836.

McConnell BB, Ghaleb AM, Nandan MO, Yang
VW. The diverse functions of Kruppel-like fac-
tors 4 and 5 in epithelial biology and pathobiol-
ogy. Bioessays 2007; 29: 549-57.

Ghaleb AM, Yang VW. The Pathobiology of
Krlppel-like Factors in Colorectal Cancer. Curr
Colorectal Cancer Rep 2008; 4: 59-64.
Bateman NW, Tan D, Pestell RG, Black JD,
Black AR. Intestinal tumor progression is asso-
ciated with altered function of KLF5. J Biol
Chem 2004; 279: 12093-101.

McConnell BB, Bialkowska AB, Nandan MO,
Ghaleb AM, Gordon FJ, Yang VW. Haploinsu-
fficiency of Krlippel-like factor 5 rescues the
tumor-initiating effect of the Apc(Min) muta-
tion in the intestine. Cancer Res 2009; 69:
4125-33.

Nandan MO, Yoon HS, Zhao W, Ouko LA,
Chanchevalap S, Yang VW. Krippel-like factor
5 mediates the transforming activity of onco-
genic H-Ras. Oncogene 2004; 23: 3404-13.
Bialkowska AB, Du Y, Fu H, Yang VW. Iden-
tification of novel small-molecule compounds
that inhibit the proproliferative Kruppel-like
factor 5 in colorectal cancer cells by high-
throughput screening. Mol Cancer Ther 2009;
8: 563-70.

Zhang R, Ma L, Zheng M, Ren J, Wang T, Meng
Y, Zhao J, Jia L, Yao L, Han H, Li K, Yang A.
Survivin knockdown by short hairpin RNA abro-
gates the growth of human hepatocellular car-

5208

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

cinoma xenografts in nude mice. Cancer Gene
Ther 2010; 17: 275-88.

Michael MZ, O’Connor SM, van Holst Pellekaan
NG, Young GP, James RJ. Reduced accumula-
tion of specific microRNAs in colorectal neopla-
sia. Mol Cancer Res 2003; 1: 882-91.

Akao Y, Nakagawa Y, Hirata I, lio A, Itoh T,
Kojima K, Nakashima R, Kitade Y, Naoe T. Role
of anti-oncomirs miR-143 and -145 in human
colorectal tumors. Cancer Gene Ther 2010; 17:
398-408.

Calin GA, Dumitru CD, Shimizu M, Bichi R,
Zupo S, Noch E, Aldler H, Rattan S, Keating M,
Rai K, Rassenti L, Kipps T, Negrin, M, Bullrich F
and Croce CM. Frequent deletions and down-
regulation of microRNA genes miR15 and
miR16 at 13914 in chronic lymphocytic leuke-
mia. Proc Natl Acad Sci U S A 2002; 99:
15524-15529.

Kouri FM, Ritner C, Stegh AH. miRNA-182 and
the regulation of the glioblastoma phenotype -
toward miRNA-based precision therapeutics.
Cell Cycle 2015; 27: O.

Lin KY, Ye H, Han BW, Wang WT Wei PP, He B,
Li XJ, Chen YQ. Genome-wide screen identified
let-7¢c/miR-99a/miR-125b regulating tumor
progression and stem-like properties in chol-
angiocarcinoma. Oncogene 2015; [Epub ahe-
ad of print].

Li J, Liu Y, Wang C, Deng T, Liang H, Wang Y,
Huang D, Fan Q, Wang X, Ning T, Liu R, Zhang
CY, Zen K, Chen X, Ba Y. Serum miRNA expres-
sion profile as a prognostic biomarker of sta-
ge /1l colorectal adenocarcinoma. Sci Rep
2015; 5: 12921.

Hede K. MicroRNAs as Onco-miRs, drivers of
cancer. J Natl Cancer Inst 2010; 102: 1306-8.
LiJ, YuT, Cao J, Liu L, Liu Y, Kong HW, Zhu MX,
Lin HC, Chu DD, Yao M, Yan MX. MicroRNA-
148a Suppresses Invasion and Metastasis
of Human Non-Small-Cell Lung Cancer. Cell
Physiol Biochem 2015; 37: 1847-56.
Schepeler T, Reinert JT, Ostenfeld MS,
Christensen LL, Silahtaroglu AN, Dyrskjet L,
Wiuf C, Sgrensen FJ, Kruhgffer M, Laurberg S,
Kauppinen S, @rntoft TF, Andersen CL. Diag-
nostic and prognostic microRNAs in stage Il co-
lon cancer. Cancer Res 2008; 68: 6416-24.
Zhang J, Guo H, Zhang H, Wang H, Qian G, Fan
X, Hoffman AR, Hu JF, Ge S. Putative tumor
suppressor miR-145 inhibits colon cancer cell
growth by targeting oncogene friend leukemia
virus integration 1 gene. Cancer 2011; 117:
86-95.

Duursma AM, Kedde M, Schrier M, le Sage C,
Agami R. miR-148 targets human DNMT3b
protein coding region. RNA 2008; 14: 872-7.
Nandan MO, Chanchevalap S, Dalton WB,
Yang VW. Krippel-like factor 5 promotes mito-

Int J Clin Exp Pathol 2016;9(5):5197-5209



[40]

[41]

MicroRNA-145 induces cell cycle arrest in G1 phase by targeting KLF5

sis by activating the cyclin B1/Cdc2 complex
during oncogenic Ras-mediated transforma-
tion. FEBS Lett 2005; 579: 4757-62.

Liu Y, Wen JK, Dong LH, Zheng B, Han M.
Kruppel-like factor (KLF) 5 mediates cyclin D1
expression and cell proliferation via interaction
with c-Jun in Ang ll-induced VSMCs. Acta
Pharmacol Sin 2010; 31: 10-8.

Tong D, Czerwenka K, Heinze G, Ryffel M,
Schuster E, Witt A, Leodolter S, Zeillinger R.
Expression of KLF5 is a prognostic factor for
disease-free survival and overall survival in pa-
tients with breast cancer. Clin Cancer Res
2006; 12: 2442-8.

5209

[42] Nandan MO, Ghaleb AM, McConnell BB, Patel

NV, Robine S, Yang VW. Krippel-like factor 5 is
a crucial mediator of intestinal tumorigenesis
in mice harboring combined ApcMin and
KRASV12 mutations. Mol Cancer 2010; 9: 63.

Int J Clin Exp Pathol 2016;9(5):5197-5209



