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miR-141 promotes colon cancer cell proliferation
by inhibiting MAP2K4
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Abstract. MicroRNAs (miRNAs or miRs) can function
as tumor-suppressor or oncogenic genes. Upregulation of
miRNA-141 has been frequently observed in colorectal cancer
(CRC) samples. The experimentally observed targets of
miR-141 include the tumor-suppressor gene mitogen-activated
protein kinase kinase 4 (MAP2K4). The aim of the present
study was to investigate the role of miR-141 in the proliferation
of colonic cancer. Western blotting, immunohistochemistry
and reverse transcription-quantitative polymerase chain reac-
tion were used to detect the expression levels of miR-141 and
MAP2K4 in colonic adenocarcinoma (CAC) and adjacent
non-cancerous (NC) tissue samples, as well as in human CAC
cell lines (HT29, T94 and LS174). MTT assay was used to
investigate the proliferation and apoptosis of these three cell
lines. The expression levels of miR-141 were significantly
upregulated in clinical samples of CAC, compared with adja-
cent NC tissues. By contrast, MAP2K4 was downregulated in
CAC. The in vitro assays demonstrated that overexpression of
miR-141 resulted in cell proliferation of CAC by inhibiting
MAP2K4 activity. Our study suggests that targeting the
miR-141-MAP2K4 signaling pathway may represent a novel
approach for the treatment of CRC.

Introduction

Colorectal cancer (CRC) is one of the most commonly diag-
nosed cancers, and is a common cause of cancer-associated
mortalities in developed countries (1,2). In China, CRC is the
fifth most common cancer type and the fourth most common
cause of cancer-associated mortality (3). CRC prognosis is
dependent on tumor stage at presentation (4). The 5-year
overall survival ranges from 93% for stage I patients to 8%
for stage I'V patients (5). Currently, the only curative treatment
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is surgical resection, while a modest number of patients that
survive benefit from chemotherapy (6). Despite numerous
efforts having been made in the past few decades, CRC survival
rates have not been significantly improved (7). As aresult, novel
biomarkers that are of clinical value are thus urgently required
to facilitate early detection and allow personalized treatment
strategies for patients at high risk of CRC, thus improving
the compliance rates (8). A family of small regulatory RNAs
termed microRNAs (miRNAs or miRs) has emerged with
important functions in development, cell differentiation, and
regulation of cell cycle and apoptosis (9-11).

miRNAs are a class of short 22 nucleotide-long non-coding
RNAs that repress protein translation through binding to
their target messenger RNAs (mRNAs) (12,13). Bioinfor-
matics and cloning studies have estimated that miRNAs may
regulate 30% of all human genes and control hundreds of
gene targets (14). In the past decade, a particular important
role by miRNAs in tumor pathogenesis has surfaced (15).
Indeed, globally abnormal miRNA expression patterns can
classify human cancers, invasion, progression and response to
therapy (16). It has been well-documented that certain specific
miRNAs contribute to cell transformation, proliferation and
tumorigenesis by serving as targets of genomic lesions that
are associated with activation of oncogenes and inactivation
of tumor suppressor genes in cancer cells, including ampli-
fication, deletion and epigenetic silencing (17). In addition,
miRNAs can provide functional links downstream of classic
oncogenic and tumor-suppressor signaling pathways (18).
Furthermore, numerous studies have demonstrated the pro-
and anti-tumorigenic activities of specific miRNAs both
in vitro and in vivo (19,20).

miRNA expression profiling in stage III CRC identi-
fied >11 miRNAs, including miR-21 and miR-141, that were
significantly upregulated (21). It has been well documented that
miR-21 functions as an oncogene and modulates tumorigenesis
through the regulation of genes such as B-cell lymphoma-2 (22).
miR-141 has been also implicated in tumorigenesis of several
types of cancer, including nasopharyngeal cancer (23). An
early study revealed that upregulation of miR-141, which was
closely associated with late stage and poor survival in CRC,
was only observed in CRC patients' blood, but not in cancer
tissues, suggesting that such an increase may be derived
from inflammatory responses in these patients (1). However,
a more recent study demonstrated that miR-141 was signifi-
cantly elevated in CRC tissue samples at stage III, compared
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with non-cancerous (NC) adjacent colorectal mucosa (21).
Experimentally validated target genes of miR-141 include
mitogen-activated protein kinase kinase 4 (MAP2K4) (23).
MAP2K4 is a tumor suppressor gene that can phosphorylate
c-Jun N-terminal kinase or p38 with dual specificity, resulting
in the activation of the stress-activated protein kinase pathway,
which has been associated with apoptosis and neoplastic trans-
formation (24,25).

In the present study, the hypothesis that miR-141
promotes cell proliferation of colon cancer by inhibiting
MAP2K4 was tested. The results demonstrated that miR-141
was significantly upregulated in CRC cancer tissues, but
barely detected in NC adjacent colorectal mucosa. By
contrast, the levels of MAP2K were significantly elevated
in normal tissues, but it was present at less detectable levels
in CRC. In addition, it was further functionally confirmed
that miR-141 inhibited MAP2K4 in a variety of colon cancer
lines, thus promoting the proliferation of cancer cells. Our
results suggest that miR-141 can be a therapeutic target for
the treatment of CRC.

Materials and methods

Cell culture. The human colon carcinoma cell lines HT29,
T84 and LS174 (ATCC, Manassas, VA, USA) were maintained
in RPMI-1640 medium supplemented with 10% fetal bovine
serum (ATCC). The cells were grown in a humidified incu-
bator at 37°C with 5% CO,.

Bioinformatics analysis. To investigate whether miR-141
targets MAP2K4, a bioinformatics analysis was performed
using TargetScan (www.targetscan.org) and microRNA.org
(http://www.microrna.org/microrna/home.do). miR-141 was
shown to target sites 75-81 and 192-199 of the 3'-untranslated
region (UTR) of MAP2K4 mRNA.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNAs were extracted with TRIzol
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Dried RNA pellets were re-suspended in appropriate
volumes of diethylpyrocarbonate-trated H,O (Sigma-Aldrich;
Merck Millipore, Darmstadt, Germany). Complementary
DNA synthesis was achieved with miR-141-specific, U6
small nuclear RNA (snRNA)-specific or oligo-dT primers
using SuperScript II Reverse Transcriptase (Invitrogen;
Thermo Fisher Scientific, Inc.). qPCR was performed using
an ABI 7300 Real-Time PCR System (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The cycling conditions were
as follows: 95°C for 1 min, followed by 40 cycles at 55°C for
30 sec and 70°C for 30 sec. miR-141 or MAP2K4 mRNA
levels were determined relative to U6 or GAPDH expres-
sion, respectively, using a SYBR Green PCR kit (Qiagen
GmbH, Hilden, Germany). Fold-change in expression was
determined by the quantification cycle (Cq) method using the
formula 2444 (26). The primers used were as follows: U6
snRNA forward, 5" TGCGGGTGCTCGCTTCGGCAGC-3'
and reverse, 5'-GGGTCCGAGGTGCACTGGATACGACAA
AATATGG-3'; miR-141 forward, 5'-ATCGCCAGGATAAAT
TGACGCA-3' and reverse, 5'-CCGCCTTAACACTGTCTG
GTA-3"; MAP2K4 forward, 5-GATGAATCCAAAAGGCCA
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AA-3" and reverse, 5S"-TCAATCGACATACATGGGAGAG-3";
and GAPDH forward, 5'-CTCCCGCTTCGCTCTCTG-3' and
reverse, 5'-CTGGCGACGCAAAAGAAG-3'.

Western blotting. Whole cell lysates were re-suspended in 1X
SDS loading buffer, boiled at 95°C for 5 min and centrifuged
AT 3,000 x g for 5 min at 4°C. Supernatants were resolved on
10% SDS-PAGE and transferred onto polyvinylidene difluo-
ride membranes (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Membranes were blocked in 5% nonfat milk in PBS
with Tween-20 (PBST) [10 mM phosphate buffer (pH 7.2),
150 mM NaCl and 0.1% Tween-20] for 60 min, washed three
times with PBST and incubated with anti-MAP2K4 antibody
(1:500; cat. no. sc-376838; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) at 4°C overnight. The blots were probed with
anti-B-actin antibody (1:500; cat. no. A-5316; Sigma-Aldrich;
Merck Millipore) as a loading control. Membranes were
washed three times with PBST, incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody (1:5,000;
cat. no. 115-035-003; Jackson ImmumoResearch, West Grove,
PA, USA) and developed with Immun-Star HRP Substrate
(Bio-Rad Laboratories, Inc.).

Immunohistochemistry. Briefly, the tissue samples were fixed
in buffered formalin for 24 h, dehydrated in 70% ethanol,
paraffin-embedded and sectioned (5-ym). The slides were
incubated with proteinase K (Roche Diagnostics, Indianapolis,
IN, USA) for 20 min to help uncover the hidden antigens.
Following incubation with the primary antibody against
MAP2K4 at 1:100 dilution overnight at 4°C, the sections
were washed with TBS containing Tween-20 (TBST) prior to
being incubated with the HRP-conjugated secondary antibody
diluted in TBS. Sections were washed again with TBST, and
the secondary antibody was detected using the VECTA-
STAIN® Elite ABC HRP kit (Thermo Fisher Scientific, Inc.)
for 30 min. Two independent pathologists evaluated the inten-
sity of cytoplasmic staining of MAP2K4 on a scale of 0 to 4
(0 corresponds to the absence of staining and 4 is the highest
degree of staining). The range of the scale is 2-3 for NC and
0-1 for colonic adenocarcinoma (CAC).

Cell proliferation assay. MTT assay was performed to esti-
mate the effect of miR-141 on human CAC cell proliferation,
as previously described (27). Cells were seeded into 96-well
plates (5,000 cells/well in 200 ul medium) and incubated for
24 h at 37°C, 5% CO,. Pancreatic ductal adenocarcinoma cells
were transfected with miR-141 mimics (miR-141) or miR-141
antagomirs (Ant-mIR-141) (IDT DNA, Coralville, IA, USA)
using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.).
Cells cultured in complete medium were used as a blank
control. At the end of culturing, 20 1 of a 5 mg/ml MTT solu-
tion (Sigma-Aldrich; Merck Millipore) was added per well, and
the cells were incubated for another 4 h at 37°C. Supernatants
were then removed, and formazan crystals were dissolved in
150 pl dimethyl sulfoxide (Sigma-Aldrich; Merck Millipore).
Finally, the optical density was determined at 490 nm using
Victor 3 Multi-Label Microplate Reader (PerkinElmer, Inc.,
Waltham, MA, USA). In each assay, five parallel wells were
analyzed, and the results were collected as the mean of =3
independent experiments.
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Figure 1. Expression of miR-141 and MAP2K4 in colon cancer specimens.
The expression levels of (A) miR-141 or (B) MAP2K4 were determined by
reverse transcription-quantitative polymerase chain reaction in both CAC
and NC adjacent tissues. "P<0.01 (n=12). (C) Representative immunohisto-
chemical staining of MAP2K4 performed on 12 specimens of CAC and 12 of
NC tissues (magnification, x200). CAC, colonic adenocarcinoma; NC, and
non-cancerous; miR, miRNA; MAP2K4, mitogen-activated protein kinase
kinase 4; mRNA, messenger RNA.

Luciferase assay. cDNA strands corresponding to the 3'-UTR
of MAP2K4 mRNA containing the wild-type (WT) or mutant
seed sequence (the distal one) of miR-141 were synthesized
and the complementary strands were annealed at 75°C for
2 min, cooled to room temperature for 5 min and cloned into
the pGL4.32 vector (Promega Corporation, Madison, WI,
USA) immediately downstream of the firefly luciferase (FL)
gene. The resulting plasmids were sequence-validated prior to
further analysis. HT29 cells were transfected with the plasmid
for 48 h using Lipofectamine 2000, and luciferase assays
were performed using the luciferase assay system (Promega
Corporation) and the Victor 3V plate reader (PerkinElmer,
Inc., Waltham, MA, USA), according to the manufacturer's
protocol.

Statistical analysis. Data are expressed as the mean + standard
deviation. Student's #-test was used to compare the differences
between two groups. Statistical analyses were performed using
Microsoft Excel 2013 (Microsoft Corporation, Redmond, WA,
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USA). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

miR-141 is upregulated, but MAP2K4 is downregulated, in
CRC.The levels of miR-141 and MAP2K4 were determined in
CRC tissue specimens. Total RNAs were extracted from a total
of 12 colon cancer and NC adjacent tissue samples for assess-
ment of miR-141 and MAP2K4 mRNAs levels by gPCR. The
same tissues were formaldehyde-fixed, paraffin-embedded
and subjected to immunohistochemical staining. It was
observed that miR-14 was significantly upregulated in CRC
cancer tissues (Fig. 1A). By contrast, MAP2K4 mRNA levels
decreased by an average of >60% (Fig. 1B), compared with the
NC adjacent colon mucosa. In addition, positive cytoplasmic
staining for MAP2K4 was observed in the normal colon, but
not in cancer tissues (Fig. 1C), with the use of immunohisto-
chemistry. These results suggest that MAP2K4 is a target of
miR-141 in CRC.

miR-141 promotes cell proliferation in vitro. To investigate the
effect of miR-141 on CRC cancer cell growth, human CAC
cell lines, including HT29, T84 and LS174, were transiently
transfected with miR-141 mimics or miR-141 antagomirs
(Ant-miR-141) and their respective non-specific controls.
The RT-qPCR analysis revealed that the levels of miR-141
increased by 3-4-fold with transfection of miR-141 mimics in
all three CAC cell lines (Fig. 2A). By contrast, transfection of
miR-141 antagomirs led to a significant decrease in miR-141
levels (Fig. 2B), consistent with a previous finding (28).

The MTT proliferation assay was performed in cancer
cell lines. The results indicated that miR-141 mimics
promoted, while miR-141 antagomirs inhibited, cancer cell
growth (P<0.01) in all three CAC cell lines (Fig. 2C-E). The
cell cycle distribution was also analyzed in HT29 cells, and it
was noticed that a larger proportion of cells transfected with
miR-141 antagomirs accumulated in the G1 phase, whereas
the S-phase population significantly decreased (P<0.01; data
not shown). These results suggested that miR-141 acts as an
oncogene to promote cancer cell proliferation in the patho-
genesis of CRC.

MAP2K4 constitutes a direct target of miR-141 in CRC.
MAP2K4 is a putative tumor-suppressor gene and an experi-
mentally observed target gene for miR-141 (25). To investigate
whether miR-141 targets MAP2K4 in CRC, a bioinformatics
analysis was performed with the use of TargetScan and
miRanda, and multiple miR-141 target sites in MAP2K4 were
identified. Next, it was validated whether miR-141 directly
targets MAP2K4 mRNA in CAC cells. An increase in intra-
cellular concentration of miR-141 inhibited, while elevated
miR-141 antagomirs remarkably increased, the protein levels
of MAP2K4 in all three human CAC cell lines (Fig. 3A).

In order to further confirm the direct interaction between
miR-141 and MAP2K4, a miR-141 target site was introduced
at the 3'-UTR of MAP2K4 mRNA, downstream of the FL
reporter gene, the regulation of which could be mediated by
miR-141. In addition, a mutated version of this target site was
used as a negative control. HT29 cells were transfected with
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Figure 2. miR-141 promotes the proliferation of CAC cells in vitro. (A and B) The expression levels of miR-141 were determined at 48 h post-transfection in
CAC cell lines (HT29, T84 and or LS174) transfected with (A) miR-141 mimics or (B) Ant-miR-141 and their respective controls (miR CTRL or Ant-miR,
respectively; 40 nM) by reverse transcription-quantitative polymerase chain reaction. The proliferation of CAC cell lines (C) HT29, (D) T84 and (E) LS174,
which were transiently transfected with miR-141 mimics, Ant-miR-141 or their respective controls, was analyzed by MTT proliferation assay. ‘P<0.01 (n=3).
miR, microRNA; CTRL, control; Ant, antagomir; OD, optical density.; CAC, colonic adenocarcinoma.

the control FL plasmid, the FL plasmid with the miR-141 target
site, or the FL plasmid with a mutation of the miR-141 target
site. In addition, the Renilla luciferase reporter plasmid was
co-transfected as an internal reference. As shown in Fig. 3B, a
significant decrease in FL activity was observed in cells trans-
fected with the FL reporter plasmid with WT miR-141 target
site. By contrast, a de-repression in FL activity was observed
in cells transfected with miR-141-mutant FL reporter plasmid.

Taken together, these results indicate that MAP2K4 is a
direct target of miR-141 in CRC cells.

miR-141 supports CRC cell growth by inhibiting MAP2K4. To
elucidate whether the growth-promoting effect of miR-141 is
mediated by the repression of MAP2K4 in CRC cells, HT29
cells were transfected with small interfering RNA against
MAP2K4. Then, cell growth was examined by MTT assay. As

shown in Fig. 4, the MTT assay results demonstrated that gene
silencing of MAP2K4 led to the proliferation of HT29 cells.
Furthermore, the inhibitory effects of miR-141 antagomirs on
cell growth were reversed when MAP2K4 was downregulated.

Collectively, these results suggest that miR-141 is involved
in the proliferation of CRC cells by directly inhibiting
MAP2KA4.

Discussion

A comprehensive detailing of the molecular mechanisms
underlying CRC initiation and progression will facilitate the
identification of novel biomarkers for early diagnosis and
therapy of CRC, thus improving the outcome of patients with
CRC. Over the past decade, miRNAs emerged as a new class
of gene regulators involved in a variety of cancers (17,18).
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Figure 3. MAP2K4 is one of the miR-141 targets. (A) The MAP2K4 expression
levels in colonic adenocarcinoma cell lines upon transfection with miR-141
mimics, Ant-miR-141 and their respective control (miR CTRL or Ant-miR,
respectively; 40 nM) were determined by western blotting. (B) Top panel:
Predicted target site of miR-141 in the 3'-UTR region of MAP2K4 messenger
RNA. Bottom panel: The luciferase activity in the presence of both WT or
Mut MAP2K4 3'-UTR and miR-141 mimics was compared with that of the
control. "P<0.01 (n=3). miR, microRNA; CTRL, control; Ant, antagomir;
MAP2K4, mitogen-activated protein kinase kinase 4; UTR, untranslated
region; FL, firefly luciferase; RL, Renilla luciferase; WT, wild type; Mut,
mutant; hsa, Homo sapiens.

The present study has demonstrated for the first time that
miR-141 plays a critical role in colonic tumorigenesis by
inhibiting the tumor-suppressor gene MAK2K4 to promote
cancer proliferation. Our results support that miR-141 can be
used for early diagnosis and as a potential drug target in the
treatment of CRC.

miRNAs are an abundant class of endogenous small
RNA molecules of 20-25 nucleotides in length (10,29). As
important regulators in animals and plants, miRNAs regulate
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Figure 4. miR-141 promotes CAC proliferation by inhibiting MAP2K4.
(A and B) The MAP2K4 levels were assessed by (A) western blotting and
(B) reverse transcription-quantitative polymerase chain reaction following
transfection of HT29 cells with non-targeting siRNAs (SCR) or siRNAs
targeting MAP2K4 mRNA (siMAP). (C) The proliferation of HT29 CAC
cells transiently transfected with siMAP or SCR was assessed using MTT
assays. (D) The proliferation of HT29 CAC cells transiently transfected with
Ant-miR-141, Ant-miR-141 + siMAP or control (Ant-miR) was analyzed by
MTT proliferation assay. "P<0.01 (n=3). miR, microRNA; Ant, antagomir; si,
small interfering; SCR, siRNA control; MAP2K4, mitogen-activated protein
kinase kinase 4; CAC, colonic adenocarcinoma; OD, optical density; mRNA,
messenger RNA.

gene expression by either repressing protein translation or
destabilizing their target mRNA levels (30-32). miRNAs can
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function as oncogenes or as tumor-suppressor genes (18).
Numerous miRNAs are directly involved in the pathogenesis
of human cancers, including lung, breast, brain, liver and
colon cancer, as well as leukemia, by regulating cell prolif-
eration and apoptosis, processes that are important in cancer
formation (17). Overexpressed miRNAs in cancers, such as
mir-17-92, may function as oncogenes and may promote cancer
development by negatively regulating tumor-suppressor genes
and/or genes that control cell differentiation or apoptosis (33).
Underexpressed miRNAs in cancers, such as let-7, function
as tumor-suppressor genes, and may inhibit cancers by regu-
lating oncogenes and/or genes that control cell differentiation
or apoptosis (34). miRNA expression profiles may become
useful biomarkers for cancer diagnostics. In addition, miRNA
therapy could be a powerful tool for cancer prevention and
therapeutics.

With regard to the regulation of miR-141, multiple lines of
evidence support that epigenetic mechanisms are involved in
the regulation of miR-141 expression in both normal and cancer
cells (35). There is an inverse correlation between the expression
and DNA methylation states of miR-141 in normal human and
mouse cell lines, as well as in human breast and prostate cancer
cell lines (35,36). In addition, different histone codes exist
between miR-141 expressing and non-expressing cells that accu-
rately represent the expression and DNA methylation states (35).
Additionally, the epigenetic modifier 5-aza-2'-deoxycytidine
relieves the repression of miR-141 in cancer cell lines (35).
Collectively, these findings indicate that miR-141 is an evolu-
tionarily conserved epigenetically labile miRNA cluster (35).
Since de novo DNA (cytosine-5-)-methyltransferase 3 beta
(DNMT?3B) is frequently repressed in human CRC cell lines
and primary CRC tumors by aberrant DNA hypermethylation
of its distal promoter (37), we hypothesize that upregulation of
miR-141 in CRC may result from a reduction in DNMT3B, and
that DNMT3B is likely to be responsible for the hypermethyl-
ation of miR-141, which usually occurs in healthy colon tissues.
However, this hypothesis deserves further investigation.

Our understanding of the biological functions of miRNAs
relies on the identification of their specific target genes.
The prediction of the majority of miRNA-target sequence
matching is based on imperfect complementarity of the
miRNA with the 3'-UTRs of its target mRNAs (38). The
requirement for complementarity of the 5' seed region could
result in hundreds of possible targets (39). In the present
study, MAP2K4 was experimentally validated as a direct
target of miR-141 in CRC cells, adding information to previ-
ously reported cell types (23).

Numerous studies have demonstrated that MAP2K4 is a
putative tumor-suppressor gene (24,25,40). By systematically
characterizing the biochemical properties of a large panel of
cancer-associated MAP2K4 mutations, Ahn et al examined
the consequences of MAP2K4 inactivation in genetically engi-
neered mouse models of human lung cancer driven by mutant
KRAS alone or in combination with mutant tumor protein
p53 (TP53), and profiled transcriptional changes induced by
MAP2K4 depletion in KRAS/TP53-mutant lung adenocar-
cinoma cells (24). The findings from that study revealed that
MAP2K4 functions as a tumor suppressor in lung adeno-
carcinoma and inhibits tumor cell invasion by decreasing
peroxisome proliferator-activated receptor y2 expression (24).
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In addition, MAP2K4 inactivation increased the multiplicity
and accelerated the growth of incipient lung neoplasias, and
promoted the invasion and metastasis of KRAS/TP53-mutant
lung adenocarcinoma cells, leading to the conclusion that
MAP2K4 exerts its tumor-suppressor activity at both the early
and late stages of lung tumorigenesis (24). Given the inverse
correlation of miR-141 and MAP2K4 in CRC identified in
the present study, we speculate that the signaling pathway of
miR-141-MAP2K4 is likely to be associated with the prog-
nosis of CRC. Targeting this signaling pathway may represent
a novel approach for the treatment of CRC.

In summary, the present study reports that miR-141
is frequently upregulated in CRC and is associated with
cancer cell proliferation of CRC. It further demonstrates that
miR-141 promotes cell growth of CRC cell by repressing the
tumor-suppressor gene MAP2K4. We propose that the strategy
of targeting miR-141 may provide an effective therapeutic
approach for CRC patients who have exhausted other modes
of treatment.
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