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MicroRNA-103 promotes tumor growth and metastasis
in colorectal cancer by directly targeting LATS2
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Abstract. Colorectal cancer (CRC) has become the third
most common cancer worldwide and leads to a high mortality
rate. Although colorectal cancer has been studied widely, the
underlying molecular mechanism remains unclear. Increasing
evidence shows that the abnormal expression of microRNAs
(miRNAy) is involved in tumorigenesis. Previous studies have
reported that miRNA-103 (miR-103) is dysregulated in CRC;
however, the expression, function and mechanism of miR-103
in CRC are not well known. The present study showed that
miR-103 was overexpressed in the primary tumor tissues of
patients with CRC and was significantly associated with a more
aggressive phenotype of CRC in patients. Survival rate analysis
demonstrated that CRC patients with high miR-103 expression
had a poorer overall survival compared with CRC patients with
low miR-103 expression. In CRC cell lines, miR-103 inhibition
significantly decreased the proliferation, invasion and migration
of the cells in vitro. Furthermore, miR-103 repressed large tumor
suppressor kinase 2 (LATS2) expression by directly binding to
the LATS2-3'-untranslated region, and an inverse correlation
was identified between the expression of miR-103 and LATS2
messenger RNA in primary CRC tissues. In addition, the
restoration of LATS?2 led to suppressed proliferation, invasion
and migration of CRC cells. In vivo, miR-103 promotes tumor
growth in nude mice. In summary, miR-103 performs a critical
role in the promotion of the invasive and metastatic capacities of
CRC, possibly by directly targeting LATS2. This miRNA may
be involved in the development and progression of CRC.

Introduction

Colorectal cancer (CRC) has become the third most common
cancer worldwide and leads to a high mortality, with frequent
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tumor migration and invasion (1,2). CRC is a biologically
heterogeneous disease that evolves in the background of various
genetic and epigenetic alterations (3). The development of CRC
from normal epithelial cells to malignant carcinoma is hypoth-
esized to be a multistage process involving genetic changes that
lead to the activation of oncogenes and inactivation of tumor
suppressor genes. A large number of oncogenes and tumor
suppressor genes have been reported to be responsible for the
development of CRC, but the molecular mechanisms underlying
the migration and invasion of advanced CRC remain unclear.

MicroRNAs (miRNAs) are non-coding RNAs that are
18-24 nucleotides long and inhibit translation or induce mRNA
decay through binding to the 3'-untranslated region (3'-UTR) of
their target RNAs (4). miRNAs are highly conserved between
species and play important roles in various physiological
and pathological processes, including cancers (5). Numerous
miRNAs are highly tissue-specific and important for cell
development and differentiation. Therefore, the aberrant
expression of miRNAs may lead to cellular dedifferentia-
tion, oncogenesis, cancer metastasis and tumor invasion (6).
An increasing number of miRNAs have been revealed to
be involved in the growth and metastasis of CRC, including
miRNA-27a (7,8), miRNA-145 (9,10), miRNA-29 (11),
miRNA-221 (12), miRNA-96 (13) and miRNA-375 (14).
miRNA-103 (miR-103), which belongs to the miR-103/107
family, is capable of inducing epithelial-to-mesenchymal tran-
sition (EMT) of mammary epithelial cells. miR-103 has been
found to be elevated in CRC, and high expression of miR-103
has been associated with the metastatic potential of colorectal
cancer cell lines and ensuing poor prognosis (15-17). Despite
an increasing number of studies on the biogenesis and mecha-
nisms of miR-103 in the pathogenesis of CRC, the mechanisms
of miR-103 dysregulation remains unclear.

In the present study, it was confirmed that miR-103 expres-
sion was increased in CRC cells and inhibition of miR-103
significantly inhibited the proliferation, invasion and migra-
tion of CRC cells. The current study found that miR-103
directly targeted large tumor suppressor kinase 2 (LATS2),
a tumor suppressor (18), and LATS?2 overexpression partially
attenuated the effect of miR-103 in CRC. Furthermore, the
present data showed that miR-103 directly downregulated
LATS2 expression by binding to the 3'-UTR of LATS2. In
addition, the expression of LATS2 was negatively associated
with miR-103 in CRC tissues.
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Materials and methods

CRC tissues, cell lines and transfection. In total, 38 CRC
tissues and matched normal tissues were surgically collected
at the Department of Gastrointestinal Surgery of Renmin
Hospital of Wuhan University (Wuhan, Hubei, China), and
informed consent was obtained from all patients. The present
study was approved by the Ethics Committee of Renmin
Hospital of Wuhan University. Collected tissues were imme-
diately frozen in liquid nitrogen and stored at -80°C prior to
RNA isolation. The CRC SW480, HT-29, HCT-116, SW620
and LoVo cell lines were acquired from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China) and grown
in Invitrogen Dulbecco's modified Eagle's medium (DMEM,;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% HyClone fetal bovine serum (FBS; GE
Healthcare Life Sciences, Logan, UT, USA). The normal colon
epithelial FHC and NCM460 cell lines were grown in Gibco
DMEM:FI12 (Thermo Fisher Scientific, Inc.) supplemented
with 10% FBS. Transfection was performed using Invitrogen
Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol.

RNA extraction and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). TRIzol reagent (Invitrogen)
was used to isolate total RNAs from frozen tissues and CRC
cells according to the manufacturer's protocol. RT-qPCR assays
for LATS2 and miR-103 were performed were performed using
SYBR Green Reagents (Takara, Tokyo, Japan) on Applied
Biosystems Prism 7700 system (Thermo Fisher Scientific,
Inc.), according to the manufacturer's protocol. The primers
used were as follows: LATS?2 forward, 5-AAGAGCTACTCG
CCATACGCCTTT-3' and reverse, 5-AGCTTTGGCCATTTC
TTGCTCCAG-3'; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) forward, 5'-GAAGGTGAAGGTCGGAGTC-3' and
reverse, 5'-GAAGATGGTGATGGGATTTC-3". Primers for
U6 and miR-103 were purchased from GeneCopoeia (Rock-
ville, MD, USA; Guangzhou RiboBio Co., Ltd., Guangzhou,
China). The LATS2 level was normalized against GAPDH
and the miR-103 level was normalized against U6. The relative
expression was quantified using the 2-24°4 method (19).

Cell proliferation assay. SW620 and LoVo cells were seeded
at a density of 10° cells per well in 96-well plates. The cells
were transfected with anti-miR-NC, anti-miR-103, negative
control or cotransfected with miR-103 and LATS2 vector.
Cell viability was assessed for 4 consecutive days by absor-
bance at 570 nm using a microplate reader (iMark™; Bio-Rad
Laboratories, Inc., Hercules, CA, USA). All experiments were
repeated three times and the mean values were calculated.

Cellmigration and invasion assays.For the invasion and migra-
tion assays, 1x10° SW620 and LoVo cells/ml were prepared
subsequent to transfection with anti-miR-NC or anti-miR-103
for 24 h, respectively, and 1x10° SW620 and LoVo cells/ml
were prepared subsequent to transfection with miR-NC or
miR-103, or cotransfection with miR-103 and LATS?2 vector.
Cell migration and invasion assays were determined using
Transwell insert chambers (Costar; Corning Incorporated,
Corning, NY, USA). Cells that migrated or invaded through
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the membrane were fixed with 4% polyoxymethylene (Merck
Millipore, Darmstadt, Germany), stained with 0.2% crystal
violet (Merck Millipore), and visualized and counted under an
inverted microscope (CXK41; Olympus, Tokyo, Japan).

Vector construct. For the 3'-UTR of LATS2, the DNA oligo-
nucleotides containing the 53-nt wild-type 3'-UTR of LATS2
or 52-nt mutant 3'-UTR of LATS2 were synthesized by Sangon
Biotech Co., Ltd. (Shanghai, China) with flanking Spel and
HindI1I restriction enzyme digestion sites, respectively. The
DNAs and pMIR-REPORT Luciferase vectors (Promega
Corporation, Madison, WI, USA) were used to build the lucif-
erase report vectors. The mutant 3'-UTR of LATS2 acted as
a control (where TGCTGCT was changed to GCGTAC). For
the LATS2 vector, the Homo sapiens full open reading frame
cDNA clone for LATS2 was transcribed, and the product
was amplified using primers with flanking Spel and HindIIl
restriction enzyme digestion sites, and the DNAs were then
inserted into the pcDNA3.1 vector.

Luciferase assay. The HEK293T cells (Cell Bank of the
Chinese Academy of Sciences) were transfected with wild-type
pMIR-miR-103-3'-UTR or mutant pMIR-miR-103-3'-UTR
with Renilla luciferase control vectors (pRL-TK; Promega
Corporation) using Lipofectamine 2000. The cells were then
transfected with miR-NC or miR-103. Luciferase activity
was examined 48 h subsequent to transfection using the
Dual-Luciferase Reporter Assay system (Promega Corpora-
tion) with an Centro XS3 LB 960 Luminometer (Molecular
Devices, LLC, Sunnyvale, CA, USA). Renilla luciferase
activity was normalized against firefly luciferase activity.

Western blotting. Western blotting was performed using 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
gels. Subsequent to transferring the bands to polyvinylidene
difluoride membranes (Millipore, Billerica, MA, USA), 5%
BSA was used for blocking the membranes. LATS2 protein
was detected using a mouse anti-LATS2 monoclonal anti-
bodies (Abs) (dilution, 1:500; catalogue number MAB0009;
Abnova, Taipei, Taiwan) and GAPDH protein, which acted as
an internal reference, was detected using anti-GAPDH rabbit
monoclonal Abs (Abcam, Cambridge, UK). This was followed
by incubation with horseradish peroxidase-conjugated
secondary Abs (Santa Cruz Biotechnology, Inc., Dallas, TX,
USA). Signals were detected using an enhanced chemilumi-
nescence system (Gel Doc XR; Bio-Rad Laboratories, Inc.).

Tumor growth in nude mice in vivo. A total of 16 female
5-week-old BALB/c nude mice (Beijing HFK Bioscience Co.,
Ltd., Beijing, China) were used under conditions approved by
the Institutional Animal Care and Use Committee of Wuhan
University. LV-miR-103-SW480 and LV-miR-control-SW480
cells were generated by amplification of the miR-103 and
miR-control precursor sequences from human genomic DNA,
followed by cloning into the lentiviral vector pLVX-shRNA1
(Clontech Laboratories, Inc., Mountainview, CA, USA).
Virus packaging was performed in HEK293T cells by
co-transfecting pLV-miR-103 or pLV-miR-control and
Lenti-X HTX Packaging System (Clontech Laboratories, Inc.)
using the Xfect transfection reagent (Clontech Laboratories,
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Figure 1. miR-103 levels are correlated with the metastatic capacity in CRC cell lines and CRC tissues. (A) The expression of miR-103 in the 7 colonic FHC,
NCM460, SW480, HT-29, HCT-116, SW620 and LoVo cell lines was detected by RT-qPCR. (B) Expression of miR-103 in 38 CRC tissues and matched normal
tissues was detected by RT-qPCR. (C) qPCR data of miR-103 levels in primary CRC lymph nodes (metastasis positive or metastasis free). (D) Overall survival
curves for the two groups defined by low and high expression of miR-103 in patients with CRC. Expression of miR-103 was normalized against U6. All assays
were performed in duplicate. "P<0.05, “P<0.01, “"P<0.001 vs. control. CRC, colorectal cancer, RT-qPCR, reverse transcription-quantitative polymerase chain

reaction; miR-103, microRNA-103.

Inc.). The SW480 cells were transduced with pLV-miR-103
or pLV-miR-control, and the cell line that stably expressed
miRNA-103 was named LV-miR-103-SW480, while the
control vector cell line was named LV-miR-control-SW480. To
determine the proliferation capacity of LV-miR-103-SW480
and LV-miR-control-SW480 cells in vivo, a total of
1x10° cells were injected subcutaneously into nude mice
(n=8 mice/group). The tumor volume in mm?® was calculated
as follows: Volume = length x width? x 0.5. Mouse tumors
were harvested and weighed 42 days subsequent to inocula-
tion and the curve of tumor growth was produced.

Statistical analysis. Data are expressed as the mean + stan-
dard deviation unless otherwise noted. Two-tailed Student's
t-test was used to analyze results using SPSS 17.0 software
(SPSS, Inc., Chicago, IL, USA). Pearson's product-moment
correlation coefficient was used to analyze the association
between the expression of miR-103 and LATS2 mRNA.
P<0.05 was considered to indicate a statistically significant
difference.

Results

miR-103 was increased in CRC tissues and correlated with
the metastatic capacity of CRC cell lines and tissues, and
miR-103 is correlated with poor survival in CRC. SYBR
Green qPCR was performed to detect miR-103 levels in CRC
cell lines and tissues. The expression levels of miR-103 were
tested in 7 human colonic cell lines. The expression of miR-103
was elevated in the 5 CRC cell lines, consisting of the SW480,
HT-29, HCT-116, SW620 and LoVo cell lines, compared with
the 2 human normal colon epithelial cell lines, consisting of

the FHC and NCM460 cell lines (Fig. 1A). Furthermore, the
expression of miR-103 in the 38 CRC tissues and the paired
adjacent normal tissues was also detected. The results showed
that miR-103 expression was significantly increased in CRC
tissues compared with the paired adjacent normal tissues
(Fig. 1B). In addition, the expression of miR-103 was signifi-
cantly increased in the CRC tissues of patients with metastasis
compared with the expression in CRC tissues obtained from
patients without metastasis (Fig. 1C). Using the Kaplan-Meier
method and log-rank test, the overall survival time of CRC
patients with high miR-103 expression was significantly
decreased compared with the survival time of patients with
low miR-103 expression (P=0.0070; Fig. 1D).

Inhibition of miR-103 suppressed the proliferation, invasion
and migration of CRC cells in vitro. To determine whether
miR-103 promotes the proliferation, migration and invasion of
CRC cells, the SW620 and LoVo cells were transfected with
anti-miR-103 or anti-miR-NC for 24 h, and the proliferation,
invasion and migration of those cells were then analyzed. The
results of RT-qPCR confirmed that the expression of miR-103
in SW620 and LoVo cells transfected with anti-miR-103 was
significantly decreased (Fig. 2A and B), and anti-miR-103
significantly suppressed the proliferation (Fig. 2C and D),
invasion (Fig. 2E) and migration (Fig. 2F) of SW620 and LoVo
cells. These data suggest that inhibition of miR-103 suppressed
the proliferation and motility of CRC cells.

LATS?2 is a direct target of miR-103. Bioinformatics analysis
using TargetScan 6.2 (20) showed that LATS?2 contains poten-
tial binding sites of miR-103. To identify whether LATS2 is a
target of miR-103, vectors containing the wild-type 3'-UTR or
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Figure 2. Inhibition of miR-103 expression suppressed the proliferation, invasion and migration of colorectal cancer cells. SW620 and LoVo cells were
transfected with anti-miR-NC or anti-miR-103 for 24 h, respectively. (A and B) Expression of miR-103 in (A) SW620 and (B) LoVo cells transfected with
anti-miR-NC or anti-miR-103 was detected by reverse transcription-quantitative polymerase chain reaction. Subsequent to transfection, the proliferation of
the (C) SW620 and (D) LoVo cells was assessed, in addition to the (E) invasion and (F) migration of the cells. "P<0.05, “P<0.01 vs. control. All assays were
repeated in duplicate. miR, microRNA; NC, negative control; OD, optical density.

mutant 3'-UTR of LATS2 mRNA were constructed, with the
3'-UTR being fused directly downstream of the firefly lucif-
erase gene (Fig. 3A). For the luciferase assays, the wild-type
or mutant vector was cotransfected into HEK293T cells with
miR-NC or miR-103. As shown in Fig. 3B, miR-103 signifi-
cantly reduced the relative luciferase activity of the wild-type
3'-UTR of LATS2 (P<0.05), while the luciferase activity of
the mutant 3'-UTR was not significantly changed. It was also
confirmed that miR-103 significantly decreased the mRNA
and protein expression of LATS2 (Fig. 3C and D). Overall,
miR-103 downregulated LATS2 expression through direct
binding to the 3'-UTR of LATS2.

miR-103 promoted CRC cell growth and motility by targeting
LATS?2. To investigate whether the effect of miR-103 on
promoting the proliferation, invasion and migration of CRC
cells occurred through targeting LATS2, the CRC cells were
transfected with miR-NC, miR-103 or cotransfected with
miR-103 and LATS2 vector. Function investigation revealed
that the proliferation, invasion and migration of CRC cells
was significantly enhanced subsequent to transfection with
miR-103, whereas the restoration of LATS2 markedly led
to suppression of the proliferation (Fig. 4A and B), invasion

(Fig. 4C) and migration (Fig. 4D) of CRC cells. Overall,
miR-103-induced loss of LATS2 expression promotes the
metastasis, invasion and proliferation of CRC cells by
targeting LATS2.

miR-103 was inversely correlated with LATS2 expression in
CRC tissues. To confirm the association between miR-103 and
LATS?2 expression, miR-103 and LATS2 mRNA expression
levels were investigated in 38 CRC and paired adjacent normal
tissues. The results showed that the average level of LATS2
mRNA was significantly decreased in CRC tissues compared
with the corresponding normal tissues (Fig. 5A). In addition,
the LATS2 mRNA level was inversely correlated with the
miR-103 expression level (Fig. 5B).

miR-103 promotes tumor growth in nude mice in vivo. To
investigate the role of miR-103 in vivo, a lentiviral vector was
constructed to mediate the expression of miR-103, and 2 stable
cell lines were established, termed LV-miR103-SW480 and
LV-miR-control-SW480. These cells were injected into the
flanks of nude mice, and tumor progression was observed over
time. To evaluate tumor growth, the length and width of ortho-
topic tumors was measured every 7 days post-inoculation.
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to determine the activity of luciferase vectors containing wild-type or mutant LATS2-3'-UTR were performed subsequent to transfection with miR-NC or
miR-103. The luciferase activity was normalized to Renilla luciferase activity. Western blot analysis and RT-qPCR identified the expression of (C) LATS2
messenger RNA and (D) LATS2 protein in SW620 and LoVo cells subsequent to transfection with miR-NC or miR-103. For western blot analysis, GAPDH
acted as an internal control. For RT-qPCR assays repeated in duplicate, GAPDH acted as an internal control for LATS2 and RNUG6B acted as an internal
control for miR-103. "P<0.05 compared with the control. miR, microRNA; NC, negative control; LATS2, large tumor suppressor kinase 2; UTR, untranslated
region; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; WT, wild-type; RNU6,
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Figure 4. miR-103 promoted the proliferation, invasion and migration of colorectal cancer cells by targeting LATS2. (A) SW620 and (B) LoVo cells were
cotransfected with miR-103 and pcDNA3.1-LATS2 or a blank vector. A cell counting kit-8 assay was used to measure proliferation. (C) In vitro invasion
assay of SW620 and LoVo cells cotransfected with miR-103 and pcDNA3.1-LATS2 or the blank vector. (D) In vitro migration assay of SW620 and LoVo cells
cotransfected with miR-103 and pcDNA3.1-LATS?2 or the blank vector. Data were drawn from three independent experiments. "P<0.05 vs. miR-103 group.
miR, microRNA; NC, negative control; OD, optical density; LATS2, large tumor suppressor kinase 2.

Progressive solid tumors were observed inall mice. The volumes ~ with the tumor volumes, the weight of tumors from the
of the tumors resulting from the LV-miR-control-SW480  LV-miR-control-SW480 group was significantly decreased
injection were significantly smaller compared with the tumors ~ compared with the tumors in the LV-miR-103-SE480 group
resulting from the LV-miR-103-sw480 injection (Fig. 6A). The  (Fig. 6B). The data suggest that miR-103 promotes the growth
mice were sacrificed 42 days post-inoculation. In agreement  of SW480-engrafted tumors in vivo.
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Discussion

In the present study, the RT-qPCR results showed that
miR-103 was significantly increased in the CRC SW480,
HT-29, HCT-116, SW620 and LoVo cell lines compared with
the normal colon epithelium FHC and NCM460 cell lines.
miR-103 expression was significantly increased in CRC tissues
compared with the paired adjacent normal tissues. In addition,
the expression of miR-103 was significantly increased in lymph
node and liver metastases compared with metastases-free
CRC tumors. Statistical analyses revealed that miR-103 over-
expression was significantly correlated with tumor progression
in CRC patients, and miR-103 expression was correlated with
poor survival of patients with CRC. Furthermore, inhibition of
miR-103 suppressed cell proliferation, migration and invasion

in SW620 and LoVo cells. Using a luciferase reporter assay,
miR-103 was shown to promote cell migration and invasion
and appeared to be associated with the silencing of LAST?2.
Furthermore, the current observation of an inverse correla-
tion between miR-103 expression and LATS2 expression in
CRC tissues reduces the lack of experimental evidence for the
function of miR-103 and LATS2 in CRC pathogenesis in the
literature. In vivo, miR-103 promotes tumor growth in nude
mice. In summary, these data suggested that miR-103 may
be used to design novel strategies against CRC growth and
metastasis in the future.

Previous studies have shown that miR-103 is involved
in various biological and pathological processes, including
glucose homeostasis, insulin sensitivity (21) and heart
failure (22). miR-103 has also been reported to associate with
several human cancers. For example, miR-103 downregulates
the expression of the tumor suppressor gene tissue inhibitor of
metalloproteinase 3 (TIMP-3) and promotes the growth and
invasion of endometrial cancer cells (23). Although studies
have reported that miR-103 is expressed in CRC as an onco-
genic miRNA by targeting death-associated protein kinase,
Kruppel-like factor 4, period circadian clock 3, Dicer and
phosphatase and tensin homolog (15-17), the detailed mecha-
nism of the effects of miR-103 in CRC growth and metastasis
remains largely unknown. The present data confirmed that
miR-103 was overexpressed in the primary tumor tissues of
CRC patients compared with the matched non-tumor tissues.
These data indicated that miR-103 overexpression is involved
in CRC carcinogenesis. In addition, the present study showed
that miR-103 inhibition repressed the proliferation, invasion
and migration of CRC cells in vitro, suggesting that miR-103
may partially control the metastasis, invasion and prolifera-
tion potential of CRC. The present data further explored the
oncogenic role of miR-103 in CRC by targeting LATS2.

The Hippo signaling pathway plays a critical role in onco-
genesis by regulating cell proliferation, epithelial-mesenchymal
transition and apoptosis (24). LATS2 is a key component of the
Hippo signaling pathway. In canonical Hippo signaling, LATS2
phosphorylates Yes-associated protein (YAP) and promotes
YAP cytoplasmic retention and degradation, resulting in the
inhibition of cell proliferation and oncogenesis. LATS2 has
been reported to be decreased and act as a tumor suppressor in
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various cancers, including breast cancer (25), lung cancer (26)
and hepatocellular carcinoma (27). Li et al reported that LATS2
expression was significantly lower in CRC tissues. In addition,
nocodazole, an antimicrotubule drug, potently induced LATS2
to suppress CRC growth in vivo by targeting [3-catenin/B-cell
Ilymphoma 9 (28). The present data were consistent with these
previous findings, as it also indicated that miR-103 induced
the loss of LATS2, which enhanced the proliferation, invasion
and metastasis of CRC cells, and restoration of LATS?2 led to
suppression of the proliferation, invasion and migration.

In conclusion, the present study highlighted the regulatory
mechanism that miR-103 induced the loss of LATS2, which
promotes the metastasis, invasion and proliferation of CRC
cells through direct binding to the 3'-UTR of LATS2. The
present study also indicated that miR-103 may be a biomarker
for the prognosis of CRC patients.
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