Oncotarget, Vol. 7, No. 37

www.impactjournals.com/oncotarget/

Research Paper

Downregulated long non-coding RNA CLMAT3 promotes the
proliferation of colorectal cancer cells by targeting regulators
of the cell cycle pathway
Le-chi Ye1,2, Tao Chen1, De-xiang Zhu1, Shi-xu Lv1, Jun-jun Qiu3, Jianmin Xu1,
Feng-Lai Yuan4,*, Ye Wei1,*
1

Department of General Surgery, Zhongshan Hospital, Fudan University, Shanghai, P.R. China

2

Department of Oncological Surgery, the First Affiliated Hospital of Wenzhou Medical University, Wenzhou, P.R. China

3

Department of Gynecology, Obstetrics and Gynecology Hospital of Fudan University, Shanghai, P.R. China

4

The Third Hospital Affiliated to Nantong University, Nantong, P.R. China

*

These authors contributed equally to this work

Correspondence to: Ye Wei, email: 13818661815@126.com
Feng-Lai Yuan, email: bjjq88@163.com
Keywords: colorectal cancer, long non-coding RNA, lncRNA-CLMAT3, cell cycle pathway
Received: March 17, 2016     Accepted: May 29, 2016     Published: July 06, 2016

ABSTRACT
Over-expression of long non-coding RNA (lncRNA)-CLMAT3 is significantly
associated with colorectal liver metastasis and is an independent predictor of poor
survival for colorectal cancer patients. However, as little is known regarding the
role of this gene in the proliferation of colorectal cancer in vitro, we investigated
the involvement of lncRNA-CLMAT3 in colorectal cancer cell proliferation. In this
study, we demonstrate that lncRNA-CLMAT3 expression was significantly increased
in colorectal cancer cells compared with a normal intestinal mucous cell line and that
inhibition of lncRNA-CLMAT3 suppressed colorectal cancer cell proliferation in vitro.
We also found that this reduced colorectal cancer cell proliferation due to lncRNACLMAT3 knockdown is associated with G0/G1 cell-cycle arrest induction and apoptosis
enhancement. Furthermore, lncRNA-CLMAT3 knockdown enhanced Cdh1 expression
and resulted in p27Kip accumulation via increased Skp2 protein ubiquitination. Taken
together, our findings suggest that reducing lncRNA-CLMAT3 inhibits colorectal cancer
cell proliferation by affecting cell cycle components.

INTRODUCTION

secondary tumor [2]. Metastasis is the major cause of
death in many cancers, including CRC [3, 4]. However,
the molecular mechanisms underlying CRC metastasis
remain elusive. Therefore, a better understanding of
the specific molecular mechanisms underlying CRC
metastasis is required to facilitate the development of new
strategies and therapeutic targets for patients with CRC.
Compared with prokaryote genomes, eukaryote
genomes encode large amounts of noncoding transcripts.
Among these noncoding transcripts are many long
non-coding RNAs (lncRNAs), which have important
functions in controlling cell proliferation, differentiation,
and apoptosis, as well as epigenetic, transcriptional
and post-transcriptional processes. lncRNAs, nonprotein-coding transcripts longer than 200 nucleotides,
account for at least 80% of the transcripts produced by

Colorectal cancer (CRC) is the third leading cause
of death among all human malignancies. CRC causes
over 600,000 deaths per year worldwide, with increased
morbidity and mortality in recent years [1]. Currently,
a major obstacle for CRC treatment is the high rate of
growth and metastasis. The metastatic process follows a
series of complex and sequential steps: (1) cancer cells
successfully escape the primary tumor via local invasion;
(2) these cells enter the lymphatic or vascular system,
where they survive and translocate primarily through the
bloodstream to microvessels in a distant tissue and exit
from the bloodstream (extravasation); and (3) the cells
grow in response to the foreign microenvironment, and
this proliferation results in the formation of a macroscopic
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the entire genome [5, 6]. Recent evidence indicates
that lncRNAs have a close relationship with tumor
occurrence and development and are involved in driving
tumorigenesis, growth, invasion, and metastasis [6, 7].
We previously reported that a novel dysregulated lncRNA
in CRC, lncRNA-colorectal liver metastasis-associated
transcript 3 (CLMAT3), is highly expressed in CRC and
is associated with liver metastasis [8]. We also found
lncRNA-CLMAT3 expression to be a predictor of patient
survival. However, the functions of lncRNA-CLMAT3 in
CRC and the detailed molecular mechanisms related to
these functions have not yet been elucidated.
In the current study, we focused on how lncRNACLMAT3 affects CRC cell proliferation by investigating
its expression and the impact of suppressing lncRNACLMAT3, and we attempted to clarify the underlying
molecular mechanism of these effects.

cell colony formation. As indicated in Figure 2B, colony
formation ability was also reduced by lncRNA-CLMAT3
silencing in LOVO cells. The inhibitory effect of lncRNACLMAT3 knockdown on CRC proliferation was also
observed by EdU (red)/DAPI (blue) immunostaining, with
significantly reduced staining compared with the control
group (Figure 2C). The shRNA observations indicated that
low expression of lncRNA-CLMAT3 might contribute to
CRC progression.

Knockdown of lncRNA-CLMAT3 inhibited CRC
cell cycle progression and induced apoptosis
Cell cycle arrest reduces cell proliferation [9]. To
assess whether the growth inhibitory effect of lncRNACLMAT3 knockdown involves changes in cell cycle
progression, we treated LOVO cells with lncRNACLMAT3 shRNA or the empty vector for 48 h and
examined the effects using flow cytometry. Compared
with the control, lncRNA-CLMAT3 shRNA led to a
significant accumulation of cells in G0/G1 phase and a
significant decrease in S-phase cells (Figure 3A). Next, we
investigated the effects of lncRNA-CLMAT3 knockdown
on apoptosis. As shown in Figure 3B, the percentage of
apoptotic cells was significantly increased in the lncRNACLMAT3 knockdown group compared with the control
group. Taken together, lncRNA-CLMAT3 knockdown
treatment induced apoptosis and G0/G1-phase arrest in
colorectal cancer cells.

RESULTS
lncRNA-CLMAT3 expression was generally
increased in human CRC cell lines
Our previous study involving specimens from
CRC patients indicated increased expression of lncRNACLMAT3 in these tissues, which prompted us to explore
the potential impact of lncRNA-CLMAT3 deregulation
on CRC progression. We therefore performed qRTPCR analysis to examine lncRNA-CLMAT3 expression
in 5 human CRC cell lines, HT-29, SW480, SW620,
HCT116, and LOVO cells, as well as the normal intestinal
mucous cell line CCC-HIE-2. As indicated in Figure 1,
lncRNA-CLMAT3 expression in the CRC cell lines was
significantly higher than that in the CCC-HIE-2 cells
(P = 0.0004). As LOVO cells exhibited the most marked
increase (Figure 1), these cells were used for lncRNACLMAT3 RNAi and other experiments.

lncRNA-CLMAT3 knockdown increased Cdh1
expression by accelerating Skp2 degradation,
which resulted in p27Kip accumulation
Considering that lncRNA-CLMAT3 knockdown
caused cell cycle arrest at the G0/G1 phase, we used
Western blotting and real-time PCR to measure the
expression of master G0/G1 regulators, including Cdh1,
CDKN1B (p27Kip1) and Skp2 [10, 11]. As shown in
Figure 4A, Cdh1 and p27Kip1 expression was increased
in the lncRNA-CLMAT3 knockdown group compared
with the control group. In contrast, Skp2 exhibited lower
expression levels in the lncRNA-CLMAT3 knockdown
group. At the transcriptional level, Cdh1 expression was
markedly increased with lncRNA-CLMAT3 knockdown
(Figure 4B). Consistently, p27Kip1 mRNA expression
was significantly increased in the lncRNA-CLMAT3
knockdown group compared with that in the control group
(Figure 4B), though Skp2 mRNA was not significantly
altered at 48 h under the same condition (Figure 4B).
These data led us to hypothesize that lncRNA-CLMAT3
may directly control the Skp2 protein independently of
gene transcription. This result suggests that knockdown
of lncRNA-CLMAT3 directly increases the level of
Cdh1 expression and causes p27Kip1 accumulation, thus
resulting in Skp2 degradation.

Knockdown of lncRNA-CLMAT3 in CRC cells
decreased cell growth in vitro
Due to the abnormally high expression of lncRNACLMAT3 in CRC cell lines and tissues, we hypothesized
that expression of this lncRNA might have an effect on CRC
progression. To examine this possibility, we first silenced
lncRNA-CLMAT3 expression in LOVO cells by RNA
interference (RNAi). lncRNA-CLMAT3 expression was
reduced upon transfection with lncRNA-CLMAT3 shRNA,
indicating that this strategy was effective for specifically
knocking down lncRNA-CLMAT3 expression (Figure S1).
CCK8
assays
revealed
that
lncRNACLMAT3 knockdown led to inhibition of LOVO cell
proliferation in a time-dependent manner, and these
effects were significantly different between days 4 and 5
(Figure 2A). A colony formation assay was used to
evaluate the influence of lncRNA-CLMAT3 on LOVO
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Figure 1: Relative lncRNA-CLMAT3 expression levels in CRC cell lines. Relative lncRNA-CLMAT3 mRNA expression
in CRC cell lines (HT-29, SW480, SW620, HCT116, and LOVO) and the normal intestinal mucous cell line CCC-HIE-2. **P < 0.01
compared with CCC-HIE-2, ##P < 0.01 compared with SW620.

Figure 2: lncRNA-CLMAT3 knockdown inhibited CRC growth in vitro. (A) lncRNA-CLMAT3 knockdown suppressed CRC

growth in vitro. CCK8 assays were performed to determine the proliferation of CRC cells transfected with lncRNA-CLMAT3 shRNA
and control shRNA. **P < 0.01 compared with control shRNA. (B) Colony-forming growth assays were also performed to assess CRC
cell proliferation. The colonies were imaged and counted. **P < 0.01 compared with control shRNA. (C) Proliferating LOVO cells were
labeled with EdU. The click-it reaction revealed EdU staining (red). The cell nuclei were stained with DAPI. The images are representative
of the results obtained. **P < 0.01 compared with control shRNA.
www.impactjournals.com/oncotarget
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Figure 3: lncRNA-CLMAT3 controlled cell cycle progression and apoptosis in LOVO cells. (A) Cell cycle analysis was

performed using flow cytometry (above panel). Representative histograms are shown (below panel). **P < 0.01 compared with control
shRNA. (B) Apoptosis was assayed by flow cytometry (above panel). The bar chart represents the sum percentage of early and late
apoptotic cells (below panel). **P < 0.01 compared with control shRNA.
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DISCUSSION

The Skp2 protein has been identified as a target
of the ubiquitin/proteasome degradation pathway via
APC/Cdh1-controlled ubiquitination [12]. Therefore,
we next determined the ubiquitination status of Skp2 and
associations with Skp2 and Cdh1. LOVO cells were treated
with lncRNA-CLMAT3 shRNA or the control shRNA and
then lysed. The lysate was immunoprecipitated using an
antibody against Skp2 and blotted with an anti-ubiquitin
antibody (Figure 4). lncRNA-CLMAT3 knockdown
increased Skp2 protein ubiquitination. Moreover, the
binding of Cdh1 to Skp2 was also increased in lncRNACLMAT3-knockdown cells (Figure 3B). These results
suggested that lncRNA-CLMAT3 inhibition increased
Skp2 protein degradation via ubiquitination by APC/Cdh1.

LncRNAs have been previously underestimated with
respect to their biological significance in cancer; however,
lncRNAs have recently been identified as a major feature
of human CRC [13–17]. Our previous studies highlighted
lncRNA-CLMAT3 based on its involvement in colorectal
liver metastasis [8]. Inspired by these findings, we
investigated whether lncRNA-CLMAT3 is involved in the
proliferation of CRC in addition to promoting metastasis.
Interestingly, the results of the present study demonstrate
lncRNA-CLMAT3 over-expression in CRC. Furthermore,
decreased lncRNA-CLMAT3 expression suppressed tumor
proliferation in vitro. We then applied a flow cytometry

Figure 4: lncRNA-CLMAT3 controlled the expression of master G0/G1 regulators, including Cdh1, CDKN1B (p27Kip1)
and Skp2. (A) Western blotting revealed the expression of Cdh1, p27Kip1, and Skp2 in LOVO cells. (B) The relative expression of

Cdh1, p27Kip1, and Skp2 mRNA upon lncRNA-CLMAT3 knockdown was analyzed by real-time PCR. **P < 0.01 compared with control
shRNA. (C) LOVO cell extracts were immunoprecipitated using antibodies against Skp2 or ubiquitin. Western blotting was used to detect
interacting partners. (D) The blots were also probed with antibodies against Cdh1 to analyze interaction between Skp2 and Cdh1.
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assay to investigate the possible mechanism responsible
for the effect of lncRNA-CLMAT3 in enhancing
proliferation. We found that silencing lncRNA-CLMAT3
arrested the cell cycle in G0/G1 phase and promoted CRC
cell apoptosis, indicating that lncRNA-CLMAT3-induced
CRC cell proliferation may be associated with cell cycle
and apoptosis control. Taken together, our results indicate
that lncRNA-CLMAT3 promotes CRC cell proliferation
via cell cycle arrest and apoptosis.
Anaphase-promoting complex (also called the
cyclosome o APC/C) is a ubiquitin protein ligase that,
together with Cdc20 and Cdh1, acts on distinct substrates
at specific stages during the cell cycle [18]. Some studies
have indicated that Cdh1 is required for suppressing
proliferation in specific progenitor cells and mammalian
cells [11]. Activation of the APC/Cdh1–Skp2–p27Kip1
pathway causes degradation of Skp2 and therefore
accumulation of the cell cycle inhibitor protein p27Kip1,
which induces G0/G1-stage cell cycle arrest [19]. Liu
et al. [20] demonstrated that imatinib mesylate inhibits
gastrointestinal stromal tumor cell proliferation through
the Cdh1–Skp2–p27Kip1 pathway. Consistent with
these previous studies, we found that lncRNA-CLMAT3
knockdown increased Cdh1 expression by accelerating
Skp2 degradation, resulting in p27Kip accumulation.
These results demonstrate that lncRNA-CLMAT3
knockdown induces cell cycle arrest and apoptosis by
affecting the APC/Cdh1–Skp2–p27Kip1 signaling axis
(Figure 5).
In summary, we demonstrated that lncRNACLMAT3 expression is increased in CRC cells. The effects
of lncRNA-CLMAT3 on cell proliferation suggest that it
promotes tumorigenesis in CRC. Finally, we demonstrated
that lncRNA-CLMAT3 controls cell proliferation via
cell cycle arrest at the G0/G1 phase. lncRNA-CLMAT3
knockdown enhanced Cdh1 expression and p27Kip1
accumulation, causing cell cycle arrest at the G0/G1

phase by increasing Skp2 degradation in CRC cells.
These results suggest that lncRNA-CLMAT3 may serve
as a novel target for controlling cell cycle progression
and thus an effective target for CRC therapy. Although
our data demonstrate that decreased lncRNA-CLMAT3
inhibits CRC cell proliferation in vitro, further studies
are warranted to comprehensively explore the role of
lncRNA-CLMAT3 in animal experiments and in patients
with CRC.

MATERIALS AND METHODS
Cell lines
Human CRC cell lines HT-29, SW480, SW620,
HCT116, LOVO, and CCC-HIE-2 were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco,
Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco). All cells were cultured at
37°C in an atmosphere of 5% CO2.

Quantitative reverse transcription-polymerase
chain reaction (qRT-PCR)
Total RNA was extracted from human CRC cell
lines using the TRIzol reagent (Invitrogen, California,
USA) according to the manufacturer’s instructions.
Total RNA (1 µg) was reverse transcribed using M-MLV
reverse transcriptase (Fermentas, USA), following the
manufacturer’s protocol. The PCR primers are listed in
Table S1. Quantitative RT-PCR was then performed using
SYBR Green Dye Detection of Amplification Products
(Applied Biosystems, Foster City, CA, USA) with a
GeneAmp 5700 Sequence Detection System following
the protocol of the supplier. The fold change in target
mRNA was calculated using the 2-ΔΔCt method after
normalization to β-actin.

Figure 5: Schematic diagram of lncRNA-CLMAT3 regulation of Cdh1 expression. The effects of lncRNA-CLMAT3 promote
p27Kip1 accumulation by accelerating Skp2 degradation, which subsequently results in cell cycle arrest at the G0/G1 phase.
www.impactjournals.com/oncotarget
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Lentiviral vectors for lncRNA-CLMAT3 short
hairpin RNA

plates for 48 h, washed with ice-cold phosphate-buffered
saline (PBS), and fixed in cold 70% ethanol overnight
at –20°C. The cells were then washed and stained
with propidium iodide (PI, Beyotime, China) containing
0.25 mg/mL of RNase A. After incubation in the dark at
4°C for 15 min, the cells were analyzed by flow cytometry
(FACScan; BD Biosciences) using MODFIT software.
The percentages of various cell cycle phases (G0/G1, S,
and G2/M phases) were counted and compared.
Apoptosis was examined using an AnnexinVfluorescein isothiocyanate (FITC)/PI dual staining kit
(KeyGen, Nanjing, China). Briefly, LOVO cells were
treated with lncRNA-CLMAT3 shRNA or the control for
48 h and then washed three times in cold PBS. The cells
were stained with AnnexinV-FITC and PI in 500 µL of
binding buffer in the dark at room temperature for 15 min
and quantified by flow cytometry.

Lentivirus (GV118)-encoding short hairpin RNA
(shRNA) targeting lncRNA-CLMAT3 was prepared
by GenePharma (Shanghai, China). The interfering
sequences corresponding to distinct regions of lncRNACLMAT3 are listed in Table S2. A negative control
shRNA was also synthesized by GenePharma. LOVO
cells were plated in 6-well plates at a density of
1 × 104 cells/well and incubated for 12 h at 37°C. The
culture medium was then replaced with fresh DMEM,
and the cells were immediately infected with shRNA
lentiviruses at a multiplicity of infection (MOI) of one
(2 µL). After 24 h of growth at 37°C, the medium was
replaced with fresh medium; the cells were cultured
for 96 h at 37°C and then harvested for staining. The
knockdown efficiency at the mRNA level was assessed
using quantitative RT-PCR.

Western blotting

Cell proliferation assay

The cells in each group were lysed in RIPA lysis
buffer (150 mM NaCl, 1.0% Nonidet P-40, 0.5%
deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 50
mM Tris, 20 mM glucose, pH 7.4) supplemented with
the protease inhibitor phenylmethanesulfonyl fluoride
(PMSF; Roche Molecular Biochemicals, Indianapolis,
IN, USA). The protein concentration was measured using
a BCA-200 Protein Assay kit (Pierce, Rockford, USA).
The lysates (20 μg) were resolved by 4–20% gradient
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to Immobilon polyvinyl
difluoride membranes. After transfer, the membranes
were blocked with 5% BSA at room temperature for 1 h.
Primary antibodies against the following were used: Cdh1
(Calbiochem at 1:1000), Skp1 (Santa Cruz, 1:2000) and
p27 (Santa Cruz, 1:3000). The membranes were incubated
with secondary antibodies (Santa Cruz, CA, 1:1000) at
room temperature for 2 h.

Cells seeded in 96-well plates at a density of
5 × 103 cells per well were transfected with lncRNACLMAT3 shRNA or control shRNA, and cell proliferation
assays were performed every 24 h using a Cell Counting
Kit-8 (Sigma) per the manufacturer’s protocol. The
number of viable cells was measured by their absorbance
at 450 nm at the indicated time points.

5-Ethynyl-2′-deoxyuridine (EdU) assays
Proliferation of CRC cells was also monitored
using a Cell-Light EdU DNA cell proliferation kit (Ribo
Bio, Guangzhou, China) according to the manufacturer’s
instructions. LOVO cells were seeded in 96-well plates
and transfected with lncRNA-CLMAT3 shRNA or the
negative control. After 48 h, the cells were stained with
50 μM EdU for 2 h. The cell nuclei were stained with
DAPI for 1 h, and the cells were then examined using a
florescence microscope (Olympus, Tokyo, Japan).

Immunoprecipitation
LOVO cells transfected with the shRNA targeting
lncRNA-CLMAT3 or empty vector were cultured in
6-well plates for 48 h, washed with ice-cold PBS and lysed
in RIPA buffer. The lysates were centrifuged at 12,000 rpm
for 5 min and incubated in a 1 mL volume with anti-Skp2,
-ubiquitin, and -Cdh1 antibodies overnight at 4°C. Protein
A/G-conjugated beads (20 μL) were added and incubated
for 12 h. The beads were washed three times with RIPA
lysis buffer. After centrifugation, the sedimented protein
was used for Western blotting.

Clonogenic assay
For the colony formation assay, LOVO cells
transfected with lncRNA-CLMAT3 shRNA or control
shRNA were plated in 6-well plates at a density of 500/
well and maintained for 12 days in a medium containing
10% FBS to allow colony formation, replacing the
medium every 3 days. The colonies were subsequently
fixed with methanol and stained using 1% crystal violet
in 70% ethanol. Visible colonies were counted manually.

Flow cytometric analysis of the cell cycle and
apoptosis

Statistical analysis
Data are presented as the mean ± standard deviation
(SD). Statistical analysis was performed using SPSS 13.0
software. Differences between groups were analyzed using

LOVO cells transfected with the shRNA targeting
lncRNA-CLMAT3 or empty vector were cultured in 6-well
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Student’s t-test when comparing only two groups or oneway analysis of variance when comparing more than two
groups. P-values < 0.05 were considered to be significant.
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