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Background: Metastasis associated with lung adenocarcinoma transcript-1 (MALAT1) is a functional long non-coding RNA
(lncRNA), which is highly expressed in several tumours, including colorectal cancer (CRC). Its biological function and mechanism in
the prognosis of human CRC is still largely under investigation.

Methods: This study aimed to investigate the new effect mechanism of MALAT1 on the proliferation and migration of CRC cells
in vitro and in vivo, and detect the expression of MALAT1, SFPQ (also known as PSF (PTB-associated splicing factor)), and PTBP2
(also known as PTB (polypyrimidine-tract-binding protein)) in CRC tumour tissues, followed by correlated analysis with
clinicopathological parameters.

Results: We found that overexpression of MALAT1 could promote cell proliferation and migration in vitro, and promote tumour
growth and metastasis in nude mice. The underlying mechanism was associated with tumour suppressor gene SFPQ and proto-
oncogene PTBP2. In CRC, MALAT1 could bind to SFPQ, thus releasing PTBP2 from the SFPQ/PTBP2 complex. In turn, the increased
SFPQ-detached PTBP2 promoted cell proliferation and migration. SFPQ critically mediated the regulatory effects of MALAT1.
Moreover, in CRC tissues, MALAT1 and PTBP2 were overexpressed, both of which were associated closely with the invasion and
metastasis of CRC. However, the SFPQ showed unchanged expression either in CRC tissues or adjacent normal tissues.

Conclusions: Our findings implied that MALAT1 might be a potential predictor for tumour metastasis and prognosis.
Furthermore, the interaction between MALAT1 and SFPQ could be a novel therapeutic target for CRC.

Metastasis is the main cause for failure of therapy in colorectal
cancer (CRC; Christofori, 2006; Watson and Collins, 2011). Many
cancers share the common mechanisms required for metastasis

including enhancement of motility, change of adhesion ability,
secretion of proteolytic enzyme to degrade extracellular matrix,
and others (Fidler, 2003). However, the molecular mechanism
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causing tumour initiation and metastasis in CRC remains elusive
(Fearon and Vogelstein, 1990; Bernards and Weinberg, 2002;
Takayama et al, 2006). It has generally been assumed that cancer
may only be regulated by protein-coding genes. With thousands of
non-coding RNA transcripts were identified over the past several
years, the function of non-coding RNAs (ncRNA) in cancer
development has become an attractive research area (Eddy, 2001;
Kapranov et al, 2007; Rossi et al, 2008; Guttman et al, 2009). To
date, a significant number of small ncRNAs (sncRNA), such as
microRNAs have been reportedly associated with tumorigenesis by
acting as tumour suppressor genes or oncogenes (Bartels and
Tsongalis, 2009; Carthew and Sontheimer, 2009; Gandellini et al,
2009). However, little is known in terms of long ncRNAs (lncRNA)
and their impact on carcinogenesis and tumour metastasis.

Metastasis associated with lung adenocarcinoma transcript-1
(MALAT1) is an evolutionarily highly conserved lncRNA, which
lacks open reading frames, and cannot be translated into protein
in vivo. MALAT1, however, has been broadly expressed in normal
human as well as mouse tissues (Ji et al, 2003; Hutchinson et al,
2007; Tseng et al, 2009), and especially overexpressed in various
carcinomas including lung, cervical, liver, and bladder (Lin et al,
2007; Guo et al, 2010; Schmidt et al, 2011; Ying et al, 2012;
Gutschner et al, 2013). MALAT1 is specifically retained in nuclear
speckles, associated with modification or storage of the pre-mRNA
processing machinery, potentially effecting gene function regula-
tion (Wilusz et al, 2008; Tripathi et al, 2010; Xu et al, 2011; Lai
et al, 2012; Gutschner et al, 2013). Our previous study has shown
that MALAT1 could promote the proliferation and migration of
LoVo and HCT116 cells (Ji et al, 2013). This implied that
MALAT1 may play a key role in regulating human cancer
development.

Studies have shown that the PTBP2 (Patton et al, 1991) is
highly expressed in cancer cells and can promote the growth of
cancer cells (He et al, 2007). SFPQ, also known as PSF (PTB-
associated splicing factor), regulates the tumour-promoting
effects of PTBP2 by the combination of PTBP2 and SFPQ
(Patton et al, 1993; Gozani et al, 1994; Meissner et al, 2000). Since
SFPQ contains two RNA-binding domains (RBDs), the combina-
tion between RNA and SFPQ may affect the regulatory role of
SFPQ on PTBP2 (Wang et al, 2009; Li et al, 2009). We
hypothesised that MALAT1, an important regulatory RNA, could
interact with SFPQ to partially inhibit the combination of SFPQ
and PTBP2 proteins, thereby enabling the release of SFPQ-
detached PTBP2 from the SFPQ/PTBP2 complex and leading to
the promotion of tumour growth and metastasis. Thus, this study
aimed to investigate the effect of MALAT1 on the proliferation
and migration of CRC cells in vitro and in vivo, and to detect the
expression of MALAT1, SFPQ, and PTBP2 in tumour tissues
from patients with CRC. Moreover, the potential underlying
mechanism for MALAT1’s biological effects on the development
of CRC, in respect to the interaction among MALAT1, SFPQ and
PTBP2, was also investigated.

MATERIALS AND METHODS

Cell culture. LoVo (human colon, Dukes’ type C, grade IV,
colorectal adenocarcinoma) and HCT116 (human colon, CRC)
cells from ATCC were grown in F12K medium and in 1640 RIPM,
respectively. Both mediums were supplemented with 10% fetal calf
serum (FCS), 100 U ml� 1 penicillin, and 100 g ml� 1 streptomycin.
Cells were cultured at 371C, high humidity, and 5% CO2. Other
CRC cells including HCT8, LS174T, SW480, and SW640 cells were
cultured as HCT116 cells. Human HEK 293T cells were cultured in
DMEM medium supplemented with 10% FCS, 100 U ml� 1

penicillin, and 100 g ml� 1 streptomycin.

Overexpression and knockdown of MALAT1. Three human
MALAT1 (Gene ID: 378938) fragments (MALAT1/1nt-3200nt,
MALAT1/3175nt-6100nt, MALAT1/6074nt-8708nt) were ampli-
fied by RT–PCR from the RNA extracted from LoVo cells, using
the primers in Supplementary Table S1, sequenced by the Sangon
Biotech company (Shanghai, China), and the right MALAT1
fragments were sub-cloned into the expression vector pLV4,
named pLV4-MALAT1/F1, pLV4-MALAT1/F2, and pLV4-
MALAT1/F3. The full length of MALAT1 gene was spliced from
above three fragments by series of PCR, following by gene
sequencing, and the right full fragments with no SNP (single-
nucleotide polymorphism) was cloned into pLV4 expression
vector, named pLV4-over/MALAT1. In addition, human MALAT1
gene was searched for suitable siRNA target sequences, which were
listed in Supplementary Table S2. Lentiviral particles were
produced by co-transfecting expression vector pLV4-over/
MALAT1 or pLV4-shRNA/MALAT1 with viral particle packaging
helper vector into 293T cells. Titres of viral particles containing
pLV4-over/MALAT1, pLV4-shRNA/MALAT1, pLV4-shRNA/NT,
and pLV4-vector were determined by limited serial dilution. LoVo
or HCT116 cells were infected with above packaged lentivirus. The
efficiencies of overexpression or knockdown were determined by
real-time PCR.

Overexpression of SFPQ and knockdown of SFPQ and PTBP2.
Human SFPQ (Gene ID: 6421) gene was amplified by RT–PCR
from the RNA extracted from LoVo cells, using the primers in
Supplementary Table S1, sequenced by the Sangon Biotech
company, and the right full-length SFPQ fragments were sub-
cloned into the expression vector pLV4, named pLV4-over/SFPQ.
Additionally, SFPQ and PTBP2 (Gene ID: 58155) were searched
for suitable shRNA target sequences, respectively, and listed in
Supplementary Table S2. The shRNA vector for stable knockdown
was pGFU6/GFP/Neo, and the final shRNA vector of SFPQ and
PTBP2 were named pGFU6-shRNA/SFPQ and pGFU6-shRNA/
PTBP2, respectively. LoVo cells were transfected with the above
two shRNA vectors for 48 h using Lipofectamine 2000 transfection
reagent according to manufacturer’s instruction, and the trans-
fected cells were selected with neomycin (G418, 1 mg ml� 1, Sigma,
St Louis, MO, USA). The efficiency of knockdown was determined
by quantitative real-time PCR and western blot.

Quantitative mRNA analysis. For RT–PCR of short fragments of
MALAT1 (189nt), the primers were designed as the sequences in
Supplementary Table S1, and the product were confirmed with
agarose electrophoresis. For real-time PCR of MALAT1, SFPQ and
PTBP2, the primers and TaqMan probe were synthesised as the
sequences in Supplementary Table S3, with the control of GAPDH
gene. All assays were performed in triplicate and independently
repeated three times.

Tumour mouse model and in vivo optical imaging. Cells were
harvested from culture flasks and transferred to serum-free PBS.
Single-cell suspensions (2� 106 in 100 ml) were injected into the
subcutaneous area of female BALB/c nude mice (4–6 weeks old)
obtained from SLAC (SLAC Laboratory Lab, Shanghai, China).
Tumour size was evaluated using a standard caliper measuring
tumour length and width in a blinded manner and the tumour
volume was calculated using the formula: length�width2� 0.52.
After 42 days, animals were killed by cervical dislocation in deep
CO2 anaesthesia, primary tumours were surgically removed and
weighted (g), and the expression levels of human MALAT1 in the
tumours were evaluated by real-time PCR. Experimental lung
metastases were induced by injections of a single-cell suspension of
each of four kinds of cells containing green fluorescent protein
(GFP): LoVo-shRNA/NT, LoVo-shRNA/MALAT1, LoVo-vector,
and LoVo-over/MALAT1 into the lateral tail vein. To prevent
pulmonary embolism caused by the injection of tumour cells, all
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cells were administered in a total volume of 500 ml PBS containing
0.1% BSA (bovine serum albumin) over a 60-s duration. Seven
weeks later, prior to in vivo imaging, the mice were anaesthetised
with phenobarbital sodium, and established lungs metastases
images were observed by LB983 NIGHTOWL II system (Berthold
Technologies GmbH, Calmbacher, Germany). Then, the organs of
lung were excised, and the metastatic lesions were determined by
haematoxylin and eosin (H&E) staining. All experimental proto-
cols were reviewed and approved by the Committee on Animal
Experimentation.

RNA-binding protein immunoprecipitation. RNA-binding pro-
tein immunoprecipitation (RIP) was made according to the
manufacturer’s protocol from the EZ-Magna RIP Kit (EMD
Millipore, Billerica, MA, USA). Briefly, LoVo cells were rinsed with
ice-cold PBS, lysed using RIP lysis buffer, and then lysates were
prepared. Magnetic beads binding antibody of interest for
immunoprecipitation were prepared. Mouse SFPQ antibody (sc-
101137, Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit
PTBP2 antibody (sc-98491) and nonspecific mouse IgG antibody
were used. Immunoprecipitation of RNA-binding protein-RNA
complex started by incubating the RIP lysates and magnetic beads
binding antibody of interest together and rotating overnight at 41C.
Each immunoprecipitate was digested with proteinase K and 10%
SDS at 551C for 30 min after washing with RIP washing buffer.
After incubation, centrifuge was used to obtain the supernatant,
followed by washing and adding phenol : chloroform : isoamyl
alcohol (125 : 24 : 1) to separate the phases. The aqueous phase
was separated by adding chloroform, and RNA was precipitated
from the aqueous phase using 80% ethanol. Isolated RNA was
treated with DNase I to remove any genomic DNA contamination.
Each sample was reverse-transcribed using the PrimeScript RT
reagent Kit (Takara, DaLian, China), followed by quantitative
mRNA analysis. All assays were performed in triplicate and
independently repeated three times.

Immunofluorescence staining and confocal microscopy detec-
tion. Cells were fixed with methanol, blocked with 5% BSA. The
cells were first stained with SFPQ mouse antibody followed by
Cy3-conjugated goat anti-mouse IgG (Millipore). After the cells
were washed four times with PBS, the PTBP2 rabbit antibody was
added, followed by FITC-conjugated goat anti-rabbit IgG (Milli-
pore). Nuclear staining was done with DAPI (40,6-diamidino-2-
phenylindole). Cells were imaged with a TCS SP2 spectral confocal
system (Leica, Ernst-Leitz, Wetzlar, Germany). All experiments
were conducted according to instructions from the antibody
manufacturer.

Protein immunoprecipitation. Cells were lysed in lysis buffer
containing 100 mM Tris-HCl (Sangon, Shanghai, China) (pH 7.4),
150 mM NaCl, 10% v/v glycerol, 0.5% Triton X-100 (Sangon), and
protease inhibitor cocktail. Cell lysates were centrifuged and
supernatants obtained. Protein A/G sepharose beads were added to
the supernatant to preclear nonspecific binding. SFPQ antibody
was then added and incubated with precleared lysates at 41C. After
overnight incubation, protein A/G sepharose beads were added for
1 h. The pellets were washed four times with lysis buffer and eluted
with SDS–PAGE sample buffer, which was analysed by western
blot using either SFPQ (sc-101137) antibody or PTBP2 (sc-98491)
antibody (Santa Cruz Biotechnology).

Cell proliferation assay. Cells were cultured at a density of
2.5� 103 cells per well in a flat-bottomed 96-well plate. MTT
[3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoliumromide]
was applied to measure the cell viability by measuring the
absorbance at 490 nm. All assays were performed in triplicate
and independently repeated three times.

Soft agar colony formation assay. A total of 2� 103 cells were
added to 3 ml F12K medium supplemented with 10% FCS, and the
assay was performed in 35-mm dishes that contained two layers of
soft agar. The top and bottom layers were 0.33% and 0.8% agarose
(low melt, Bio-Rad, Hercules, CA, USA) in 5% F12K medium,
respectively. The cells were cultured at 371C, high humidity, and
5% CO2. Colonies were counted after 14 days growth by two
investigators (LZ and QJ).

Migration assay. A total of 2.5� 105 cells (in 100 ml F12K with
0.5% FCS) were seeded into the upper part of a transwell chamber
(Transwell filter inserts in 6.5 mm diameter, pore size of 8mm,
Corning Incorporated, One Riverfront Plaza Corning, NY, USA).
In the lower part of the chamber, 600 ml F12K with 15% FCS and
10 mg ml� 1 fibronectin was added and the assay was performed for
24 h at 371C and 5% CO2. Migrated cells were analysed by crystal
violet staining, followed by observation under a DMI3000 B
inverted microscope (Leica). All assays were performed in triplicate
and independently repeated three times.

Wound healing. Cells (4.5� 105) were seeded on a six-well plate
to form a confluent monolayer in 10% FCS-containing medium.
The monolayer cells were scratched by a plastic tip and washed
with PBS to remove cell debris; 0.5% FCS-containing F12K were
then added to each well, and the scratched monolayer was
incubated in a 371C incubator with 5% CO2 for 24 h. Wound
closure was measured in five random fields at � 200 magnification
using Image-Pro Express software and a DMI3000 B inverted
microscope (Media Cybernetics, Inc., Rockville, MD, USA).
Percentage of wound healing was calculated as follows: migrated
cell surface area / total surface area� 100, in which, migrated cell
surface area¼ length of cell migration (mm)� 2� length of defined
areas, total surface area¼ beginning width� length of defined areas.

Fluorescence in situ hybridisation. Paraffin-embedded tumour
and adjacent normal tissue samples from 60 CRC patients (30–80
years of age) who underwent tumour resection at Pu Tuo Hospital,
Shanghai University of Traditional Chinese Medicine, between
2010 and 2011 were selected for hybridisation with FITC-labeled
MALAT1 DNA probe (Shinegene Molecular Biotechnology,
Shanghai, China). The tissues were fixed in formalin, routinely
processed, embedded in paraffin wax, and cut into 5 mm unstained
tissue for FISH and IHC staining. Unstained tissue sections were
baked for 24 h at 561C. The slides were immersed in 1 M sodium
thiocyanate at 801C for 10 min, and in protease solution for
10 min, washed with purified water, air-dried, and dehydrated in
ascending grades of alcohol; 10 ml of the MALAT1 probe mixture
was applied on the air-dried slides. Denaturation and hybridisation
was performed using the Thermobrite system (Abbott Molecular
Inc., Des Plaines, IL, USA), which was programmed to 751C for
5 min. The slides were then washed with 0.4� saline sodium citrate
(SSC) solution at 701C for 2 min, and 2� SSC at room temperature
for another 5 min. Lastly, 10ml of DAPI (40,6-diamidino-2-
phenylindole) was applied on the slides, and the slides were
examined using a fluorescent microscope. The experiment was
carried out according to the method described by Chaumeil et al
(2008); Takayama et al, 2006. The result was evaluated and blindly
classified by two investigators (LZ and JS). The experimental
protocol was reviewed and approved by the Ethics Committee on
Human Experimentation.

Immunohistochemical staining. Above paraffin-embedded
tumour and adjacent normal tissue samples were applied for
immunohistochemical staining of SFPQ and PTBP2. The experi-
ments were performed using mouse SFPQ antibody or rabbit PTBP2
antibody, diluted 1 : 50, and HRP-conjugated anti-mouse or anti-
rabbit IgG (AP124P, AP132P, Millipore), and detected by DAB
(diaminobenzidine). DAPI was used as a nuclear counterstaining.
The DMI3000 B microscope connected to a digital imaging system
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was used for observation and analysis. The result was evaluated and
classified blindly by two investigators (LZ and JS).

Statistical analysis. All data were presented as means with
standard deviation (SD) or median with 95% confidence interval
(95% CI). Statistic comparison was performed using the Student’s
t-test, one-way ANOVA analysis, Mann–Whitney test, or Kruskal–
Wallis test, as appropriate, with the significance level at Po0.05.
All statistical analyses were completed with SPSS (version 18)
software (IBM, Armonk, NY, USA).

RESULTS

MALAT1 promoted the proliferation and migration of CRC cell
lines in vitro. MALAT1 expression in several CRC cells was found
to be quite strong in LoVo and SW620 in contrast to SW480,
HCT116, LS174T and HCT8 (Figure 1A). LoVo was chosen for use
in our experiments due to the strong migration ability, and
HCT116 with lower MALAT1 expression and relative weak
migration ability was also investigated in parallel experiments.

In order to determine the biological function of MALAT1 on
CRC cells, we firstly upregulated and downregulated the expression
of MALAT1. To obtain the full-length gene of MALAT1, we
divided the MALAT1 gene into three fragments: MALAT1/F1,
MALAT1/F2 and MALAT1/F3, and the right amplified fragments
by RT–PCR were shown in upper panel of Figure 1B. Then, the full
length of MALAT1 was spliced from above three fragments by
series of PCR, and finally we got the full-length MALAT1 shown in
lower panel of Figure 1B. We characterised the full-length
MALAT1 by gene sequencing, and the right full fragments with

no SNP was cloned into pLV4 expression vector, named pLV4-
over/MALAT1. Above three fragments of MALAT1 were also sub-
cloned into pLV4-vector for following vital experiment, and named
pLV4-MALAT1/F1, pLV4-MALAT1/F2, and pLV4-MALAT1/F3.

Additionally, we synthesised three candidate siRNAs targeted
MALAT1 gene to knockdown the MALAT1 expression, and
cloned into pLV4-vector. Lentiviral particles containing pLV4-
vector, pLV4-over/MALAT1, pLV4-shRNA/NT, and pLV4-
shRNA/MALAT1 were packaged. LoVo or HCT116 cells were
infected with above packaged lentivirus containing pLV4-vector,
pLV4-over/MALAT1, and as expected, significant upregulation of
MALAT1 was achieved in LoVo and HCT116 cells (Figure 1C).
Similarly, we obtained the downregulation of MALAT1 in LoVo
cells by infection with packaged lentivirus containing pLV4-
shRNA/MALAT1, and from Figure 1D we knew, LoVo cells
infected together with three packaged lentivirus achieved the best
efficiency of knockdown.

In our previous study (Ji et al, 2013), by MTT proliferation assay
and transwell migration assay, we have shown that, MALAT1
could promote the proliferation and migration of LoVo and
HCT116 cells in vitro. Here, in Supplementary Figure S1, by soft
agar colony formation assay and wound healing assay, we also
demonstrated that MALAT1 could promote colony formation and
horizontal migration ability of LoVo and HCT116 cells.

MALAT1 promoted the transplanted tumour growth and
metastasis in nude mice. In order to observe the effect of
MALAT1 in vivo, LoVo-shRNA/NT, LoVo-shRNA/MALAT1,
LoVo-vector, and LoVo-over/MALAT1 cells were subcutaneously
transplanted into nude mice and the tumour growth was calculated
based on tumour size. As shown in Figure 2A, tumour development
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Figure 1. Upregulation and downregulation of MALAT1 expression. (A) Six established human CRC cell lines SW480, HCT116, LoVo, SW620,
LS174T, and HCT8 were analysed for the MALAT1 expression by RT–PCR (up) and real-time PCR (down), GAPDH was chosen as a control. (B) RT–
PCR was used to amplify three fragments of MALAT1 gene (upper panel), and the full length of MALAT1 gene was spliced by series of PCR (lower
panel). (C) LoVo and HCT116 cells were infected with lentiviral particles containing pLV4-over/MALAT1 and pLV4-vector. The MALAT1 transcript
was evaluated by RT–PCR (up) and real-time PCR (down). **Po0.01, compared with LoVo-vector or HCT116-vector cells. (D) LoVo cells were
infected with lentiviral particles containing pLV4-shRNA/MALAT1 or pLV4-shRNA/NT, and the knockdown efficiency was evaluated by RT–PCR
(up) and real-time PCR (down). *Po0.05; **Po0.01, compared with LoVo-shRNA/NT cells.
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was observed every 7 days after inoculation. Compared to tumours
of LoVo-shRNA/NT cells or LoVo-vector cells, tumours of LoVo-
shRNA/MALAT1 cells grew significantly slower (volume), while
tumours of LoVo-over/MALAT1 grew significantly faster. Further-
more, LoVo-shRNA/MALAT1 tumours weighed significantly less,
while LoVo-over/MALAT1 tumours weighed significantly more at
42 days after inoculation, compared to LoVo-shRNA/NT and LoVo-
vector tumours (Figure 2B). Quantitative evaluation of MALAT1 in
tumours showed that MALAT1 expression was lower in the LoVo-
shRNA/MALAT1 group, but higher in LoVo-over/MALAT1 group,
compared with the LoVo-shRNA/NT and LoVo-vector groups
(Supplementary Figure S2A).

After investigating the effect of MALAT1 on metastasis ability,
we found metastatic tumour lesions in the lung areas of nearly all
mice 7 weeks after injection of the four cell types (LoVo-shRNA/
NT, LoVo-shRNA/MALAT1, LoVo-vector, and LoVo-over/
MALAT1). Fewer lung metastatic lesions were seen in the mice
injected with LoVo-shRNA/MALAT1 cells, whereas more lung
metastatic lesions were seen in those injected with the LoVo-over/
MALAT1, in contrast to those injected with LoVo-shRNA/NT or
LoVo-vector cells (Figure 2C). And, the H&E staining showed in
the lung that, in contrast to LoVo-shRNA/NT or LoVo-vector
group, the numbers of metastatic lesions were decreased largely in
LoVo-shRNA/MALAT1 group, but increased greatly in LoVo-
over/MALAT1group (Figure 2D).

Regarding HCT116 cells, our results also showed elevated
tumour growth (Figure 2E and F), higher MALAT1 expression
(Supplementary Figure S2B), and more lung metastatic lesions
(Figure 2G and H) in HCT116-over/MALAT1 cells injected mice
vs those injected with HCT116-vector cells.

Interaction between MALAT1 and SFPQ but no interaction
between MALAT1 and PTBP2, and co-localisation of SFPQ and
PTBP2. As the results have demonstrated, MALAT1 may promote
cell proliferation and migration in vitro, and enhance tumour growth
and metastasis in vivo in CRC. We further explored any possible
underlying mechanisms of these effects. First, we investigated the role
of MALAT1 on the expressions of SFPQ and PTBP2, but found no
obvious variation of SFPQ and PTBP2 at the mRNA and protein
level regardless of whether the expression of MALAT1 was
downregulated or upregulated (Supplementary Figure S2C and
S2D). This excluded the possibility that MALAT1 may regulate the
function of SFPQ and PTBP2 by changing their mRNA or protein
expression, thereby indicating other mechanisms may be involved.

In research on tumorigenesis, several non-coding RNAs binding
to the SFPQ protein was found, which mediated pro-oncogene
transcription (Gozani et al, 1994; Wang et al, 2009). MALAT1 was
just one among several important SFPQ-binding RNAs. Based on
our RIP assay, using the SFPQ antibody and MALAT1 special
primers, we found that MALAT1 could bind to the SFPQ protein in
CRC LoVo cells. However, there was no direct interaction between
MALAT1 and PTBP2 (Figure 3A). According to Xu et al (2011),
MALAT1 has an important biological motif located at the 30 end
of MALAT1, so we used above constructed expression vector: pLV4-
MALAT1/F1, pLV4-MALAT1/F2, pLV4-MALAT1/F3, and pLV4-
over/MALAT1 to investigate what’s the region of interaction

between MALAT1 and SFPQ. Above four vectors were transfected
into 293T cells, together with the pLV4-over/SFPQ vector, following
by the RIP analysis. As demonstrated in Figure 3B, the interaction
between MALAT1/F3 and SFPQ was found, so was the interaction
between full-length MALAT1 and SFPQ. Nevertheless, no interac-
tion between SFPQ and MALAT1/F1 or MALAT1/F2 was found.
We next settled to overexpress MALAT1-F1, F2, F3 and full-length
individually in HCT116, and investigate the migration ability of the
transfected cells. As expected, the results showed that F3 fragment
could increase the migration of HCT116 cells, while F1 and F2
fragments by themselves cannot do so. These results implied that the 30

end of MALAT1 indeed played vital biological function in
promoting the invasion and migration of CRC cells.

Several findings have indicated a specific interaction between
SFPQ and PTBP2, such as co-localisation of SFPQ and PTBP2 in
protein binding assays. In order to test whether SFPQ/PTBP2
complexes exist in the nucleus of LoVo, we preformed double
immunofluorescence staining in LoVo cells and analysed the
staining under confocal microscopy. We found both SFPQ and
PTBP2 proteins in the nucleus, and a fraction of SFPQ and PTBP2
co-localised (Figure 3C, upper panel). Immunoprecipitation has
also confirmed that protein SFPQ and PTBP2 could bind to each
other in LoVo cells (Figure 3C, lower panel).

MALAT1 competitively bound to SFPQ and released SFPQ from
the SFPQ/PTBP2 complex. As noted above, there was interaction
between MALAT1 and SFPQ. In studying the impact of MALAT1
expression on the binding of MALAT1 and SFPQ, we found that
MALAT1 binding to SFPQ decreased in LoVo-shRNA/MALAT1
cells, while MALAT1 binding to SFPQ increased in LoVo-over/
MALAT1 cells (Figure 3D). This indicated that with upregulation
of MALAT1 expression, the MALAT1 binding to SFPQ increased,
implying that overexpression of MALAT1 might affect the
function of SFPQ.

In order to understand the functional relevance of the
association among PTBP2, SFPQ, and MALAT1, we performed
immunoprecipitation tests on LoVo-shRNA/NT, LoVo-shRNA/
MALAT1, LoVo-vector, and LoVo-over/MALAT1 cells. The
results showed that, in contrast to the LoVo-shRNA/NT and
LoVo-vector group, the LoVo-shRNA/MALAT1 group had a
stronger binding of PTBP2 to the SFPQ, and the LoVo-over/
MALAT1 group had a weaker binding of PTBP2 to the SFPQ,
indicating that SFPQ-detached PTBP2 in the nucleus might be
accordingly increased in the LoVo-over/MALAT1 cells but
decreased in LoVo-shRNA/MALAT1cells (Figure 3E). Regarding
the interaction between MALAT1 and SFPQ, we propose that
MALAT1 might competitively bind to SFPQ and release SFPQ
from the SFPQ/PTBP2 complex; this in turn increases the SFPQ-
detached PTBP2. We next overexpressed MALAT1 (that should
squench SFPQ), and performed a simultaneous knockdown of
PTBP2, and the results showed a decrease in tumour growth and
migration (Figure 3F). This implied that SFPQ-detached PTBP2
could enhance tumour growth and migration.

SFPQ, not PTBP2, played a critical role in the regulatory effect
of MALAT1 on cell proliferation and migration. To further
clarify the role of SFPQ in the regulatory effect of MALAT1 in cell

Figure 2. MALAT1 promoted growth and metastasis of LoVo cells in vivo. (A) LoVo-shRNA/NT, LoVo-shRNA/MALAT1, LoVo-vector, and LoVo-
over/MALAT1 cells were respectively injected subcutaneously into nude mice (n¼8). Length and width of the tumours were measured every 7
days. (B) After 42 days, mice were killed for determination of tumour weights. (C) LoVo-shRNA/NT, LoVo-shRNA/MALAT1, LoVo-vector, and LoVo-
over/MALAT1 cells were respectively injected into the lateral tail vein. Seven weeks later, the established lungs metastases images were observed
by LB983 NIGHTOWL II system. (D) The organs of lung were excised, the metastases originated from i.v. injections were checked by haematoxylin
and eosin (H&E) staining, and the numbers of metastatic lesions were counted. The magnification of the microscopic pictures was �100, and the
selected metastatic lesions in the lower right corner were magnified by �200. **Po0.01, compared with LoVo-shRNA/NT or LoVo-vector group.
(E–H) HCT116-vector and HCT116-over/MALAT1 cells were analysed for the influence of MALAT1 on tumour growth, tumour weights, and
metastasis ability in vivo as LoVo cells. *Po0.05; **Po0.01, compared with HCT116-vector group.
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proliferation and migration, we downregulated the SFPQ expres-
sion in LoVo cells with stable transfection of shRNA/SFPQ
(Supplementary Figure S2E provided the silent efficacy of three

shRNAs, and in our experiment we performed the transfection
with three shRNAs together). We found that, in LoVo-shRNA/
SFPQ cells, the SFPQ expression downregulated obviously, and the
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SFPQ/PTBP2 complex decreased accordingly, which in turn led to
the increased SFPQ-detached PTBP2 protein to a certain extent
(Figure 4A). Naturally, the cell proliferation and migration elevated
because of the increased SFPQ-detached PTBP2 (Figure 4B and C).
However, being knockdown of SFPQ in LoVo cells, MALAT1 had
a very limited effect on the SFPQ/PTBP2 complex and the quantity
of SFPQ-detached PTBP2 (Figure 4D). As a result, the proliferation
and migration of LoVo cells remained unchanged (Figure 4E and
F), implying that SFPQ plays a key role in the regulatory effect of
MALAT1 on SFPQ/PTBP2 complex and the downstream cell
proliferation and migration.

We also observed the role of PTBP2 on the regulatory effect of
MALAT1 on cell proliferation and migration in LoVo cells with
downregulated PTBP2 expression by shRNA/PTBP2 (Supplementary
Figure S2F provided the silent efficacy of three shRNAs, and in our
experiment we performed the transfection with three shRNAs
together). Our results showed that, after downregulation of PTBP2,
the total PTBP2 protein decreased largely, and the SFPQ/PTBP2
complex was little detected (Figure 5A). So the SFPQ-detached
PTBP2 protein should be very little, which made the cell proliferation
and migration of LoVo-shRNAPTBP2 cells decreased to a large
extent (Figure 5B and C). Being present with the unchanged SFPQ
protein, however, MALAT1 could hardly regulate the SFPQ/PTBP2
complex by binding to SFPQ and releasing more SFPQ-detached
PTBP2 protein (Figure 5D), for the total PTBP2 was so little that the
effect of MALAT1 was nearly neglected. As a result, the proliferation
and migration of LoVo-shRNAPTBP2 cells changed little (Figure 5E
and F), this demonstrated that, although the SFPQ protein was
present, MALAT1 could not regulate the biological function by
binding to SFPQ and releasing more SFPQ-detached PTBP2 from
the SFPQ/PTBP2 complex, because of quite a few decrease of total
SFPQ/PTBP2 complex resulted from the knockdown of total PTBP2
protein.

Expression of MALAT1, SFPQ and PTBP2 in human CRC
tissues. Finally, we investigated MALAT1 expression in tumour
tissues and adjacent normal tissues collected from patients with
CRC by fluorescence in situ hybridisation (FISH) and real-time
PCR. From several typical tissues specially selected, with both
tumour section and normal section in one tissue, we observed high
MALAT1 expression in tumour section, but low MALAT1
expression in normal section by FISH (Figure 6A). The real-time
PCR results also showed that, the expression of MALAT1 was
higher in tumour tissues than in adjacent normal tissues,
and patients with metastasis had higher MALAT1 expression in
tumour tissues, compared to those without metastasis (Figure 6B).

The results presented here were consistent with our previous
research by another detection method (Ji et al, 2013).

We also detected the expression of SFPQ and PTBP2 in the
tumour tissues of patients with CRC, as SFPQ and PTBP2 were
shown to be involved in the regulatory effect of MALAT1 both in
in vitro experiments in this study and in previous reports (Patton
et al, 1993; Gozani et al, 1994). Immunohistochemical staining
showed strong expressions of SFPQ in both malignant and
nonmalignant colorectal tissues, with no differences seen between
the two. In contrast, PTBP2 staining was higher in human malignant
compared to nonmalignant tissues (Figure 6C and Table 1).
Correlation analysis between PTBP2 expression in CRC tissues and
clinicopathological characteristics of CRC patients was conducted,
and a statistically significant association was observed between
PTBP2 expression and characteristics of metastasis and invasion
(Table 2). These data suited to our previous results about the
association between MALAT1 expression and clinicopathological
characteristics of CRC patients (Ji et al, 2013), which strengthened
the importance of the biological function of PTBP2 and MALAT1.

DISCUSSION

Long non-coding RNA MALAT1 is overexpressed in numerous
human cancers, such as non-small cell lung cancer (Ji et al, 2003),
hepatocellular carcinoma (Lin et al, 2007), bladder cancer (Ying
et al, 2012), CRC (Xu et al, 2011), and so on. MALAT1 is
predominantly localised in nuclear speckles (Tripathi et al, 2010). Its
abundance and aberrant expression in many cancers suggests that it
plays an important role in the development of cancer. Gutschner
et al (2013) showed that MALAT1-deficient lung cancer cells show
impaired migration and form fewer tumours in mice. Wilusz et al
(2008) found that MALAT1 functions as a precursor for the
production of small RNAs and indentified a highly conserved small
RNA of 61 nucleotides originating from the MALAT1 locus, which
is broadly expressed in human tissues. In our previous research (Ji
et al, 2013), our data have shown the promoted effect of MALAT1
on proliferation and migration in LoVo and HCT116 cells by MTT
and transwell assay. In the presented paper, we further demonstrated
that MALAT1 could promote the colony formation ability and the
horizontal migration ability of LoVo and HCT116 cells by soft agar
colony formation assay and wound healing assay. Xu et al (2011)
found that MALAT1 has an important biological motif located at
the 30 end of MALAT1 (6918nt-8441nt), which plays a pivotal role
in the biological processes of cell proliferation, migration and
invasion. To this point, we verified the importance of 30 end of

Figure 3. MALAT1 competitively bound to SFPQ and released SFPQ from the SFPQ/PTBP2 complex. (A) RIP analysis between MALAT1 and
SFPQ. As a control, mouse monoclonal IgG was used. The blank group was the PCR results with no cDNA, and the input group was the cDNA from
cell lysates without RIP procedure. U6, a abundant nuclear RNA, was used as a negative control for enrichment calculation. RIP analysis between
MALAT1 and PTBP2 was performed as SFPQ. (B) Four constructed expression vector: pLV4-MALAT1/F1, pLV4-MALAT1/F2, pLV4-MALAT1/F3,
and pLV4-over/MALAT1, respectively, together with the pLV4-over/SFPQ vector, were co-transfected into 293T cells, following by RIP analysis, to
verify the region of interaction between MALAT1 and SFPQ. Above four expression vectors, together with pLV4-vector, were also transfected into
HCT116 cells, and the cell migration was analysed by transwell method. **Po0.01, compared with pLV4-vector group. (C) Immunofluorescence
and immunoprecipitation analysis for co-localisation of SFPQ and PTBP2. Protein SFPQ and PTBP2 were respectively detected by Cy3-conjugated
secondary antibody (red colour) and FITC-conjugated secondary antibody (green colour), and the nucleus was stained with DAPI (blue colour). The
images were taken with a TCS SP2 spectral confocal system. Image MERGE1 was merged with red and green colours, and image MERGE2 was
merged with red, green and blue colours. The magnification of the microscopic pictures was �1000. Immunoprecipitation was applied to verify
the results of immunofluorescence. (D) RIP analysis was used to detect the effect of MALAT1 expression on the interaction between MALAT1 and
SFPQ in LoVo-shRNA/NT, LoVo-shRNA/MALAT1, LoVo-vector and LoVo-over/MALAT1, and the quantities of the binding were determined by
density analysis. **Po0.01, compared with LoVo-shRNA/NT or LoVo-vector group. (E) Extracted proteins from above four cells were
immunoprecipitated with anti-SFPQ antibody or mouse IgG control. The precipitates were subjected to western blot with anti-PTBP2 antibody.
**Po0.01, compared with LoVo-shRNA/NT or LoVo-vector group. (F) MALAT1 was overexpressed and a simultaneous knockdown of PTBP2 was
performed in LoVo cells, and the growth and metastasis were detected and evaluated. **Po0.01, compared with LoVo-shRNA/NT-vector group.
The full colour version of this figure is available at British Journal of Cancer online.
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MALAT1 by transfecting MALAT1 fragments expression vectors
into 293T cells, together with the pLV4-over/SFPQ vector, following
by the RIP analysis. The 30 end of MALAT1 (MALAT1/F3) showed

strong interaction with SFPQ protein, just like the full-length
MALAT1. However, the detail binding location still needed further
investigation in the future.
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Our results also suggested that MALAT1 could promote tumour
growth and metastasis in CRC in vivo. However, metastasis was
not found in the lymph nodes, lungs, or adrenal glands (data not
shown), causing concern that the subcutaneously transplanted
tumour model was not an established metastasis model. However,
experimental lung metastasis and in vivo optical imaging indicated
that MALAT1 could promote the metastasis of CRC cells in vivo.

Although previous research has demonstrated the biological
function of MALAT1 (Ji et al, 2003; Schmidt et al, 2011), the
effective mechanism of MALAT1 still needs further investigation.
Guo et al (2010) showed that MALAT1 was involved in cervical
cancer cell growth, cell cycle progression, and invasion through the
regulation of gene expression, such as caspase-3, -8, Bax, Bcl-2, and

Bcl-xL. Our data demonstrated that MALAT1 could affect the
function of SFPQ and PTBP2 protein. SFPQ is a tumour
suppressor protein inhibiting oncogene expression (Patton et al,
1993; Gozani et al, 1994), containing a DNA-binding domain, and
thus could form the SFPQ and DNA-binding synergies in a
number of human cell lines. SFPQ also contains two RBDs. Proto-
oncogene PTBP2 is highly expressed in cancer cells and can
promote their growth (He et al, 2007). MALAT1, however,
regulated the function of SFPQ and PTBP2 but did not change
their mRNA or protein expression, indicating other mechanisms
may be involved.

Furthermore, our results showed that MALAT1 could promote
growth and migration in CRC cells by competitively binding to
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tumour suppressor gene SFPQ and releasing SFPQ from the SFPQ/
PTBP2 complex, which then leads to increased SFPQ-detached
PTBP2. Li et al (2009) found that MALAT1 could interact with
SFPQ and thereby inhibit the combination of SFPQ protein with
proto-oncogene GAGE6 transcriptional regulatory regions, in
order to promote a large number of transcription GAGE6 and
induce tumours. Meissner et al (2000) studied the positioning of
SFPQ and PTBP2, and found that SFPQ can combine with PTBP2,
thereby affect the function of PTBP2. Downregulation of SFPQ
leads to the large decrease of MALAT1 regulation effect on PTBP2
and downstream proliferation and migration. SFPQ could

naturally bind not only to MALAT1, but also to other DNA such
as GAGE6 (De Backer et al, 1999), or to RNA such as L1PA16,
HN, MER11C (Li et al, 2009; Wang et al, 2009), or to proteins such
as TDP-43 (Sephton et al, 2011), RAD51D (Rajesh et al, 2011).
This implied that SFPQ might mediate the effects of other factors
and play different regulatory roles. Thus, targeting MALAT1 with
antisense oligonucleotides and/or upregulating the expression of
SFPQ provides a potential therapeutic approach to prevent CRC
metastasis.

Our experiment also indicated that PTBP2 could directly
promote the proliferation and migration of CRC cells, similar to
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Figure 5. Role of PTBP2 in the regulation of MALAT1 on the proliferation and migration. (A) LoVo cells were transfected with shRNA/NT or
shRNA/PTBP2, and the cells of stable knockdown were selected with neomycin. The silencing efficiency of PTBP2 was evaluated by western blot.
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western blot. **Po0.01; ##Po0.01; &&Po0.01, compared with LoVo-shRNA/NT cells. (B and C) MTT and transwell assay were executed to
evaluate the proliferation and migration ability of LoVo-shRNA/NT and LoVo-shRNA/PTBP2 cells. **Po0.05, compared with LoVo-shRNA/NT cells.
(D) LoVo-shRNA/PTBP2 cells were transiently transfected with siRNA/NT, siRNA/MALAT1, pLV4-vector, and pLV4-over/MALAT1 for 48 h. Total
quantities of SFPQ/PTBP2 complex were evaluated by immunoprecipitation. Total SFPQ, PTBP2 and control PCNA proteins were detected by
western blot. (E and F) MTT and transwell assay were executed to evaluate the proliferation and migration ability of four kinds of LoVo-shRNA/
PTBP2 cells transiently transfected with siRNA/NT, siRNA/MALAT1, pLV4-vector, and pLV4-over/MALAT1, respectively.
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the results in ovarian cancer (He et al, 2007). But the PTBP2
downstream targets still need extensive research. Galbán et al
(2008) found that, PTBP2 and HUR jointly promoted the
translation of hypoxia-inducible factor 1 a (HIF-1a), and HIF-1a
regulated many cancer-related genes, such as vascular endothelial
growth factor, b-catenin, and many other genes implicated in
cellular functions, such as proliferation, angiogenesis, and survival
(Wenger et al, 2005). In our previous study (Ji et al, 2013), we have

found that MALAT1 gene could indirectly increase the nuclear
translocation of b-catenin from cytoplasm, which implied the
correlation between MALAT1 and Wnt/b-catenin signalling
pathway. Ying et al (2012) also revealed that, in bladder cancer,
MALAT1 promoted EMT by activating Wnt signalling in vitro. It
provides our clues that we could continue further investigation of
PTBP2 downstream targets through the PTBP2–HIF-1a–b-catenin
signalling pathway.
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Figure 6. Expression of MALAT1 transcripts, SFPQ and PTBP2 protein in human colorectal cancer, and a hypothetical illustration for the role and
interaction of MALAT1, SFPQ and PTBP2. (A) Fluorescence in situ hybridisation was applied to investigate the MALAT1 expression in tissues using
both tumour section and normal section. (B) Real-time PCR detected the relative MALAT1 expression level in adjacent normal tissues (n¼60), CRC
tissues with no metastasis (n¼20, **Po0.01, compared with adjacent normal tissues), CRC tissues with metastasis (n¼ 40, **Po0.01, compared
with CRC tissues with no metastasis). (C) Immunohistochemistry was performed to detect SFPQ and PTBP2 protein expression in CRC tissues and
adjacent normal tissues. Integrated optical densities of each protein expression were determined. **Po0.01, compared with adjacent normal
tissues. (D) A hypothetical illustration for the role and interaction of MALAT1, SFPQ and PTBP2.
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Fluorescence in situ hybridisation and real-time PCR both
suggested that MALAT1 had a higher expression in CRC tissues
than in adjacent normal tissues, and that the MALAT1 transcript
was predominantly localised in the cell nuclei. Our data are in
agreement with what has been previously reported including our
own (Meissner et al, 2000; Xu et al, 2011), and similar to other
cancer tissues (Ji et al, 2003; Lin et al, 2007; Ying et al, 2012). This
indicates that MALAT1 transcript is associated with the develop-
ment of CRC, and might be involved in the regulation of
metastasis. Immunohistochemical staining showed strong expres-
sions of SFPQ in both adjacent normal and malignant colorectal
tissues, with no obvious difference between the two. In contrast,
PTBP2 staining was higher in human malignant tissues than in
adjacent normal tissues. A statistically significant association was
observed between PTBP2 expression and characteristics of
metastasis and invasion, and these data suited to our previous
results about the association between MALAT1 expression and

clinicopathological characteristics of CRC patient (Ji et al, 2013).
It suggested that, the joint detection of PTBP2 and MALAT1
may serve as both predictive marker and therapeutic target
in CRC.

In conclusion, we have demonstrated that SFPQ plays a vital
role in the entire regulation process, and that PTBP2 was the
relative final effector in our research. In details, MALAT1 could
promote tumour growth and migration in CRC cells by
competitively binding to tumour suppressor gene SFPQ and
releasing SFPQ from the SFPQ/PTBP2 complex, which leads to
increased SFPQ-detached proto-oncogene PTBP2 (Figure 6D). Our
findings imply that the long non-coding RNA MALAT1 might
serve as a potential therapeutic target in CRC.
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