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Long non-coding RNA metastasis-associated lung adenocarcinoma
transcript 1 regulates renal cancer cell migration via cofilin-1
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Abstract. Long non-coding RNA (IncRNA) metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1) is
upregulated in numerous types of cancer, and is implicated in
various cellular processes associated with cancer progression.
However, the underlying molecular mechanisms by which
MALATI regulates metastasis remain unclear. The present
study investigated the expression of MALAT]I across a range
of different cancer types by analyzing RNA sequencing data
from The Cancer Genome Atlas database. The results indicate
that the expression of MALAT1 is highly tissue-dependent
and that MALATTI is significantly overexpressed in renal
clear cell carcinoma (KIRC). The biological role of MALAT1
in regulating KIRC cell migration was further investigated
using molecular and cellular assays. The results demonstrate
that MALATI regulates the expression of cofilin-1 (CFLI),
potentially by regulating RNA splicing. MALAT1 knock-
down decreased the expression of CFL1 at both the mRNA
and protein levels, and affected cytoskeletal rearrangement
by regulating the levels of F-actin via CFL1, leading to
significantly decreased cellular migration. Clinical analysis
confirmed a significant correlation between MALATI1 and
CFL1 expression, implicating both genes as biomarkers for
poor prognosis in KIRC. The present study demonstrates a
novel mechanism by which MALAT1 regulates cell migration,
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which may be exploited to develop novel therapeutic strategies
for managing renal cancer metastasis.

Introduction

Renal cell carcinoma (RCC) is the seventh most common
cancer globally, and alongside an increasing incidence and
mortality rate, ~144,000 individuals succumb to the disease
each year (1,2). Renal clear cell carcinoma (KIRC) is the most
common histological subtype accounting for ~80% of all
RCC cases (3), and patients with advanced RCC have a 5-year
survival rate of <30% in the United States between 2008 and
2014 (4). Currently, the treatment of RCC remains a major
challenge due to the poor response to conventional radio-
therapy and chemotherapy (5,6). Therefore, novel therapeutic
approaches and diagnostic biomarkers are required to improve
the prognosis of patients with RCC.

Long non-coding RNAs (IncRNAs) are a class of
mRNA-like transcripts >200 nucleotides in length that lack
protein coding capability (7). IncRNAs serve important
roles in the regulation of gene expression at multiple levels,
including chromatin remodeling, transcriptional regulation,
post-transcriptional processing, mRNA translation and protein
stability (8). IncRNA dysregulation has been associated with
the occurrence and progression of malignant tumors, including
lung cancer, cervical cancer and colorectal cancer, by regulating
various cellular processes in tumor cells, such as proliferation,
migration, differentiation, apoptosis and the cell cycle (9).

Metastasis-associated lung adenocarcinoma transcript 1
(MALATI), also known as nuclear-enriched abundant tran-
script 2, was one of the first IncRNA molecules discovered
with a designated role in cancer (10,11). The MALATI tran-
script is ~8,000 nucleotides in length and is highly conserved
among mammals (12,13). Accumulating evidence has shown
that MALAT] is upregulated in various cancer types, such
as lung cancer, esophageal squamous cell carcinoma, gastric
cancer, glioma and KIRC, and is reported to promote tumor
cell hyperproliferation and metastasis (11,14-17). The nomen-
clature of MALATI is based on its function in regulating
lung cancer metastasis; however, the molecular mechanisms
underlying the MALAT1-mediated regulation of cell migration
are still largely unclear.
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A major mechanism by which MALATI exerts its
biological functions is regulating RNA processing (18).
Tripathi et al (18) reported that MALAT1 may regulate RNA
splicing by interacting with several splicing factors, such as
serine/arginine-rich splicing factor 1 and serine/arginine-rich
splicing factor 3. A previous study demonstrated that MALAT1
binds multiple subunits of the RNA spliceosome, such as
serine/arginine-rich splicing factor 7, ATP-dependent RNA
helicase A and splicing factor U2AF2 (19). RNA sequencing
conducted by Engreitz et al (20) showed that MALAT1 could
indirectly interact with a number of pre-mRNAs including
pre-cofilin-1 (pre-CFL1) mediated by proteins. CFLI is
an actin binding protein that regulates F-actin severing and
depolymerization, a critical step for cytoskeleton dynamics
during cellular migration (21,22). A previous study have shown
that CFL1 expression is highly associated with cell locomo-
tion and invasion (23). However, to the best of our knowledge,
the relationship between MALATI1 and CFL1 has not been
investigated, and it is unknown whether CFL1 is an important
downstream factor for the regulation of MALAT1-induced
cellular migration.

In the present study, we studied the role of MALATI1
in the in the regulation of cell migration in RCC cells and
investigated the underlying molecular mechanism.

Materials and methods

Cell culture and transfection. Human renal cancer cell lines
ACHN and 786-O were obtained from the American Type
Culture Collection. The cells were cultured in Minimum
Essential Medium or Dulbecco's modified Eagle's medium
(both Corning, Inc.) supplemented with 10% fetal bovine
serum (FBS) (Gibco; Thermo Fisher Scientific, Inc.) and 1%
penicillin/streptomycin (100 pg/ml) at 37°C (5% CO,) in a
humidified culture incubator. For small interfering (si)RNA
knockdown experiments, MALATI1 siRNA (si-MALATI1-1
and si-MALAT1-2) and scrambled negative control siRNA
(Scr) were purchased from Guangzhou RiboBio, Co., Ltd, and
the siRNA sequences are displayed in Table SI. Cells cultured
in 6-well plates at 40% confluence (4x10° cells. per plate)
were transfected using X-tremeGENE siRNA Transfection
Reagent (Roche Diagnostics, Inc.) and were harvested after
48 h of incubation at 37°C. For rescue experiments, the entire
cloned CFL1 sequence (accession number: NM_005507.3)
was inserted into the GV358 vector (GeneChem, Inc.).
MALAT]1 knockdown cells were incubated at 37°C with 2 ug
CFL1 expression plasmid GV358-CFL1 and X-tremeGENE
HP DNA Transfection Reagent (Roche Diagnostics, Inc.) and
harvested after 36 h.

Reverse transcription-quantitative (RT-q)PCR. Total RNA
was isolated from transfected ACHN and 786-O cells using
TRIzol® reagent (Invitrogen, Thermo Fisher Scientific, Inc.).
For the detection of mRNA, a Fast Quant RT kit (TianGen
Biochemical Technology, Co., Ltd.) was used to reverse
transcribe 5 ug total RNA into cDNA according to the
manufacturer's protocols. The reaction conditions for reverse
transcription were: 42°C for 6 min, 42°C for 1 h and 95°C for
10 min. gPCR reactions was performed with the SuperReal
SYBR Green PreMix (TianGen Biotech, Co., Ltd.) using

a 7500 Fast Real-Time PCR system (Applied Biosystems;
Thermo Fisher Scientific, Inc.) and the following reaction
conditions: 30 sec at 94°C, followed by 40 cycles of 5 sec
at 94°C and 1 min at 60°C. Relative mRNA levels of the target
genes were normalized using the reference gene GAPDH and
assessed using the 2424 method (24). The primer sequences
used for RT-qPCR are displayed in Table SII.

Western blotting. Transiently transfected cells were lysed
using 2% sodium dodecyl sulfate (Beijing Solarbio Science
and Technology, Co., Ltd.) supplemented with cOmplete™
protease inhibitor cocktail (Roche Diagnostics, Inc.) for 10 min
on ice. Total protein was quantified using a BCA quantifica-
tion kit (Invitrogen; Thermo Fisher Scientific, Inc.). A total of
30 ug protein per lane was loaded onto a 10% gel, resolved
using SDS-PAGE and then transferred to activated polyvi-
nylidene difluoride membranes (PVDF) (0.2 um pore size,
EMD Millipore). After blocking with 5% skim milk for 1 h at
room temperature (RT), the PVDF membranes were incubated
with rabbit anti-human primary antibodies against GAPDH
(1:1,000 dilution, cat. no. abl181602, Abcam), B-actin (1:1,000
dilution, cat. no. ab8227, Abcam) or CFL1 (1:1,000 dilution,
cat. no. ab42824, Abcam) at 4°C overnight. After washing
with TBST, the blots were incubated with goat anti-rabbit IgG
heavy chain (H) + light chain (L) HRP secondary antibody
(1:1,000 dilution; cat. no. SO001; Affinity Biosciences) for
1 h at RT. Finally, the blots were developed using enhanced
chemiluminescence luminol reagents (Pierce; Thermo Fisher
Scientific, Inc.) and the protein bands were analyzed using
Imagel] software version 1.8.0 (National Institutes of Health).

Clinical specimens. To investigate the expression of MALATI
and CFL1 using RT-qPCR in human RCC tissues, 20 malignant
renal cancer tissue specimens were collected from 15 male and
5 female patients (median age, 65 years; age range, 45-75 years).
The tissues were surgically removed at the Second Hospital
of Tianjin Medical University with written consent from the
patients, and with approval from the Tianjin Medical University
Second Hospital Medical Ethics Committee (Tianjin, China).
All patients received radical nephrectomy with no preopera-
tive or postoperative adjuvant therapy. No additional inclusion
or exclusion criteria were used. All specimens were evaluated
by two experienced pathologists independently to ensure that
they were correctly identified as KIRC. Diagnostic criteria for
KIRC include grossly circumscribed mass, sheets and nests
of cells surrounded by extensive capillary network, predomi-
nantly composed of clear cells, nuclei ranging from round and
regular at low grade to pleomorphic at high grade, dysplasia
of adjacent non-carcinomatous tubules in some cases, and
multiple and/or familial clear cell carcinomas may be seen
in von Hippel Lindau syndrome (25). The collected tumor
tissues were frozen in liquid nitrogen immediately and stored
at -80°C. Clinicopathological information of the patients is
presented in Table SIII.

Confocal imaging. Renal cancer cells were plated at 3x10* per
well into 12-well plates containing sterile glass coverslips.
After incubation for 24 h at 37°C, the cells were fixed with 4%
paraformaldehyde at RT for 10 min and permeabilized with
0.2% Triton X-100 (Beijing Solarbio Science and Technology,
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Co., Ltd.) for 10 min. After being washed three times with
phosphate buffered saline (PBS), the cells were blocked
with 3% bovine serum albumin (Beijing Solarbio Science
and Technology, Co., Ltd.) for 1 h at RT. Next, the cells were
incubated with rhodamine conjugated phalloidin (Invitrogen;
Thermo Fisher Scientific, Inc.) for 30 min at RT. After being
washed three times with PBS, cell nuclei were stained with
4'6-diamidino-2-phenylindole for 10 min at RT. The stained
cells were visualized using confocal laser scanning microscopy
at x400 magnification (Olympus Corporation).

Actin polymerization assay. Renal cancer cells were seeded
at 3x10° cells per well in 6-well plates. After incubation for
24 h at 37°C, the cells were fixed with 4% paraformaldehyde
at RT for 10 min, permeabilized with 0.1% Triton X-100 for
20 min at RT, and then washed three times with F-actin buffer
(10 mM HEPES, 20 mM KH,PO,, 5 mM EGTA and 2 mM
MgCl,). Next, the cells were incubated with rhodamine conju-
gated phalloidin (dilution, 1:40; cat. no. R415; Thermo Fisher
Scientific,Inc.) at RT for 60 min. Phalloidin was extracted using
100% methanol, and the fluorescence intensity was quantified
using a microplate reader (BioTek Instruments, Inc.).

Wound healing assay. Following 48 h transfection, ACHN
and 786-0 cells were cultured in 6-well plates until confluent.
The cells were scratched in the middle of the plate using a
10 pl sterile pipette tip and washed three times with PBS to
remove detached cells and debris. The cells were cultured in
medium containing 1% FBS for an additional 24 h. Images
were captured at O and 24 h, and the migration distance was
measured at 200x magnification using a light microscope
(Olympus Corporation).

Invasion assay. An invasion assay was performed using 24-well
Transwell chambers (Corning, Inc.) containing polycarbonate
membranes (pore size, 8 pm) precoated with Matrigel at 37°C
for 30 min (BD Biosciences). After starvation overnight,
1x10° transfected cells in 200 pl serum-free medium were
loaded into the upper chambers, and 600 ¢l medium containing
10% FBS was added to the lower chambers as a chemoattrac-
tant. After incubation for 24 h at 37°C, non-invasive cells on
the upper membrane surface were removed with wet cotton
swabs, and the cells that had invaded to the lower membrane
surface were fixed with 4% paraformaldehyde at RT (Beijing
Solarbio Science and Technology, Co., Ltd.) and stained with
0.01% crystal violet solution (Sigma-Aldrich; Merck KGaA) at
RT for 10 min. The migratory cells were counted manually in
six randomly selected regions at 200x magnification using a
light microscope (Olympus Corporation).

Bioinformatics analysis. Gene expression and clinical data
were obtained from The Cancer Genome Atlas (TCGA) data-
base (https://www.cancer.gov/tcga) via the TCGAbioLinks
version 2.12.2 (26) Bioconductor R package in R (27) by
RStudio (version 3.6.0) (28). The following tumor types
were selected: Bladder urothelial carcinoma (BLCA),
breast invasive carcinoma (BRCA), colon adenocarcinoma
(COAD), esophageal carcinoma, glioblastoma multiforme,
head and neck squamous cell carcinoma (HNSC), KIRC,
renal papillary cell carcinoma (KIRP), liver hepatocellular

carcinoma (LIHC), lung adenocarcinoma, lung squamous
cell carcinoma (LUSC), pancreatic adenocarcinoma, pheo-
chromocytoma and paraganglioma, prostate adenocarcinoma
(PRAD), rectum adenocarcinoma (READ), sarcoma, skin
cutaneous melanoma, stomach adenocarcinoma (STAD),
thyroid carcinoma, thymoma (THYM) and uterine corpus
endometrial carcinoma. The raw read counts per gene of
the gene expression data were normalized to Transcripts Per
Million (29). Differential expression analyses of MALATI
and CFLI1 between tumor and normal samples were conducted
using the ggplot2 version 3.2.0 (http:/ggplot2.tidyverse.org)
package integrated with ggpubr version 0.2.1 (https:/rpkgs.
datanovia.com/ggpubr/) package in R. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis were conducted by clusterProfiler
R/bioconductor package (v3.12.0) (30) in R.

Statistical analysis. Prism version 7.0 (GraphPad Software,
Inc.) was used to plot mean and standard deviation data.
Statistical analysis was performed by two-tailed unpaired
Student's t-test between two groups or one-way analysis of
variance followed by Tukey's post hoc test between multiple
groups. Wilcoxon rank-sum test was used for statistical
analysis of TCGA data, when patients were stratified into
high expression group and low expression group, based on
the 33 and 66 percentiles of the two RNAs (low, 1-33 percen-
tile; high, 66-100 percentile). Overall survival (OS) analysis
was performed using the survival R package version 2.43.3
(https://github.com/therneau/survival). Survival analysis was
performed using the Kaplan-Meier method and compared
using the log-rank test. The correlation between MALATI
and CFLI mRNA expression was evaluated using Pearson's
coefficient. P<0.05 was considered to indicate a statistically
significant difference.

Results

Pan-cancer analysis of MALATI expression. To acquire the
expression pattern of MALAT1 across different cancer types,
RNA sequencing datasets from 21 of the most common types
of cancer were obtained from TCGA database. The results
indicated that MALAT!I is significantly upregulated in eight
different types of cancer compared with normal tissues,
including COAD (3-fold change, P<0.001), HNSC (1.6-fold
change, P<0.001), KIRC (2.1-fold change, P<0.001), KIRP
(1.2-fold change, P=0.041); LIHC (2.9-fold change, P<0.001),
PRAD (1.5-fold change, P<0.001), READ (2.4-fold change,
P=0.01) and STAD (fold-change: 1.7, P=0.003). KIRC was
one of the cancer types with the most significant upregula-
tion of MALAT1. Surprisingly, MALATI was also decreased
in three types of cancer: BLCA (0.7-fold change, P=0.032),
BRCA (0.9-fold change; P=0.004) and LUSC (0.8-fold change,
P=0.036) (all Fig. 1). The expression of MALAT1 was not
significantly changed in the other ten types of cancer. These
results suggest that the expression of MALATI is cancer
type-dependent and may play distinct biological roles in
different types of cancer.

Functional analysis of MALATI binding pre-mRNAs.
MALATI is a major component of nucleus speckles (18)
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Figure 1. Comparison of MALAT]1 expression in tumors and corresponding normal tissues from TCGA. Expression of MALAT1 was measured using
log,(TPM). Wilcoxon rank-sum test was used for statistical analysis and the data were not paired. MALAT1, metastasis-associated lung adenocarcinoma
transcript 1; TPM, Transcripts Per Million; TCGA, The Cancer Genome Atlas; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma;
COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KIRC,
clear cell kidney carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung
squamous cell carcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ,
rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; THCA, thyroid carcinoma; THYM, thymoma;

UCEC, uterine corpus endometrial carcinoma; ns, not significant.

and indirectly binds with a number of pre-mRNAs through
protein intermediates, thereby regulating pre-mRNA expres-
sion through RNA splicing (20). To better understand the
biological function of MALATI, GO and KEGG pathway
enrichment analysis was performed on the pre-mRNAs that
were identified to bind with MALAT1. Functional enrichment
analysis revealed that the top-ranked biological processes
included ‘mRNA processing’ and ‘RNA splicing’ (Fig. S1A).
KEGG pathway enrichment analysis showed that pre-mRNAs
that bound to MALATI1 were significantly enriched in
‘spliceosome’ pathways with the highest protein count as 20
(Fig. S1B). This result further supports the role of MALAT1
in RNA splicing. Pre-CFLI mRNA also had a marked
enrichment among the 488 observed pre-mRNAs (fold-19.79
enrichment) (20). CFL1 is a critical modulator of cytoskeleton
rearrangement during cell migration (21,22), and the present
findings suggest that MALAT1 may be directly involved in
cell migration by regulating pre-CFLI splicing.

MALATI regulates the expression of CFLI. Next, the
association between MALAT1 and CFL1 was examined.
MALAT1 siRNA knockdown was investigated in ACHN and
786-0 cells, and MALAT1 downregulation of was subse-
quently confirmed using RT-qPCR (Fig. 2A and B). MALAT1
knockdown inhibited CFLI1 expression at both the mRNA and
protein levels compared with respective control cells in both
ACHN (Fig. 2A) and 786-0 cells. (Fig. 2B). si-MALAT1-2 had
a higher knockdown efficiency compared with si-MALATI1-1
and was used for the following experiments. In addition, levels
of pre-CFLI mRNA were examined using primers that targeted
the junction of the first exon and intron (Fig. 2C). Knockdown
of MALATI decreased the levels of CFLI mRNA in both
ACHN (P<0.001, Fig. 2D) and 786-0 cells (P=0.008; Fig. 2E)

but not pre-CFLI. Taken together, these results suggest that
MALAT-knockdown inhibits CFL1 expression at both the
RNA and protein level by post-transcriptional regulation.

MALATI-knockdown elevates F-actin accumulation. To
establish how MALAT1 modulates the cytoskeleton through
CFL1, the overexpression efficiency of CFLI plasmid in
ACHN was first evaluated (at mRNA level, P<0.001; at protein
level, P=0.003; Fig. S2A) and 786-0 cells (at mRNA level,
P=0.004; at protein level, P<0.001; Fig. S2B). Then, rescue
experiments were performed by first knocking down MALAT1
with siRNA and then overexpressing CFLI1. The efficiency
of transfection was evaluated using RT-qPCR and western
blotting in both ACHN (Fig. 3A) and 786-0 cells (Fig. 3B).
Western blotting showed that MALAT1 knockdown did not
affect the total amount of (-actin (Fig. 3C). A fluorescence
staining assay was performed to measure the levels of F-actin
in the cells and observed marked accumulation of F-actin near
the cell membrane in MALAT1 knockdown cells as compared
with the corresponding control cells (Fig. 3D). To verify that
the accumulation of F-actin was mediated by CFL1, a rescue
experiment was performed in MALATI-knockdown cells
with the CFLI1 vector. Restoring the expression of CFL1 in
MALATI1-knockdown cells decreased F-actin accumulation
to a similar level as the control cells. In addition, the levels
of F-actin in the cells were quantified and showed a consis-
tent result with the fluorescence staining assay (Fig. 3A-D).
Knockdown of MALATI significantly increased the level
of F-actin, which was reduced to control levels in rescued
cells (Fig. 3E). Taken together, these results demonstrate that
MALATI-knockdown inhibited F-actin depolymerization
and induced F-actin accumulation near the cell membrane
thorough suppressing CFLI1 expression.
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Figure2. MALAT1-knockdown inhibits CFL1 expression in KIRC cells. RT-qPCR and western blotting analyses of CFL1 expressionin MALAT1-downregulated
(A) ACHN and (B) 786-0 cells and their corresponding control cells. The data are expressed as mean + SD (n=3) and one-way analysis of variance followed by
Tukey's post hoc test was used for statistical analysis. (C) Amplified regions of CFLI and pre-CFLI mRNAs. RT-qPCR analysis of CFLI and pre-CFLI mRNA
expression levels in MALAT1 downregulated (D) ACHN and (E) 786-O cells and their corresponding control cells. The data were expressed as mean + SD
(n=3) and unpaired Student's t-test was used for statistical analysis. MALAT1, metastasis-associated lung adenocarcinoma transcript 1; CFLI, cofilin-1; KIRC,
kidney renal clear cell carcinoma; SD, standard deviation; Scr, scramble; si, small interfering; RT-qPCR, reverse transcription-quantitative PCR.

MALATI regulates the migration and invasiveness of RCC cells
through CFLI. To determine whether MALATI is required
for the migration and invasion of RCC cells, the effect of
MALAT1-knockdown was examined in ACHN and 786-0 cells
using cellular migration assays. In the wound assay, 1% FBS was
used to sustain cell vitality. MALAT1 siRNA knockdown inhib-
ited the migration and invasiveness of RCC cells compared with

their corresponding control cells. To confirm the role of CFL1
in MALAT1-mediated cell mobility, the expression of CFLI in
MALAT-knockdown cells was restored, and showed that the
migration and invasion capacities of these cells were elevated to
similar levels as in the corresponding control cells (Fig. 4). Taken
together, these results suggest that MALAT1 downregulation
inhibits RCC cell migration and invasiveness through CFL1.
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Figure 3. Reverse transcription-quantitative PCR and western blotting analyses of CFL1 in MALAT 1-downregulated (A) ACHN and (B) 786-0 cells trans-
fected with CFL1 plasmids and the corresponding control cells. The data are presented as the mean + SD (n=3) and one-way ANOVA followed by Tukey's post
hoc test was used for statistical analysis. (C) Western blots of CFLI and B-actin in MALAT1-downregulated ACHN (upper panel) and 786-O (lower panel) cells
and their corresponding control cells. Data are shown as mean + SD (n=3) and unpaired Student's t-test was used for statistical analysis. (D) Confocal imaging
of cellular F-actin in cells transfected with MALAT1 siRNA or MALAT1 siRNA and CFL1 vector. F-actin was stained with rhodamine conjugated phalloidin.
Upper panel, ACHN; lower panel, 786-0. Scale bar, 20 ym. (E) Quantification of F-actin levels using an actin polymerization assay in cells transfected with
MALATI siRNA or MALAT]I siRNA and CFL1 vector. F-actin was stained with rhodamine conjugated phalloidin. Data are expressed as mean + SD (n=3)
and one-way ANOVA followed by Tukey's post hoc test was used for statistical analysis. MALAT1, metastasis-associated lung adenocarcinoma transcript 1;
ns, not significant; CFL1, cofilin-1; SD, standard deviation; Scr, scramble; si, small interfering; ANOVA, analysis of variance.
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Figure 4. MALATI regulates the migration and invasion of renal cell carcinoma cells through CFL1. (A) Cell migration assay of siMALAT]I cells and
cells transfected with both siMALAT1 and CFLL1 vector. Left panel, ACHN; right panel, 786-O. Representative images of the cells at 0 and 24 h are shown.
Magnification, x100. (B) Quantification of cell migration assay. Migration distances are shown as the mean + SD of three independent analyses, and one-way
ANOVA followed by Tukey's post hoc test was used for statistical analysis. Left panel, ACHN; right panel, 786-0. (C) Invasion assay of the kidney renal
clear cell carcinoma cells with indicated treatments. Left panel, ACHN; right panel, 786-0O. Representative images are shown. Magnification, x200. Scale
bar, 100 gm. (D) Quantification of the invasion assay. Results are shown as the mean + SD of three independent analyses and one-way ANOVA followed
by Tukey's post hoc test was used for statistical analysis Upper panel, ACHN; lower panel, 786-0. ns, not significant; MALAT1, metastasis-associated lung
adenocarcinoma transcript 1; si, small interfering; CFLI1, cofilin-1; SD, standard deviation; ANOVA, analysis of variance.
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Figure 5. Correlation and survival analyses of MALAT1 and CFL1 expression. (A) Correlation between MALATI and CFLI mRNA expression in RCC
tissues. The data were expressed as mean + SD (n=20). (B) Comparison of CFLI expression in tumors and corresponding normal tissues. Expression of CFL1
was measured using log2(TPM). Data were obtained from TCGA database, and the data were not paired. Wilcoxon rank-sum test was used for statistical
analysis. Kaplan-Meier survival analysis of (C) MALATI and (D) CFLI mRNA in patients with KIRC from TCGA database using log-rank test. Patients were
stratified into high expression group and low expression group based on the 33 and 66 percentiles of the two RNAs (low, 1-33 percentile; high, 66-100 percen-
tile). ns, not significant; MALAT1, metastasis-associated lung adenocarcinoma transcript 1; CFLI, cofilin-1; SD, standard deviation; TPM, Transcripts Per
Million; TCGA, The Cancer Genome Atlas; BCLA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma, HNSC,
esophageal carcinoma, glioblastoma multiforme, head and neck squamous cell carcinoma; KIRC, clear cell kidney carcinoma; KIRP, renal papillary cell
carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PAAD, pancreatic adenocarcinoma;
PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ rectum adenocarcinoma; SARC, sarcoma; STAD, skin cutaneous
melanoma, stomach adenocarcinoma; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma.

Clinical analyses of MALATI and CFLI. Finally, the clinical ~ with KIRC (Fig. 5C and D). Taken together, these data suggest

implications of MALAT1 and CFL1 were investigated. Levels
of MALATI and CFLI mRNA were analyzed using RT-qPCR
in 20 KIRC tumor tissues. The results showed a positive
correlation (r=0.8131, P<0.001) between MALATI and CFLI
(Fig. 5A), which further confirmed the present hypothesis. By
analyzing the mRNA sequencing data from TCGA database,
it was found that the levels of CFLI mRNA were significantly
increased in 15 common types of cancer, including KIRC
(1.2-fold change; P<0.001) and significantly decreased only
in COAD (P<0.001) as compared with the normal tissues
(Fig. 5B). In addition, Kaplan-Meier survival analyses
revealed that both MALAT1 (P<0.001) and CFL1 (P<0.001)
were associated with poor overall survival time in patients

that MALATI and CFLI expression are positively correlated
in KIRC tumor tissues, and that both MALATI and CFLI were
upregulated and associated with poor prognosis.

Discussion

In the past decade, IncRNA MALATI has been implicated
in the progression of several cancer types, including lung
cancer, bladder cancer, hepatocellular carcinoma and
cervical cancer (11,12,31-35). Most studies have high-
lighted the pro-oncogenic role of MALATI; however, it is
shown to suppress tumor progression in some cancer types.
The pan-cancer analysis performed in the present study
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showed that the expression levels of MALATI increase
in the majority of cancer types, but is downregulated in
several types, such as BRCA and LUSC. A recent study
showed that MALAT]1 inhibits breast cancer metastasis by
binding and inactivating the pro-metastatic transcription
factor TEAD (36). Additionally, an earlier study revealed
that MALATI1 expression in metastatic adenocarcinoma is
several folds higher compared with that in non-metastatic
adenocarcinoma, but that the relative expression is decreased
in squamous cell carcinomas (12). These studies indicate that
the roles of MALAT1 may be cancer type- and histological
subtype-dependent.

A number of studies have demonstrated that MALAT1
functions in the regulation of different hallmarks of cancer,
especially cell proliferation and apoptosis. For example,
MALATI1 promoted cell proliferation and inhibited apoptosis
by suppressing tumor necrosis factor receptor-associated factor
6 expression via sponging microRNA (miR)-146b-5p in hepa-
tocellular carcinoma (37). It was also reported that MALAT1
regulated cellular proliferation and apoptosis by binding
to unmethylated polycomb 2 protein and promoting E2F1
SUMOylation (38). A previous study also demonstrated that
MALAT1 promotes cell proliferation and inhibits apoptosis by
suppressing p53 activation (19). Overall, these studies suggest
that MALAT1 may be involved in various tumor-associated
cellular processes via distinct mechanisms.

The underlying mechanism by which MALAT] regulates
the metastatic phenotype of different types of cancer is still
largely unclear (11,14-17). Several studies have demonstrated
the role of MALATI in epithelial-mesenchymal transition
(EMT). For example, MALAT]1 is reported to promote EMT
by sponging miR-126-5p and thereby increasing the expression
of metastasis-associated molecules, such as vascular endothe-
lial growth factor A, snail family transcriptional repressor 2
and twist family bHLH transcription factor 1 in colorectal
cancer (39). Hirata er al (32) also reported that MALATI1
promoted cell invasion through interacting with enhancer of
zeste 2 polycomb repressive complex 2 subunit and inhibited
E-cadherin expression (32). In our previous study, MALAT1
mediated tumor growth by regulating the activity of p53 (19).
However, it is unknown whether MALAT] can directly act on
the cytoskeleton. In the present study, MALAT1 knockdown
decreased CFLI1 expression at both the mRNA and protein
level without affecting the abundance of its pre-mRNA. A
possible explanation for this is that MALATI regulates the
alternative splicing of pre-CFLI, resulting in higher levels of
unstable CFLI transcripts that are immediately degraded. In
an ongoing project in the School of Basic Medical Sciences
at Tianjin Medical University, it was observed that MALAT
knockdown markedly affected the landscape of alternative
splicing (data not shown). However, the pool of pre-mRNA
is affected by three factors; transcription, degradation and
splicing (40). Further evidence is required to determine the
contribution of each of these factors in the results of the present
study, by experiments such as RNA sequencing.

CFL1 is a critical molecule that regulates cytoskeletal
dynamics by depolymerizing actin filaments, and is required
for cytokinesis and cell movement (21,23,41), while the loss
of CFL1 increases F-actin accumulation (42). Although a
previous study implicated CFL1 in cell proliferation (43),

_____ .. Spliceosome
pre CFL1 ™,
| MALAT1
pre-CFL1 ¢
mRNA
CFL1
Depolymerization Severing

F-actin

Cell migration and invasion

Figure 6. Proposed molecular mechanism by which MALAT1 regulates cell
migration and invasion via CFL1. MALAT], metastasis-associated lung
adenocarcinoma transcript 1; CFL1, cofilin-1.

substantial research has showed that CFL1 is more directly
associated with the cytoskeleton and cell migration (21,23 ,41).
Therefore, the role of CFL1 in cell migration was the focus of
the present study. Furthermore, Wang et al (22) demonstrated
that CFL1 was associated with cell invasion and cancer
metastasis. The present data demonstrated that MALAT1
promotes cell migration and invasion by modulating the level
of F-actin through regulation of the expression of CFLI in
RCC cells (Fig. 6).

In conclusion. the present study identified a novel mecha-
nism by which MALAT]1 regulates RCC cell migration and
invasion. TCGA database and RT-qPCR analyses further
demonstrated a positive correlation between MALATI1
and CFLI1. Moreover, increased expression of these two
molecules in RCC tumor tissues were associated with poorer
overall patient survival. Functional and mechanistic analyses
suggested that MALAT1 knockdown inhibited renal cancer
cell migration by inhibiting CFL1 expression. These findings
may provide a potentially novel therapeutic target for RCC
treatment.
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