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Lentiviral-mediated overexpression of long non-coding
RNA GAS5 reduces invasion by mediating MMP2
expression and activity in human melanoma cells
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Abstract. The present study evaluated the effects of long
non-coding RNA GAS5 on the migration and invasion of
melanoma cells. Using the SK-Mel‑110 melanoma cell line, we
stably expressed GAS5, visualized the distribution of GAS5
by RNA fluorescence in situ hybridization (FISH) and examined changes in cell migration and invasion with Transwell
assays. In GAS5 overexpressed SK-Mel‑110 cells, migrated
and invaded cells decreased by 65.3 and 55.6%, respectively.
Moreover, the MMP2 protein level, and its activity was downregulated by 67.9 and 15.8%, respectively. Overexpressing
lncRNA GAS5 inhibited the migration and invasion ability
of melanoma SK-Mel‑110 cells, partially by decreasing the
MMP2 expression and its activity. This study is the first to
reveal a potential relationship between lncRNA GAS5 and the
migration and invasion of melanoma.
Introduction
Melanoma is an aggressive disease with an ever-increasing
incidence rate and is the deadliest known form of skin cancer.
In 2015, an estimated 80,100 new cases and 13,340 deaths
from skin cancer are expected in the United States, with
melanoma accounting for 75% of all skin cancer deaths (1).
Although targeted therapies and immunotherapies have revolutionized melanoma treatment and improved the quality of
life of advanced melanoma patients, few drugs are available
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(only seven as of 2014), and drug resistance is increasing (2).
Therefore, further study of the progression of metastatic
melanoma and the innovation of new, targeted therapies are
desperately needed.
Long non-coding RNAs (lncRNAs) are RNA molecules
with lengths of more than 200 nucleotides and little probability
of translation into a protein (3). Considered useless and subsequently ignored for several decades, lncRNA is now attracting
more and more attention, and increasing evidence has suggested
that lncRNAs participate in universal biological processes
such as cell differentiation, proliferation, migration and invasion (4). Studies have also revealed that some lncRNAs, such
as HOTAIR and growth arrest specific transcript 5 (GAS5),
can function as tumor promoters or suppressors, respectively
(5,6). Other lncRNAs function by providing a scaffold through
which proteins can adhere, accumulate and exert their functions, suggesting that specific RNA secondary structures are
needed for lncRNAs to carry out their functions (7,8). Located
at 1q25 and with a mature length of 650 bases, the lncRNA
growth arrest-specific transcript 5 (GAS5) comprises 12 exons
and encodes 10 box C/D snoRNAs within its introns (9). GAS5
was originally isolated from NIH 3T3 cells by Schneider et al
with the purpose of identifying potential tumor suppressor
genes enriched during growth arrest induced by serum starvation (10). GAS5 transcript levels are significantly reduced in a
spectrum of cancers including breast, prostate, glioblastoma,
renal clear cell, bladder, hepatocellular, pancreatic, non-small
cell lung, colorectal, cervical and multiple myeloma (11-21).
Importantly, aberrant GAS5 expression was significantly
correlated with metastasis in cervical cancer (21) and hepatocellular carcinoma (15).
However, despite the past research, the expression profile
and biological role of GAS5 and its mechanism in melanoma
metastasis remain largely unknown. The tumorigenesis
process and progression of melanoma to metastasis is generally recognized as a multistep process in which the cellular
and molecular mechanisms change. The first step of invasion, which is the degradation of the extracellular matrix, is
regulated by the matrix metalloproteinase (MMP) family,
which plays a key role in tumor cell invasion and metastasis
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(22). MMP2, which was shown to be specifically involved in
type IV collagen degradation, is also secreted by a wide range
of melanoma cells (23). Specifically, MMP2 is detected in the
early stages of melanocytic tumor progression (24). Although
MMP13 is also gelatinolytic and type IV collagenolytic, it is
prone to degrading type I, II and III collagens (25). Previous
studies have shown that upregulated MMP13 and its activity in
melanoma cell lines are involved in the metastasis of melanoma
(26,27). A recent study revealed that MMP13 not only cleaves
laminin-5 into small fragments to accelerate tumor metastasis
but also disrupts vasculogenic mimicry in the presence of
cleaved laminin-5, exerting dual effects on melanoma (28).
The SK-Mel‑110 melanoma cell line, isolated from a
primary melanoma patient, has been cultured in vitro for
nearly 30 years and has been divided many times, which is
indicative of an immortal cell line (29). SK-Mel‑110 cells grow
actively, with a doubling time of ~20 h, and are tumorigenic
in immunodeficient nude mice (30). They have been used
widely at several melanoma research centers for the study of
melanogenesis, which investigates the role that autophagy and
apoptotic resistance play in the pathogenesis of melanoma, and
in various pharmacological and toxicological studies (31-33).
In the present study, substantial downregulation of GAS5 was
detected in SK-Mel‑110 cells, and therefore it was selected for
further study.
Based on these reports, we hypothesized that GAS5 may
function as a tumor suppressor by inhibiting melanoma cell
invasiveness via the regulation of MMP2 or MMP13. To
further understand the role of GAS5 in the metastasis of melanoma, we overexpressed GAS5 in SK-Mel‑110 cells. Using this
model, the effects of GAS5 on melanoma migration and invasion, and the potential correlation between GAS5 and MMPs,
were investigated.
Materials and methods
Cell culture. The human melanoma cell line A375 was
purchased from ATCC (Manassas, VA, USA) and Hacat,
SK-Mel‑110, SK-Mel-28 and M21 were purchased from the
Shanghai Institutes for Biological Science (SIBS), China
Academy of Science (CAS). Cells were cultured in Dulbecco's
modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA,
USA) supplemented with 5% fetal bovine serum (FBS, Life
Technologies, Burlington, Ontario, Canada), 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C in 5% (v/v) CO2.
Cells were maintained without exceeding 0.5x106 cells/ml.
293T human embryonic kidney (HEK) cells were obtained
from the Cell Bank at the Chinese Academy of Science and
cultured in DMEM containing 10% (v/v) FBS and 100 µg/ml
streptomycin at 37˚C in 5% (v/v) CO2.
Predicting secondary structure of GAS5. Secondary structural prediction was performed using the RNA Vienna
Package on the webserver (http://rna.tbi.univie.ac.at/) (34,35).
This program predicts RNA secondary structure based on
minimum energy requirements and pair probabilities.
Total RNA extraction and detection of GAS5 by qRT-PCR.
Total RNA was isolated from the transfected cells using
Trizol reagent (Invitrogen) according to the manufacturer's

protocol. Briefly, after removing the culture medium, Trizol
reagent was added to each well, followed by incubation at
room temperature for 10 min and centrifugation at 12,000 g
for 10 min. The supernatant was removed to obtain the
precipitated RNA. After washing with 75% ethanol, the dried
RNA pellet was then resuspended in RNase-free water and
stored at -80˚C until use. cDNA was synthesized using
Oligo(dT) and M-MLV reverse transcriptase (M1701,
Promega). GAS5 primers (F, 5'-GCACACAGGCATTAGAC
AGA-3'; R, 5'-AAGCCGACTCTCCATACCTT-3'), and the
U6 primers (F, 5'-CTCGCTTCGGCAGCACA-3'; R, 5'-AACG
CTTCACGAATTTGCGT-3') were synthesized by Shengon
(Shanghai, China). Real-time PCR was performed using a
sequence detection system (ABI 7300; Applied Biosystems,
Foster City, CA, USA). The 20-µl reaction mixture contained
10 µl of SYBR green PCR master mix (A6020, Promega), 1 µl
of cDNA template, 1 µl of PCR forward primer, 1 µl of PCR
reverse primer and 7 µl of RNA-free water. PCR running
conditions were as follows: 15 sec at 95˚C for the initial denaturation, 30 cycles of 5 sec at 95˚C and 30 sec at 60˚C and
1 min at 95˚C for annealing. The threshold cycle (Ct value),
which is the cycle number at which the amount of amplified
gene of interest reaches a fixed threshold, was subsequently
determined. GAS5 gene expression was compared to control
cells by qRT-PCR using the 2-∆∆ Ct method with U6 as an
internal control. The results are expressed as the mean ± SD
from three independent experiments.
Constructing a recombinant vector containing the GAS5
gene. The mature human GAS5 gene (NM_002578.2) was
synthesized by Genewiz (Suzhou, China). The primers are as
follows: GAS5-XhoI-F, 5'-ccgctcgagTTTCGAGGTAGGA
GTCGACTCCTGTG-3'; and GAS5-BamHI-R, 5'-cgcggatcc
TTTTTTTTTTTTTTTTTTTTGGATTGCAAA-3'. These
primers contain both XhoI and BamHI restriction sites (underlined). The 25-µl reaction mixture contained 2.5 µl of 2 mM
dNTP mixture, 2.5 µl of 10X KOD buffer, 1.5 µl of 25 mM
MgSO4, 0.5 µl of synthesized template, 0.3 µl of PCR forward
primer, 0.3 µl of PCR reverse primer, 0.3 µl of KOD Plus Neo
and 17.1 µl of RNA-free water. PCR running conditions were
as follows: 3 min at 94˚C for the initial denaturation, 30 cycles
of 15 sec at 98˚C and 15 sec at 58˚C and 30 sec at 95˚C for
annealing. The resulting product was kept at 16˚C until further
use. After isolation and purification of the PCR product, the
GAS5 gene was inserted into the corresponding site of the
linearized expression vector pLVX-IRES-ZsGreen1 (data not
shown), downstream of the cytomegalovirus (CMV) promoter.
The recombinant plasmid was then transformed into DH5α
competent cells (36,37) (Fig. 1).
Identifying positive recombinant vectors, packaging lentivirus and determining lentivirus titers. Positive recombinant
clones were examined and verified by DNA sequencing
(data not shown). To generate lentiviruses, three individual
lentiviral vectors were required: the pLVX-IRES-ZsGreen1GAS5 vector, the pHelper 1.0 vector (gag/pol element) and the
pHelper 2.0 vector (VSVG element). Lentiviruses were generated in HEK293T cells as described previously, with minor
modifications (38). In brief, 20 µg of pLVX-IRES-ZsGreen1GAS5 vector, 10 µg of pHelper 1.0 and 10 µg of pHelper 2.0 were
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cotransfected into 293T cells with the help of a transfection
reagent (Lipofectamine 2000, Invitrogen). Seventy-two hours
after transfection, supernatants were removed and filtered
(0.45-µm filter, Millipore). Virus was collected by ultracentrifugation for 60 min at 20,000 rpm (4˚C) and stored at
-80˚C until further use. The virus-containing supernatant was
titrated onto SK-Mel‑110 cells to determine the titers needed to
transduce 95% of the cells (6x106 transduction units/ml). Mock
viruses were generated by the same procedure using otherwise
identical vectors lacking GAS5 cDNA.
The GAS5 gene was observed as a band between
500-750 bp, which correlated with the expected size of 651 bp
(data not shown). DNA sequencing confirmed that the tested
sequence was identical to that in GenBank/NCBI (data not
shown).
Establishing stable GAS5 overexpression in human melanoma
cells. For transduction, SK-Mel-100 cells were inoculated
in a 24-well plate and cultured until they reached 50-60%
confluence. The experimental virus solution, pLVX-IRESZsGreen1-GAS5 (GAS5 overexpression group), and the control
virus solution, ZsGreen 1 (control group), were thawed on ice
and added to the culture at a multiplicity of infection (MOI)
of 5 for 72 h in the presence of polybrene (Santa Cruz Biotech).
Infection was carried out in humidified air containing 5% CO2
at 37˚C. ZsGreen1 expression was visualized using a fluorescence microscope. The fluorescent signal indicating ZsGreen1
expression in the stably-transfected cells was observed after
repeated freeze-thaw cycles to determine the stability of the
transfected genes, after which the experimental procedures
were performed.
RNA fluorescence in situ hybridization. Oligonucleotide
modified probes for human lncRNA GAS5 (5'-TAMRACAGGAGCAGAACCATTAAGCTGGTCCAGGCAAGT-3'TAMRA) and a negative/scramble control were used for RNA
fluorescence in situ hybridization (FISH). Procedures were
carried out based on a previous study (39), with slight modification. Briefly, the cell suspension was pipetted onto autoclaved
glass slides. The following day, the slides were washed in PBS
and fixed in 4% paraformaldehyde. To permeabilize the cell
membrane, 0.2 M HCl was used. The slides were then treated
with the protease reagent; this activity was stopped by the
addition of glycine. After dehydration with 70, 85 and 100%
ethanol, hybridization was performed at 37˚C overnight in a
dark moist chamber. After hybridization, slides were washed
three times in 50% formamide/2X SSC for 5 min each at room
temperature. These slides were counterstained with DAPI.
The images were acquired using a confocal microscope.
Cell mobility and invasion using a Transwell assay. Cell
mobility was examined using a 24-well chamber plate
containing a polycarbonate membrane with an 8-µm pore size.
DMEM with 10% FBS (0.8 ml) served as a chemoattractant in
the lower chamber. First, 1x104 cells in 0.2 ml of serum-free
medium were added to the inserts and incubated for 24 h at
37˚C and 5% CO2. Cells remaining on the upper membrane
surface of the inserts were then removed with a cotton swab,
and the total number of cells that migrated into the lower
chamber was counted. A cell invasion assay was performed
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in a similar manner to the cell motility assay with some
modifications. Briefly, 5x104 cells in serum-free DMEM were
added to the upper chambers of transwells with 8-µm pore size
polycarbonate membranes and precoated with a thin layer of
Matrigel. DMEM with 10% FBS was used as a chemoattractant in the lower chamber. The total numbers of cells in the
lower chamber were counted after 36 h of incubation at 37˚C
with 5% CO2.
Western blotting to demonstrate MMP2 and MMP13 protein
expression. For western blots, cell lysates and culture supernatants were prepared using RIPA buffer (50 mM Tris-HCl,
pH 7.4) with 1 mM PMSF and incubated at 4˚C for 30 min.
The lysates were centrifuged at 12,000 rpm for 10 min at 4˚C.
Protein concentrations were determined using a NanoDrop
ND-1000 spectrophotometer (Thermo Scientific). Samples
(20 µg of protein) were separated by SDS-PAGE using
5% stacking and 12% separating gels and subsequently transferred onto a PVDF membrane (Millipore). After blocking in
Tris-buffer (50 mM Tris, pH 7.5) containing 5% skim milk, the
membrane was incubated overnight at 4˚C with antibodies to
detect MMP2 (ab110186, 1:2000; Abcam), MMP13 (ab39012,
1:1000; Abcam) and GAPDH (Ab8227, 1:1000; Abcam),
followed by incubation for 1 h at room temperature with a
corresponding HRP-conjugated goat anti-rabbit IgG secondary
antibody (sc-2004, 1:1000; Santa Cruz). Protein expression
was visualized after extensive washing using an enhanced
chemiluminescence advanced detection kit (34077, Thermo
Scientific) and quantified with analysis software (Quantity
One; Bio-Rad Laboratories Inc., Hercules, CA, USA).
MMP2 activity assay. MMP2 activity in cell extracts and
culture supernatants was detected using an MMP2 activity
assay kit (GMS50070.1, Genmed, Shanghai, China) according
to the manufacturer's instructions. For this assay, MMP2
activity was detected by the fluorescence resonance energy
transfer method (FRET), which involves the transfer of excited
energy from a donor (with a short wavelength) to an acceptor
(with a long wavelength) so that the emitted photon from
the donor, whose reaction is dependent on proximity to the
acceptor, is quenched. The donor fluorescent probe, 7-methoxycoumarin, labeled with the peptide substrate PLGLAR, was
quenched by the acceptor using dinitrobenzene diamino
isobutyryloxy. With the hydrolysis of the polypeptide Gly-Leu
bond by MMP2, the strongly fluorescent 7-methoxycoumarin
polypeptide fragment was released. Based on this fluorescence
intensity (excited at 330 nm and emitted at 400 nm) and
standard curve, we obtained the 7-methoxycoumarin concentration. The specific activity of MMP2 was then calculated
using the following formula: MMP2 activity (nmol/mg/min) =
7-methoxycoumarin concentration (µmol/l) x dilution times ÷
5 min ÷ the concentration of protein sample (mg/ml).
Statistical analysis. Data are expressed as the mean ± standard deviation of triplicate samples. Statistical analysis was
performed using Student's t-test. Differences were considered to be statistically significant at P<0.05 (two-tailed). All
statistical analysis was performed with GraphPad Prism
version 6.0e for Mac OS X (GraphPad Software, La Jolla, CA,
USA).
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Figure 1. GAS5 contains a complicated secondary structure and its expression level varies in different melanoma cell lines. (A) The optimal secondary
structure with a minimum free energy of -193.80 kcal/mol. The secondary structure of GAS5 was predicted by the RNAfold webserver (http://rna.tbi.univie.
ac.at/cgi-bin/RNAfold.cgi). The structure is colored according to base-pairing probabilities. For unpaired regions, the color denotes the probability of being
unpaired. (B) GAS5 expression levels vary greatly among five different melanoma cell lines and are sharply downregulated in SK-Mel‑110 cells. Data are
presented as the mean ± SD from three independent experiments.

Figure 2. Schematic illustration of the establishment of a GAS5 stably expressing lentivirus-based vector. The GAS5 sequence (NR_002578.2) was cloned into
a shuttle vector. The recombinant lentiviral vector was packaged into 293T cells along with plasmids encoding Gag/Pol and VSVG. The recombinant lentiviral
particles were collected, amplified, concentrated and suitably titrated for the transduction of SK-Mel‑110 cells.

Results
The secondary structure of GAS5 and its mRNA levels in the
SK-Mel‑110 cell line. We first predicted the secondary structure

of GAS5 using RNAfold and found that it contains a complex
stem-loop structure, indicating that GAS5 may perform a
complex and important biological function (Fig. 2A). Next,
we examined lncRNA GAS5 expression levels in HaCaT,
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Figure 3. Infection efficiency of human SK-Mel‑110 cells determined by examining ZsGreen1. (A) As the number of viral particles increased, the number of
SK-Mel‑110 cells expressing green fluorescent protein also increased. However, there was no significant increase observed with a MOI >20; accordingly, an
MOI of 20 was selected for further experiments. (B) Green fluorescent protein expression was observed by fluorescence microscopy 72 h after transfection.
The upper images were taken under normal light and the lower images under fluorescence. Mock, negative control group without transfected cells; pLVXZsGreen1, negative GFP control group with cells transfected with ZsGreen1 lentiviral vector alone; pLVX-ZsGreen1-GAS5, experimental group (GAS5
overexpression group) with cells transfected with GAS5-ZsGreen1 lentiviral vectors. N, normal light; F, fluorescent field. Scale bars, 50 µm.

A375, SK-Mel-28, SK-Mel‑110 and M21 cells by qRT-PCR.
After normalizing to GAPDH, the GAS5 expression level in
SK-Mel‑110 cells was significantly lower than that detected in
other melanoma cell lines (Fig. 2B).
Transfection efficiency and selection of a stably expressing
GAS5 cell line. To investigate GAS5 function in SK-Mel‑110
cell lines, we overexpressed this gene by infecting SK-Mel‑110
cells with pLVX-IRES-ZsGreen1-GAS5-containing lentivirus.
The GAS5 fragment was amplified by reverse transcription
polymerase chain reaction (RT-PCR) and verified by DNA
sequencing. The use of different MOIs was designed to verify
the most efficient dose of virus. After infection, green fluorescence in the cytoplasm of SK-Mel‑110 cells was observed
by a fluorescence microscope, and the efficiency of the
infection, or the fraction of SK-Mel‑110 cells with ZsGreen1
fluorescence, was quantified. As the number of viral particles
increased, the number of SK-Mel‑110 cells with ZsGreen1
fluorescence also increased. When the MOI reached >40, the

number of green fluorescent SK-Mel‑110 cells did not increase
significantly (Fig. 3A). Consequently, a MOI of 40 was chosen
for subsequent experiments. The transfection efficiency was
calculated as the ratio of the number of fluorescence-positive
cells to the total number of cells. Cells were transfected with
pLVX-IRES-ZsGreen1-GAS5-free or transduced with GAS5containing virus at a MOI of 40; 95% of cells maintained these
plasmids after 3 passages (Fig. 3B).
GAS5 localizes within both the nucleus and cytoplasm.
Expression of GAS5 mRNA from wild-type and overexpressed GAS5 SK-Mel‑110 cells was determined by FISH and
real-time PCR. FISH showed that GAS5 is mainly localized to
the cytoplasm in untreated cells but accumulates in the nucleus
in GAS5-overexpressed SK-Mel‑110 cells (Fig. 4A). The
efficiency of the lentivirus transductions was also confirmed
by examining GAS5 mRNA levels via real-time PCR. The
relative expression of GAS5 mRNA was remarkably increased
(45-fold) in GAS5-overexpressing SK-Mel‑110 cells, compared

1514

Chen et al: LENTIVIRAL-MEDIATED OVEREXPRESSION OF LONG NON-CODING RNA GAS5

Figure 4. Examining GAS5 expression by RNA FISH and RT-PCR. (A) RNA FISH showed that GAS5 is mainly distributed in the cytoplasm, both in the
mock and pLVX-ZsGreen1 SK-Mel‑110 cells. A similar quantity of GAS5 mRNA was found in both the nucleus and cytoplasm of pLVX-ZsGreen1-GAS5
SK-Mel‑110 cells. Nuclei are stained blue (DAPI) and GAS5 is stained red. (B) RT-PCR was used to quantitatively examine the relative expression of GAS5
in mock, negative control and experimental cells. The results indicate that GAS5 was remarkably increased in pLVX-ZsGreen1-GAS5 SK-Mel‑110 cells
compared to mock and pLVX-ZsGreen1 SK-Mel‑110 cells.

with levels in the negative pLVX-ZsGreen1 and mock control
groups (ANOVA; F=1535, P<0.01) (Fig. 4B).
GAS5 inhibits the migration and invasion of SK-Mel‑110
cells. Both migration and invasion play crucial roles in the
metastasis of malignant tumors, which is the main driver
behind cancer-related deaths. A classic transwell chamber
assay was performed to examine the role of GAS5 in regulating the migratory ability of the melanoma cells. Compared
to mock and pLVX-ZsGreen1 cells, pLVX-ZsGreen1-GAS5
cells showed a significant decrease in migratory ability
(65.3%, P<0.001, Fig. 5A). Furthermore, the effects of GAS5
on cell invasion were investigated using a Transwell invasion
assay. Three types of cells were cultured in Boyden chambers

covered with a Matrigel-coated polycarbonate membrane.
Twenty-four hours later, pLVX-ZsGreen1-GAS5 cells migrated
through the Matrigel, and a significant decrease in migrated
cells was observed in these chambers compared to chambers
containing mock and pLVX-ZsGreen1 cells (55.6%, P<0.001,
Fig. 5B). Taken together, these results indicate that overexpressed GAS5 not only reduces the migration of melanoma
cells but also inhibits their ability to invade a matrix, reminiscent of their movement during metastasis.
MMP2 expression levels and activity are reduced in GAS5
overexpressing cells. We examined MMP2 and MMP13
expression levels using western blot analysis. Overexpressing
GAS5 significantly downregulated MMP2 expression by
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Figure 5. Overexpressing GAS5 reduced the migration and invasion of SK-Mel‑110 cells. (A) Upregulating GAS5 expression reduced the ability of SK-Mel‑110
cells to migrate in vitro. (B) Overexpressing GAS5 inhibited the invasiveness of SK-Mel‑110 cells. Mock, negative control group without transfected cells;
pLVX-ZsGreen1, negative GFP control group with cells transfected with ZsGreen1 lentiviral vector alone; pLVX-ZsGreen1-GAS5, experimental group (GAS5
overexpression) with cells transfected with GAS5-ZsGreen1 lentiviral vectors. Data are presented as the mean ± SD from three independent experiments.
Scale bar, 100 µm.

Figure 6. MMP2 protein and activity is downregulated in GAS5-overexpressing SK-Mel‑110 cells. Western blot analysis was used to examine the protein
expression of MMP2 and MMP13 in three types of melanoma cells (A). Compared to mock, the expression of MMP2 was lower in pLVX-ZsGreen1-GAS5containing cells (67.9%, P<0.001) while MMP13 levels did not change significantly (B). In addition, MMP2 activity decreased by 15.8% (P<0.05) (C). GAPDH
was used as an internal reference. Mock, negative control group without transfected cells; pLVX-ZsGreen1, negative ZsGreen1 control group with cells transfected with ZsGreen1 lentiviral vector alone; pLVX-ZsGreen1-GAS5, experimental group (GAS5 overexpression) with cells transfected with GAS5-ZsGreen1
lentiviral vectors; MMP, matrix metalloproteinase. Data are presented as the mean ± SD from three independent experiments.

67.9% (P<0.001) (Fig. 6A and B). Given the importance of
MMP activity, we also examined how it was affected by GAS5

overexpression. A decrease in MMP2 activity was detected
after overexpressing GAS5 (15.8%, P=0.013) (Fig. 6C),
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consistent with its reduced protein expression. However,
there was no significant difference between SK-Mel‑110 and
SK-Mel‑110-GAS5 cells.
Discussion
The present study aimed to examine the role of lncRNA GAS5
in the regulation of migration and invasion of melanoma cells
and to discover the potential underlying mechanisms in this
regulation.
We constructed stably expressing GAS5 melanoma cells
with which we explored the underlying function of GAS5
in the process of melanoma metastasis. We not only found
that GAS5 expression was significantly downregulated in
SK-Mel‑110 cells compared to HaCaT cells, but we also showed
that the overexpression of GAS5 reduced the migration and
invasiveness of SK-Mel‑110 cells. Further study revealed that
overexpressed GAS5 reduced cell invasion, at least partially,
by inhibiting MMP2 function. To the best of our knowledge,
this is the first study of the relationship between GAS5 and
melanoma metastasis.
It has been reported that lncRNAs play important roles in
carcinogenesis and the aggressive progression of a spectrum of
human cancers (40,41). Some lncRNAs have been implicated
in melanoma, such as antisense noncoding RNA in the INK4B
locus (ANRIL), BRAF activated non-coding RNA (BANCR),
metastasis associated lung adenocarcinoma transcript 1
(MALAT1) and SPRYT-4 intronic transcripts (SPRY4-IT1)
(39,42-45). Specifically, chromosomal translocation involving
the 1q25 locus, which contains GAS5, has been identified in
melanoma (42). Of note, lncRNA GAS5 has gained increasing
attention in cancer research because of its ubiquitous downregulation in many cancers (5). However, little is known about
its expression in melanoma. Here we show that GAS5 is downregulated in SK-Mel‑110 melanoma cells, identified through
qRT-PCR and FISH.
It has been demonstrated that lower GAS5 expression is
correlated with lymph node metastasis in cervical cancer and
hepatocellular carcinoma (15,21). It is thought that low expression of GAS5 is associated with a higher possibility of lymph
node metastasis and distant metastasis in non-small cell lung
cancer and gastric cancer, although the differences are not
significant (P=0.652 and P=0.056, respectively) (17,19). These
findings further suggest that lncRNA GAS5 may function as a
tumor suppressor and may represent a potential biomarker and
new therapeutic target for some cancers. Our results demonstrate that lncRNA GAS5 is downregulated in SK-Mel‑110
cells, more so than in HaCaT cells, and that overexpression of
GAS5 inhibits the migration and invasion of these cells.
Migration and invasion are two crucial steps in the process
of cancer cell metastasis, which has a high likelihood of
leading to a poor prognosis. The invasion of malignant tumors
requires the proteolytic degradation of extracellular matrix
(ECM) components. Although many proteolytic enzymes
and proteases have been implicated in matrix degradation,
MMPs are most closely associated with the process of tumor
invasion and metastasis (46,47). MMP2, a 72-kDa type IV
collagenase also known as gelatinase A, is significantly
increased in metastatic melanoma (43%) compared to normal
(5%) tissue. Compared to patients with negative-to-moderate

MMP2 expression, patients with high MMP2 levels have
significantly lower survival rates, and this information could
predict patient survival, independent of tumor thickness and
ulceration (48). Other studies have shown that higher MMP13
expression, which belongs to the collagenase group, is notably
associated with metastasis and poorer survival of melanoma
patients (26-28).
Previous studies have provided limited insight regarding
the mechanisms by which lncRNA GAS5 inhibits melanoma
migration and invasion. We hypothesized that overexpressed
GAS5 reduces the invasion of SK-Mel‑110 cells by targeting
MMP2 and MMP13. In parallel with the reduced cell invasion, a decrease in MMP2 protein expression levels was also
observed in these cells, consistent with the predominant role
of the 72-kDa gelatinase. MMP2 is an important type IV basal
membrane collagenase in human melanoma (24,49). Moreover,
both the expression level of MMP2 and its activity, rather than
that of MMP13, were negatively associated with the expression of GAS5, which indicates that the lncRNA GAS5 may
regulate invasion, at least partially, by modulating MMP2
protein expression levels and activity in SK-Mel‑110 cells.
MMP2 and MMP13 differ from each other in terms of their
amino acid sequences, peptide domain structure and substrate
specificity, likely explaining their diverse expression profile
in SK-Mel‑110 cells (50). Exploring the potential pathway (s)
by which GAS5 regulates MMP2 expression and its activity
will facilitate the understanding to lncRNA and possibly
benefit the prevention and treatment of melanoma. It also
provides signposts for identification of targets and predictive
biomarkers, as well as potentially useful guidance for decisions about therapy. Therefore, aiming to detect whether there
is any direct interaction between GAS5 and MMP2 (both proand active-MMP2), we carried out the RNA pull-down assay.
Indeed, there is a protein band close to the 63 kDa marker
(active-MMP2 molecule weight is 64 kDa) yet the mass
spectrometry results revealed that this molecule is not MMP2
(data not shown). Given that there is marked accumulation of
nucleus GAS5, we suspect that GAS5 may be involved in the
transcription of MMP2, our further studies will focus on this
potential hypothesis.
Cellular localization plays an important role in understanding the functional roles of lncRNAs, as many lncRNAs
regulate nuclear events and thus must localize to the nucleus.
Zhang et al discovered that a novel RNA motif, a pentamer
sequence of AGCCC with special sequence restrictions at
positions -8 and -3, mediated the nuclear localization of
lncRNA BORG, demonstrating that diverse cellular localization influences cell function and biological processes (51). A
previous study showed that GAS5 is predominantly located
in the cytoplasm of breast cancer cells (52). Similarly, the
present study also found that GAS5 locates in the cytoplasm
in SK-Mel‑110 cells. However, overexpressing GAS5 leads to
a noticeable accumulation of GAS5 both in the cytoplasm and
nucleus, especially in the nucleus. Considering the previous
study that GAS5 can compromise the transcription efficiency
of cIAP2 by acting as a ‘GRE mimic’ in the nucleus, an
explanation for its location in the nucleus is that GAS5 exerts
its effect on MMP2 possibly by inversely regulating the transcription of MMP2 (52). We hypothesize that accumulation
of GAS5 in the nucleus may be one of crucial processes of
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exerting its function. In additon, Renganathan et al revealed
that GAS5 is slightly more abundant in the nucleus than that
in the cytoplasm in the absence of HhAntag and prevalence
in the nucleus was examined after treatment with HhAntag,
indicating that HhAntag-induced growth arrest involves
accumulation of nuclear GAS5 (18). This study reinforced
our hypothesized model. Another potential explanation is
that the central dogma of molecular biology holds that ‘information’ flows from the genes to the structure of the proteins
through the formula DNA→RNA→Protein and exoporting
different RNAs from the nucleus to the cytoplasm need
various pathways. Large RNAs (rRNA, mRNA, lncRNA and
so on) assemble into complicated ribonucleoprotein (RNP)
particles and recruit the corresponding exporters via classspecific adaptor proteins (53). Overexpressing GAS5 leads to
extremely increased GAS5, resulting in a temporary shortage
of the corresponding adaptors, thereby giving rise to the
accumulation of nuclear GAS5.
In conclusion, the present study established cell models that
overexpressed GAS5 to examine its effects on melanoma cell
invasion and migration, as well as other potential functions.
Our data solidified an important inhibitive role for GAS5 in
the migration and invasion of SK-Mel‑110 melanoma cells,
which possibly involves MMP2. Our results show that lentivirus-mediated overexpression of lncRNA GAS5 decreases
the invasive ability of SK-Mel‑110 cells by inhibiting MMP2
expression and activity, but not that of MMP13, possibly at
the level of transcription. Our findings provide a new avenue
for exploring how lncRNA GAS5 functions in solid tumors.
Moreover, these data suggest new drug targets and diagnostic
biomarkers for malignant melanoma, and may better inform
on the choice of therapies for melanoma patients.
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