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Abstract. Hypoxia has been reported to be a critical micro-
environmental factor that induces cancer metastasis and 
proliferation in gastric, liver and hepatic cancers; however, 
the underlying mechanisms of this are largely unknown. Long 
noncoding RNAs (lncRNAs) have emerged as crucial factors 
of several aspects of tumor malignancy, including tumorigen-
esis, metastasis and chemoresistance. However, the potential 
association of lncRNAs with hypoxia-induced cancer malig-
nancy remains to be determined. In the present study, the 
differential expression of lncRNAs following the induction 
of hypoxia in A549 lung adenocarcinoma cells was analyzed 
reverse transcription-quantitative polymerase chain reaction. 
It was identified that the lncRNA metastasis‑associated lung 
adenocarcinoma transcript-1 (MALAT-1) was upregulated 
significantly by hypoxia in A549 cells. By considering its 
promotive effects on malignant tumor behaviors, in the present 
study, it was identified that upregulated MALAT‑1 released the 
binding of PTB-associated splicing factor (PSF) to its target 
gene, GAGE6, and thus promoted proliferation, migration and 
invasion of A549 cells following hypoxia exposure. These 
results advance the overall understanding of the mechanism of 
hypoxia-induced lung cancer metastasis and may assist in the 
development of novel therapeutics.

Introduction

As the second most common cancer type, lung cancer has long 
been the leading cause of cancer-related mortality worldwide. 
Despite advancements and improvements in early-stage diag-
nosis, immune therapy, surgical and medical treatments, the 
5-year survival rate of lung cancer patients remains poor (1). 
With regard to the treatment of early-stage non-small lung 

cancer cell (NSCLC), great improvements in local control 
have been made over the last decade in operable and inop-
erable patients (2,3); however, ~20% of patients continue to 
develop distant metastasis (4,5). This has encouraged further 
research focusing on the molecular mechanisms of NSCLC 
invasion leading to metastasis, and further understanding in 
this regard could to be utilized to refine patient selection for 
already existing therapies.

Long noncoding RNAs (lncRNAs) comprise a class 
of noncoding RNAs that are >200 nucleotides in length, of 
which the majority of biological functions are unknown (6). 
Previous research has identified lncRNAs to be involved in 
crucial processes of cancer malignancy, including metastasis 
and tumorigenesis (7). One of the most well-studied lncRNAs, 
metastasis-associated lung adenocarcinoma transcript 1 
(MALAT-1), is a highly conserved nuclear lncRNA. It 
functions as a molecular decoy, serving as a structural link 
between ribonucleoproteins (7). Through the development 
of a MALAT-1 knockout model in human lung tumor cells, 
Ji et al (8) discovered that MALAT‑1 significantly regulates 
a set of metastasis-associated genes, rather than regulating 
alternative splicing. Consequently, migration was dramatically 
impaired in murine xenografts of MALAT‑1‑deficient cells. 
This was further demonstrated by blocking MALAT-1 using 
antisense oligonucleotides after tumor implantation.

Hypoxia represents a major microenvironmental condi-
tion that directly impacts the regulation of hundreds of 
protein-coding genes involved in dealing with the limita-
tion of oxygen supply (9). Not only protein-coding genes, 
lncRNAs are not presented to be tightly regulated by hypoxia. 
Lelli et al (9) identified a strong induction of MALAT‑1 in 
the organs (including the kidneys, testes and lungs) of mice 
exposed to inspiratory hypoxia. This raised the question of 
whether hypoxia induces lncRNA in tumor cells and thus 
regulates malignant processes.

PTB-associated splicing factor protein (PSF) contains a 
DNA-binding domain that is responsible for epigenetically 
regulating its target genes, such as the proto-oncogene G 
antigen 6 (GAGE6), and two RNA-binding domains (RBDs) 
that bind to lncRNAs, such as MALAT-1, to release PSF 
from its downstream proto-oncogene and activate transcrip-
tion (10-12). MALAT-1 was demonstrated to epigenetically 
bind to the RBD of PSF and release it from the promoter 
region of GAGE6, thus inhibiting its proto-oncogene activity 
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in melanoma cells (13). In lung cancer cells, MALAT-1 was 
reported to be positively associated with tumor malignant 
behaviors including proliferation, colony formation and migra-
tion (14). In A549 cells, the regulatory role of hypoxia-induced 
MALAT-1 in the processes of epigenetic regulation of PSF 
remains unknown.

In the present study, the differential expression of MALAT-1 
the exposure to hypoxic conditions of A549 cells was detected. 
Subsequent analysis of the regulatory role of MALAT-1 
upregulation in cell proliferation, migration and invasion via 
epigenetic regulation of the transcriptional activity of PSF 
on its downstream target gene, GAGE6, was performed. The 
present study aimed to provide a novel therapeutic target for 
metastasis in lung cancer.

Materials and methods

Cell culture and in vitro hypoxia exposure. The lung 
adenocarcinoma cell line A549 was obtained from ATCC 
(Manassas, VA, USA) and cultured routinely in high-glucose 
Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% newborn bovine serum (NBS; Gibco; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a 5% 
CO2 incubator at 37˚C. In order to avoid possible interfer-
ence with serum steroids, A549 cells were pre-incubated 
with 10% dextran-coated charcoal (DCC). Cells were then 
placed in an anaerobic system (Forma Scientific, Marietta, 
OH, USA) filled with 1% O2, 5% CO2, and 94% N2 for 
hypoxic exposure. Cells were incubated in 5% CO2 incubator 
were considered as normoxia control. Following hypoxic 
exposure, the medium was replaced with fresh DMEM 
supplemented with 10% NBS; and 24 h later, cells were 
suspended by trypsin and collected for further analysis.

RNA extraction and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Cells were lysed using 
TRIzol reagent (Thermo Fisher Scientific, Inc.) following 
the manufacturer's protocol, and 0.5 µg total RNA was 
reverse transcribed using Ribo™ mRNA/lncRNA qRT-PCR 
Starter kit (Guangzhou RiboBio Co., Ltd., Guangzhou, 
China) according to the manufacturer's protocol. qPCR was 
performed in triplicate using 2X SYBR Green PCR Master 
Mix (Thermo Fisher Scientific, Inc.) with an ABI7500 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The primer sequences used were as follows: MALAT-1, 
5'-GAC TTC AGG TCT GTC TGT TCT-3' (forward) and 
5'-CAA CAA TCA CTA CTC CAA GC-3' (reverse); nuclear 
paraspeckle assembly transcript 1 (NEAT1), 5'-ATG CCA 
CAA CGC AGA TTGAT-3' (forward) and 5'-CGA GAA ACG 
CAC AAG AAGG-3' (reverse); β-actin, 5'-CTT AGT TGC 
GTT ACA CCC TTT CTTG-3' (forward) and 5'-CTG TCA 
CCT TCA CCG TTC CAGTTT-3' (reverse); humanin (HN), 
5'-AAG AAC AGG TTT CTC TCT GTCCT-3' (forward) and 
5'-AGC TTT CCC TCC AAT CTA CTACT-3' (reverse); and 
HOX transcript antisense RNA (HOTAIR), 5'-GAG AG AGG 
GAG CCC AGAGTT-3' (forward) and 5'-GCT TGG GTG TAA 
TTG CTGGT‑3' (reverse). At the first step, cDNA was dena-
tured at 95˚C for 5 min; for each cycle, denatured at 95˚C for 
10 sec, annealing and elongation at 60˚C for 60 sec, repeat 
40 cycles. In order to quantify gene expression, the 2- (∆∆Cq) 

method was used (15). β-actin expression levels were used 
as an internal control. RT-qPCR reactions were performed 
in triplicate.

Semi‑quantitative PCR. complementary DNA (cDNA) was 
synthesized using Ribo mRNA/lncRNA qRT-PCR Starter kit 
(Guangzhou RiboBio Co., Ltd., Guangzhou, China) according 
to the manufacturer's protocol. The PCR for β-actin mRNA 
was performed using the following reaction conditions: 
20 cycles of 95˚C for 10 sec, 60˚C for 60 sec. The quantifica-
tion of the MALAT‑1 gene was performed using the following 
PCR conditions: 26 cycles of 95˚C for 10 sec, 60˚C for 60 sec. 
The PCR products were fractionated using 2% agarose gel and 
stained with ethidium bromide (EB; Sigma-Aldrich; Merck 
KGaA, Darmstadt, Germany). Cell proliferation assay. Cell 
proliferation was detected by using a Cell Counting Kit-8 
(CCK-8; Sigma-Aldrich; Merck KGaA) according to the manu-
facturer's protocol. A total of 1x104 cells/well were suspended 
in 100 µl medium, plated into 96-well plate, supplemented 
with 10% FBS and cultured for 1-5 days. After the incubation 
period, 20 µl CCK-8 solution was added to each well and incu-
bated for a further 1 h at 37˚C. Absorbance was then measured 
at 450 nm using a Synergy 2 Multi-Mode Microplate Reader 
(BioTek Instruments, Inc., Winooski, VT, USA).

Wound healing assay. To detect cell migration in vitro, cells 
were allowed to form a confluent monolayer in a 6‑well plate 
prior to scraping a conventional 10-µl pipette tip across the 
monolayer to form a ‘wound’. To avoid noise in the results 
due to proliferation, medium containing 1% FBS was used for 
the subsequent incubation. Cell migration was imaged using 
under a X71 (U‑RFL‑T) fluorescence microscope (Olympus 
Corporation, Tokyo, Japan) at the same location at 0 and 24 h 
and the number of invading cells was recorded.

Transwell chamber invasion assay. Cells were grown to ~80% 
confluence and incubated in serum-free medium for 24 h. 
Cells were then trypsinized and 2x104 cells in serum-free 
medium were added to the upper compartments of a Transwell 
chamber (Corning Inc., New York, NY, USA) pre-coated with 
1 mg/ml Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). 
The lower chamber was filled with medium containing 10% 
FBS. Cells were incubated for 24 h at 37˚C, after which the 
non-invaded cells were removed from the upper surface. The 
invaded cells were then fixed in 4% paraformaldehyde and 
stained with 0.5% crystal violet in PBS. Stained cells were 
visualized under an X71 (U‑RFL‑T) fluorescence microscope 
(Olympus Corporation) at amplification of x100. Cells in 
five randomly selected fields were counted, and the average 
number was recorded.

MALAT‑1 knockdown. A small interfering RNA (siRNA) 
targeted to MALAT-1 at position 7,211-7,229 (5'-GAA GGA 
GCT TCC AGT TGAA-3') or scrambled siRNA (5'-GGA TAC 
GGA GTA CTA TAGC-3'), which was considered as a negative 
control was synthesized (Sangon Biotech Co., Ltd., Shanghai, 
China). For RNA interference, 10 pmol siRNA duplex and 2 µl 
Lipofectamine RNAi MAX (Thermo Fisher Scientific, Inc.) in 
200 µl Opti-MEM I were added to 3x104 cells and incubated 
for 3 h at 37˚C with 5% CO2. Next, the medium was replaced 
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by DMEM supplemented with 10% FBS and the transfected 
cells were incubated for another 24 h.

Chromatin immunoprecipitation (ChIP). Cells were cultured 
were seeded in 10-cm dishes to form an 80% confluent 
monolayer. For each sample, 1x107 cells were harvested. ChIP 
for PSF was conducted using a murine monoclonal antibody 
against PSF (cat. no. ab11825, Abcam, Cambridge, UK) or a 
non‑specific rabbit IgG (control, cat. no. ab171870, Abcam) 
conjugated to secondary Dynal magnetic beads (Thermo 
Fisher Scientific, Inc.). Cells were cross‑linked with 1% form-
aldehyde for 15 min at room temperature and sonicated at 30% 
for 10 sec and left on ice for 1 min. The sonication step was 
repeated 10 times. Next, 10 µg of either antibody or control 
was added into 100 µl lysate for a 4‑h incubation at 4˚C with 
10 µl protein‑A beads (Thermo Fisher Scientific, Inc.). The 
beads were washed three times with washing buffer (150 mM 
NaCl, 5 mM MgCl2, 10 mM HEPES, pH 7.0, 1% NP-40) and 
eluted in 300 µl 3 M NaCl elution buffer for 3 h at 65˚C. The 
ChIP products were analyzed by RT-qPCR following the 
aforementioned protocol. Dihydrofolate Reductase (DHFR) 
5' untranslated region (UTR) was used as a negative control 
sequence. The primers for detecting the PSF-reacting region 
on the GAGE6 promoter were as follows: 5'-GCC TTC TGC 
AAA GAA GTC TTG CGC-3' (forward) and 5'-ATG CGA ATT 
CGA GGC TGA GGC AGA CAAT-3' (reverse); DHFR 5'UTR, 
5'-CTG ATG TCC AGG AGG AGA AAGG-3' (forward) and 
5'-AGC CCG ACA ATG TCA AGG ACTG-3' (reverse).

RNA immunoprecipitation (RIP). Cells (1x106) were lysed for 
10 min on ice in a lysis buffer [150 mM NaCl, 5 mM MgCl2, 
10 mM HEPES, pH 7.0, 1% NP-40, 100 U/ml RNase Inhibitor 
(Merck KGaA; Sigma-Aldrich)]. The cell lysate was diluted 
(1:4) with binding buffer containing 100 mM Tris-HCL, 
pH 7.4, 300 mM NaCl, 2 mM MgCl2 and 100 U/ml RNase 
Inhibitor. Next, the PSF antibody (cat. no. ab11825; 1:200; 
Abcam) or control IgG (cat. no. ab171870; Abcam) was added 
to protein‑A beads (Thermo Fisher Scientific, Inc.) and incu-
bated for 4 h at 4˚C. The beads were washed three times with 
binding buffer and resuspended in 100 µl releasing buffer 
[100 mM Tris-HCl pH 7.4, 30 µg/ml proteinase K (Merck 
KGaA; Sigma-Aldrich)] to release the ribonucleoprotein 
complex. TRIzol reagent was used to extract RNA from the 
immunoprecipitates.

Western blot analysis. Proteins from total cell lysates were 
extracted using radioimmunoprecipitation assay buffer 
(Thermo Fisher Scientific, Inc.) and quantified using BCA 
protein assay kit (Merck KGaA; Sigma-Aldrich). A total of 
20 µg total protein was fractionated on 8% SDS-PAGE gel 
and transferred to polyvinylidene fluoride membranes (Life 
Technologies; Thermo Fisher Scientific, Inc.). Membranes 
were blocked in PBS containing 0.1% Tween-20 and 5% skim 
milk powder. Membranes were then incubated with specific 
primary antibodies (1:2,000) overnight at 4˚C. The following 
antibodies were used: PSF antibody (cat. no. ab11825; Abcam), 
β-actin antibody (1:2,000; cat. no. ab8226; Abcam). Then 
the secondary antibody anti-mouse IgG conjugated with 
horseradish peroxidase (HRP) from Abcam (1:5,000; cat. 
no. ab97040) was incubated with membrane for 2 h at room 

temperature. Proteins were visualized using an Enhanced 
Chemiluminescence kit (SuperSignal West Pico substrate; 
Pierce; Thermo Fisher Scientific, Inc.). Densitometry on bands 
was made using the NIH Image J 1.45S software (National 
Institutes of Health, Bethesda, MD, USA).

Data analysis and statistics. Data are presented as the 
mean ± standard error of the mean (SEM). All experiments 
were repeated a minimum of three times. Differences were 
analyzed using a one-way ANOVA followed by Tukey's 
post-hoc test with SPSS 13.0 software (SPSS, Inc., Chicago, 
IL, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Hypoxia induces the expression of MALAT‑1 lncRNA. To 
examine the overall impact on the expression profiles of 
lncRNAs, this study established the expression levels of two 
lncRNAs, including MALAT-1, NEAT1, and one mRNA, HN. 
To exclude global expression changes, the β-actin levels in 
normoxia- and hypoxia-exposed A549 cells were determined 
by RT-qPCR after 24 h. The results showed that, without 
significantly altering the NEAT1, HN and HOTAIR expres-
sion levels, there was a marked upregulation of MALAT-1 in 
hypoxia-exposed cells when compared with normoxia-exposed 
cells (Fig. 1A). To investigate the hypoxia-induced upregulation 
of MALAT-1, MALAT-1 expression levels were detected at 0, 
12, 24, 48 and 72 h following the induction of hypoxic condi-
tions. The results demonstrated that upregulated MALAT-1 
initially appeared at 0 and reached a peak at 12 h, after which 
the levels gradually decreased (Fig. 1B). This indicates that 
induction of hypoxic conditions upregulates MALAT-1 expres-
sion for a relatively long period of time in A549 cells.

Upregulated MALAT‑1 lncRNA binds to PSF and releases 
it from the GAGE6 promoter region. MALAT-1 has been 
reported to be a key regulator in controlling the malignancy 
of lung cancer cells (13,14). Therefore, the present study was 
designed to investigate the regulatory roles of MALAT-1 and 
PSF in the effects of hypoxia in A549 cells. MALAT-1/PSF 
binding was detected by RIP in hypoxia-exposed A549 cells. 
Following confirmation of the upregulation of MALAT‑1 and 
consistent PSF expression levels after hypoxia exposure for 24 h 
(Fig. 2A), it was evident that the amount of MALAT-1 bound to 
PSF increased significantly after exposure to hypoxic conditions 
(Fig. 2B). As Li et al (13) showed that the binding of MALAT-1 
to PSF dissociates the PSF/GAGE6 promoter complex, we chose 
to detect whether hypoxia may be responsible for the dissocia-
tion of the PSF/GAGE6 promoter region. Hypoxia significantly 
released the binding of PSF to the GAGE6 promoter region, as 
shown by ChIP assay (Fig. 2C). In order to further confirm that 
upregulated MALAT-1 caused this dissociation, siMALAT-1 
was introduced into hypoxia-exposed A549 cells and, 24 h 
later, the efficiency of MALAT‑1 knockdown was detected by 
RT-qPCR (Fig. 2D). A ChIP assay identified increased binding 
of PSF to the GAGE6 promoter region (Fig. 2E).

Hypoxia promotes proliferation, migration and invasion 
partially via upregulating MALAT‑1. The effects of hypoxia 
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exposure on the proliferation in A549 cells were detected by 
CCK-8 assay, which demonstrated that, following hypoxia, 
the proliferation rate markedly increased from day 4 onwards 
compared with the normoxia group at the same time-point 
(Fig. 3A). In order to establish whether the upregulation 
of MALAT-1 was involved, siMALAT-1 was introduced 
into A549 cells after hypoxia treatment. When the level of 
MALAT-1 lncRNA was downregulated by the siRNA, the 
proliferation rate of hypoxia-treated A549 cells decreased 
compared with the control siRNA-transected group (Fig. 3B); 
however, in normoxia-treated A549 cells, the knockdown of 
MALAT-1 led to only a marginal difference (P>0.05). Due 
to the involvement of MALAT-1 in regulating cell migration 
and invasion, the potential effects of hypoxia on migration 
and invasion were investigated. Wound healing and Transwell 
assays demonstrated that hypoxia exposure strongly promoted 
migration and invasion in A549 cells (Fig. 3C and D).

Discussion

It has been reported that hypoxia serves critical roles in various 
malignant behaviors of lung cancer (16-18). The present study 
identified that the expression level of lncRNA MALAT‑1 was 
upregulated after hypoxia exposure in lung adenocarcinoma 
A549 cells, while the levels of several other lncRNAs were 
unaltered. Following the removal of hypoxic conditions, 
upregulated MALAT-1 lncRNA persisted for >72 h. Notably, 
MALAT-1 epigenetically binds to the RBD of PSF, which is 

a tightly regulated region due to its DNA-binding activity. 
Consequently, the present study investigated whether the 
upregulated MALAT-1 RNA affects the interaction between 
PSF and the GAGE6 promoter region. The ChIP assay results 
revealed that hypoxia exposure dramatically inhibited the 
binding of PSF to the GAGE6 promoter region and resulted in 
the upregulation of GAGE6 mRNA and protein. In accordance 
with the initial hypothesis, hypoxia promoted proliferation, 
migration and invasion in A549 cells. These results indicate 
that hypoxia regulates certain malignant characteristics of lung 
cancer cells through transcriptionally regulating the lncRNA 
MALAT-1. Taken together, the results indicated a potential 
molecular mechanism underlying the effects of hypoxia on the 
malignancy of lung cancer cells.

Previous studies have used various oxygen concentrations for 
hypoxia exposure, ranging from 0.5 to 5% O2 (19-21). To define 
an effective concentration of oxygen for tumor proliferation and 
migration, A549 cells were exposed to a range of oxygen concen-
trations for 24 h, and proliferation was detected after 48 h. The 
results of the present study demonstrated that, with the exception 
of 0.5%, any oxygen concentration <5% significantly promoted 
cell proliferation. Instead of promoting cell proliferation, 0.5% 
oxygen exerted a fatal effect on A549 cells (data not shown).

Hypoxia exposure has been found to promote tumor 
progression in vivo in numerous studies involving different 
types of cancer. However the results have varied. In D12 and 
R-18 melanoma, hypoxia exposure was reported to increase 
tumor progression (19,22). Lung cancer cells pre-treated 
with hypoxia presented higher metastasis in human fibrosar-
coma in mice. Contrarily, Büchler et al (23) demonstrated 
that hypoxia exposure influenced the number of metastatic 
lesions, but not the proliferation or tumor formation processes. 
Cairns et al (21) reported that acute hypoxia exposure of the 
cervical carcinoma cell line ME‑180 significantly promoted 
lymph node but not lung metastasis (24). In the present study, 
to demonstrate the effects of hypoxia exposure on prolifera-
tion, migration and invasion, the lung adenocarcinoma cell line 
A549 was exposed to 1% oxygen for 24 h. Significant effects 
on proliferation, migration and invasion in A549 cells were 
discovered and thus enabled the conclusion that hypoxia was a 
stimulating factor for tumor progression.

Previous studies have suggested that the expression levels of 
many lncRNAs are altered in various human cancers and play 
crucial roles in tumor progression (25). lncRNA-LET, which is 
closely associated with hepatocellular carcinoma metastasis, 
was demonstrated to be attenuated in a hypoxic microenviron-
ment (26). In an independent study, lncRNA‑p21 was identified 
to be involved in the regulation of the physiological processes 
following hypoxic exposure by modulating hypoxia-enhanced 
glycolysis (27). However, the mechanism of lncRNAs in 
hypoxia in cancer has not been thoroughly elucidated.

MALAT-1 RNA is overexpressed in numerous human 
cancer types, such as non-small cell lung cancer (28), hepato-
cellular carcinoma (29) and bladder cancer (30). MALAT-1 is 
localized in nuclear speckles (31). Its abundance and aberrant 
expression in various cancers indicate its critical roles in tumor 
progression, including metastasis. Tian et al (32) transfected 
melanoma A-375 cells with MALAT-1 siRNA and analyzed 
the migration and invasion by Transwell assay with or without 
Matrigel. Cells with impaired expression of MALAT-1 

Figure 1. Hypoxia exposure induces the expression of MALAT-1. (A) Using a 
normoxia treatment group for comparison, the expression levels of NEAT-1, 
MALAT-1, HN and HOTAIR in hypoxia-treated A549 cells were detected 
by RT-qPCR. Data were normalized to expression of β-actin mRNA. 
*P<0.05. (B) Following hypoxia exposure, the expression levels of NEAT-1, 
MALAT-1, HN and HOTAIR were detected by RT-qPCR at 0, 12, 24, 48 
and 72 h after hypoxia exposure. *P<0.05 and **P<0.01 vs. 0 h. MALAT-1, 
metastasis-associated lung adenocarcinoma transcript-1; NEAT-1, nuclear 
paraspeckle assembly transcript 1; HN; HOTAIR, HOX transcript anti-
sense RNA; RT-qPCR, reverse transcription-quantitative polymerase chain 
reaction.
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migrated and invaded less effectively. Han et al (33) observed 
the upregulation of MALAT-1 in bladder urothelial carcinoma 
compared with the matched normal urothelial tissues, indi-
cating that increased expression of MALAT-1 was associated 

with high-grade and high-stage bladder urothelial carcinoma. 
Furthermore, silencing MALAT-1 inhibited proliferation, 
migration and invasion in bladder urothelial carcinoma T24 
and 5,637 cells (33).

Figure 2. Hypoxia exposure promotes the interaction between MALAT-1 and PSF, and thus leads to the dissociation of PSF from the GAGE6 promoter. 
(A) Semi‑quantitative PCR (left panel) and semi‑quantitative western blot analysis (right panel) were performed to confirm the changes in the expression 
levels of MALAT-1 and PSF, respectively, after hypoxia exposure. (B) A RIP assay was performed to detect the binding of MALAT-1 to PSF protein after 24 h 
exposure. (C) After hypoxic exposure, siRNA targeted to MALAT‑1 was introduced for further RIP assay. (D) Detection of MALAT‑1 knockdown efficiency 
by RT-qPCR after siRNA transfection for 24 h. (E) A ChIP assay was performed to detect the effects of hypoxia-induced MALAT-1 expression on the binding 
of PSF to its target gene, GAGE6. *P<0.05. MALAT-1, metastasis-associated lung adenocarcinoma transcript-1; PSF, PTB-associated splicing factor; RIP, 
RNA immunoprecipitation; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; ChIP, chromatin immunoprecipitation; Ab, antibody; 
GAGE6, G antigen 6; DHFR 5'UTR, Dihydrofolate reductase 5'-untranslated region; siCTL, control siRNA; siMALAT-1, siRNA targeting MALAT-1.

Figure 3. Effects of hypoxia exposure on proliferation, migration and invasion. (A) A Cell Counting Kit-8 assay was performed to detect the proliferation 
rate after hypoxia exposure. *P<0.05 vs. normoxia. (B) After siMALAT-1 transfection and exposure to hypoxia or normoxia, cell proliferation was detected. 
*P<0.05 vs. normoxia. (C and D) The effects of hypoxia exposure on (C) migration and (D) invasion were examined by wound-healing assay and Transwell 
assay, respectively. *P<0.05. MALAT-1, metastasis-associated lung adenocarcinoma transcript-1; siMALAT-1, siRNA targeting MALAT-1; siCTL, control 
siRNA.
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In conclusion, the results of the present study indi-
cate that the expression of the lncRNA MALAT-1 is 
significantly increased in hypoxia‑exposed cells and promotes 
hypoxia-induced proliferation, migration and invasion in A549 
cells. The transcriptional regulation of GAGE6, a proto-onco-
gene, by PSF is inhibited by the upregulation of MALAT-1 
in an epigenetic manner, and thus promotes proliferation, 
migration and invasion. However, more convincing evidence 
from animal and clinical studies is required to support these 
findings. Further study will explore the exact mechanism of 
the upregulation of MALAT-1 by hypoxia exposure in A549 
cells, and employ animal studies for testing the expression of 
MALAT-1 in vivo. In summary, these findings suggest that 
the hypoxia/MALAT-1/PSF pathway may contribute to the 
development of novel anti-cancer therapeutics directed against 
hypoxic tumor targets.
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