
Am J Transl Res 2021;13(9):10896-10907
www.ajtr.org /ISSN:1943-8141/AJTR0134428

Original Article
LncRNA GAS5 enhances radiosensitivity  
of hepatocellular carcinoma and restricts  
tumor growth and metastasis by miR-144-5p/ATF2

Chuanyun Yu1*, Yi Liang1, Yiqiang Jin2*, Qinghuan Li1

1Oncology Radiotherapy Center, Xiangyang Central Hospital, Affiliated Hospital of Hubei University of Arts and 
Science, Xiangyang 441021, Hubei, China; 2Department of Oncology, Xiangyang Central Hospital, Affiliated 
Hospital of Hubei University of Arts and Science, Xiangyang 441021, Hubei, China. *Equal contributors.

Received April 18, 2021; Accepted July 28, 2021; Epub September 15, 2021; Published September 30, 2021

Abstract: Background: This study aimed to evaluate the biologic role of growth arrest-specific 5 (GAS5) in radiosensi-
tivity of hepatocellular carcinoma (HCC). Methods: The levels of GAS5, miR-144-5p, and activating transcription fac-
tor 2 (ATF2) were quantified in HCC tissues and cell lines. RNA immunoprecipitation (RIP) and RNA pull-down assays 
were used to test the interaction between GAS5 and miR-144-5p. The regulatory relationship between miR-144-5p 
and ATF2 was identified by the dual-luciferase reporter (DLR) assay. A nude mouse model of HCC was induced to 
verify the effect of GAS5 on radiosensitivity of HCC in vivo. Results: Lower levels of GAS5 and ATF2, and higher levels 
of miR-144-5p, were found in radiation-resistant human HCC tissues and cell lines. Overexpression of ATF2 or GAS5 
enhanced the radiosensitivity of HCC cell lines, while knockdown of ATF2 or GAS5 decreased the radiosensitivity. 
In addition, GAS5 acted as a miR-144-5p sponge, and miR-144-5p inversely regulated ATF2. Also, GAS5 mediated 
ATF2 levels through miR-144-5p, and increased the radiosensitivity of HCC by suppressing miR-144-5p both in vivo 
and in vitro. Conclusion: Overexpression of GAS5 upregulates ATF2 through miR-144-5p and is able to enhance the 
radiosensitivity of HCC.
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Introduction

Changes in eating habits and the environment 
may contribute to an increasing incidence of 
cancers. Hepatocellular carcinoma (HCC) is a 
major malignancy with the highest incidence 
worldwide [1]. More than 800,000 new cases 
and 780,000 deaths are reported globally 
every year, with a ratio of deaths to new cases 
of approximately 1:1.07 [2]. In addition, with 
the continuous advances in diagnostic tech-
niques and the popularization of tumor screen-
ing, the incidence of HCC has been increasing 
in younger people [3, 4]. There are multiple 
pathogenic factors of HCC, among which obe-
sity, diabetes, alcohol consumption and persis-
tent hepatitis B or C virus infection are the most 
common [5, 6]. Surgery is the first choice for 
the treatment of HCC, but not all patients have 
this opportunity. Because of metastasis of 
advanced cancers, patients can improve their 

condition only through radiotherapy [7]. 
Radiotherapy has played a key role in a variety 
of malignancies [8]. It is reported that radiosen-
sitivity of tumor cells is related to cell vitality, 
cell cycle distribution, DNA damage repair and 
apoptosis [9]. However, long-term radiotherapy 
is likely to induce radiation resistance, thereby 
leading to a decline in clinical efficacy and even 
treatment failure [10]. Therefore, it is impera-
tive to enhance the radiosensitivity of HCC so 
as to improve the curative effect.

Long-chain non-coding RNAs (lncRNAs), tran-
scription factors with a length of over 200 
nucleotides, have been considered to be waste 
products because of their lack of protein coding 
ability [11]. However, an imbalance of lncRNAs 
has been recently found to relate to tumor pro-
gression [12]. Moreover, there is evidence that 
lncRNAs also may act as competitive endoge-
nous RNAs (ceRNAs) [13]. Rui et al. have indi-
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cated that inhibiting lncRNA PCAT6 increases 
the radiosensitivity of triple negative breast 
cancer (TNBC) cells through the miR-185-5p/
TPD52 axis [14]. The lncRNA growth arrest-spe-
cific 5 (GAS5), also known as SNHG2, is an 
early discovered lncRNA located at human 
1q25.1 [15]. GAS5 has the function of regulat-
ing the domain of glucocorticoid receptors [16], 
which means that the transcription of GAS5 is 
able to induce apoptosis. Additionally, Zhao et 
al. have proposed that GAS5 can increase the 
sensitivity of HCC to CDDP by sponging miR-
222 [17]. Nevertheless, there is no study show-
ing that GAS5 can increase the radiosensitivity 
of HCC.

Therefore, the present study is designed to 
evaluate the regulatory role of GAS5 in the 
radiosensitivity of HCC, aiming to offer an avail-
able target to the clinic.

Methods and data

Clinical data of patients

Forty pairs of HCC tissue and adjacent tissue 
samples collected from patients admitted from 
May, 2013 to May, 2014 were collected for this 
study. All patients had received anti-tumor  
therapy (surgery, chemotherapy and radiother-
apy), and had signed informed consent. Ethics 
approval was granted by hospital Medical 
Committee (XY2012ZX09102), and this study 
was in accordance with the Declaration of 
Helsinki [18]. 

Cell culture

HCC cell lines (Hep3B, SK-HEP-1) and human 
liver cell line (THLE-2) (ATCC, Manassas, VA, 
USA) were grown in DMEM (Gibco) supplement-
ed with 10% FBS at 37°C and 5% CO2. Hep3B 
and SK-HEP-1 cells (5*103) were separately 
irradiated by a 6-MV linear accelerator at the 
doses of 0, 2, 4, 6 and 8 Gy. After radiation for 
24 hours, the cells were collected. Those irradi-
ated at a dose of 6 Gy were examined every 6 
hours until radiation for 24 hours.

Cell transfection

pcDNA3.1-GAS5 (negative control: pcDNA-
3.1-NC) was synthesized with pcDNA3.1 as vec-
tor. In addition, small interfering RNA (siRNA), 
si-GAS5#1, Si-GAS5#2 and Si-GAS5#3, as well 
as si-ATF2 and si-NC were also constructed. 

The miR-144-5p mimetic, NC-mimetic, ATF2 
overexpression vector (pcDNA-3.1-ATF2), blank 
overexpression vector (vector), miR-144-5p 
inhibitor (anti-mi-miR-144-5p) and anti-miR-NC 
(all from RiboBio, Guangzhou, China) were  
synthesized. These plasmids and oligonucle-
otides were transfected into HCC cells using 
Lipofectamine 3000 (Carlsbad, California, 
USA). Overexpression plasmid transfection:  
The serum-free medium (250 μL) was used to 
dilute the transfection reagent Lipofectamine 
3000 (12.5 μL). Then, the overexpression plas-
mid (4.2 μg) and P3000 (8 μL) were added into 
serum-free culture medium (250 μL), which 
were mixed respectively and incubated at room 
temperature for 5 min. Finally, the solution was 
mixed and incubated at room temperature for 
15 min. Transfection of siRNA and miR: The 
serum-free medium (250 μL) was used to  
dilute the transfection reagent Lipofectamine 
3000 (12.5 μL) (solution A). The siRNA or miR 
(12.5 μL) were added into serum-free culture 
medium (250 μL) to adjust the final concentra-
tion of siRNA or miR to 50 nM. Then, they were 
mixed respectively and incubated at room tem-
perature for 5 min. Then, the liquids were mixed 
evenly and incubated at room temperature for 
15 min.

qRT-PCR

Reverse transcription of RNA extracted from 
samples with Trizol reagent (Invitrogen) was 
performed with Reverse EasyScript One-Step 
gDNA Removal and cDNA Synthesis SuperMix 
(Trangene, Beijing, China). PCR amplification 
was conducted on an Applied Biosystems  
7500 (ABI, USA) with SYBR Premix Ex Taq II 
(TaKaRa, Dalian, China). Relative levels of 
GAS5, miR-144-5p, and ATF2 were quantified 
by 2-ΔΔCt, and GAPDH and U6 served as in- 
ternal references [19]. The upstream primer of 
GAS5 was 5’-CTTCTGGGCTCAAGTGATCCT-3’, 
and the downstream primer was 5’-TTGTGCC- 
ATGAGACTCCATCAG-3’. The upstream primer of 
miR-144-5p was 5’-CGGGCGATATCATCATATAC- 
TG-3’, and the downstream primer was 5’- 
GTGCAGGGTCCGAGGT-3’. The upstream primer 
of ATF2 was 5’-CAATCCACTGCCATGGCCTT-3’, 
and the downstream primer was 5’-TCAGATA- 
AAGCCAAGTCGAATCTGG-3’. The upstream pri- 
mer of GPADH was 5’-GTCAACGGATTTGGT- 
CTGTATT-3’, and the downstream primer  
was 5’-AGTCTTCTGGGTGGCAGTGAT-3’. The up- 
stream primer of U6 was 5’-CTCGCTTCGG- 
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CAGCACA-3’, and the downstream primer was 
5’-AACGCTTCACGAATTTGCGT-3’.

Colony survival assay

The transfected cells were collected into a 
6-well plate for a 48-h incubation. Next, the 
cells were irradiated at a dose rate of 400 cGy/
min (0, 2, 4, 6 and 8 gy). After that, the cells 
were inoculated in a 60 mm Petri dish at 37°C 
until cell colonies were visible, and then stained 
with 1% crystal violet, and counted under a 
microscope. Cell survival was calculated.

Cell proliferation assay

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazole bromide (MTT, Solarbio, Beijing, 
China) was used to measure cell proliferation. 
The cells at a concentration of 2.0×103 cells/
mL were grown in a 96-well plate. After incuba-
tion for 24 hours, MTT solution was added to 
each well. Cells were treated with DMSO 
(Solarbio) for 15 minutes at the 24th, 48th, 
72nd and 96th hours, and cell proliferation was 
tested at 490 nm using a microplate reader 
(Thermo Fisher Scientific, USA).

Cell apoptosis assay

FITC/PI staining was conducted for apoptosis 
measurement. Transfected cells were subject-
ed to 6-Gy radiation for 24 hours, and those 
without ionizing radiation treatment served as 
controls. Annexin V-FITC (10 μL, K201-100, 
Biovision, Mountain View, CA, USA) and PI (5 
μL) were added, mixed and reacted in the dark 
for 15 minutes. Following the addition of bind-
ing buffer (300 μL), cell apoptosis was tested 
by flow cytometry at the excitation wavelength 
of 488 nm.

Western blot (WB)

Total protein was extracted from transfect- 
ed cells by RIPA buffer (Invitrogen), and then 
separated by SDS-PAGE and blotted to a PVDF 
membrane (Bio-Rad, Inc., CA, USA). After block-
ing with skim milk for 1 hour, the membrane 
was incubated with rabbit anti-human primary 
antibodies against Bcl-2 (1:1000, ab32124, 
Abcam Inc, USA), Bax (1:1000, ab32503, Ab- 
cam Inc, USA), cle-caspase-3 (1:500, ab13847, 
Abcam Inc, USA), ATF2 (1:500, ab239361, 
Abcam Inc, USA) and GAPDH (1:5000, ab8245, 
Abcam Inc, USA) overnight at 4°C. Following 3 

TBST washes, goat anti-rabbit secondary anti-
body (HRP) was added, incubated for 1 hour. 
Next, the membrane was developed by 
enhanced chemiluminescence. Images were 
scanned, and gray values of bands were ana-
lyzed by a gel imaging system (Bio-Rad iQ5, Bio-
Rad, Inc., CA, USA).

Dual-luciferase reporter (DLR) assay

Binding sites of miR-144-5p were predicted 
online by LncBase [20] and starBase 3.0 [21]. 
HCC cells were co-transfected with GAS5-WT/
MUT or ATF2 3’UTR-WT/MUT and miR-144-5p 
mimics or NC miRNA (NC-mimics) for 48 hours. 
Luciferase activity was visualized in a DLR 
assay system (Promega Corporation, Madison, 
Wisconsin, USA).

RNA immunoprecipitation (RIP)

RIP was performed using the Magna RIPTM 
RNA-binding protein immunoprecipitation kit. 
Endogenous miR-144-5p binding to GAS5 was 
pulled down. Cell lysate was incubated in RIP 
buffer containing magnetic beads coupled with 
human anti-Ago2 antibody (Millipore). The 
immunoprecipitated RNA was obtained after 
the protein was digested with protease K, and 
the concentration was examined by qRT-PCR.

RNA pull-down

Biotinylated miR-144-5p was labeled with the 
RNA 3’-End Desthiobiotinylation Kit. Then, RNA 
pull-down was performed after transfection of 
biotin-labeled miR-144-5p into HCC cells. Cells 
were lysed in an RNase-free environment at 
4°C. Streptavidin agarose beads (Pierce; 
Thermo Fisher Scientifi, Inc.) were allowed to 
react overnight with cell lysate at 4°C to pull 
down biotin-labeled miRNA and related RNAs. 
After washing and centrifuging (1,500×g, 10 
minutes, 4°C), the precipitate was dissolved 
with TRIzol®. Then, GAS5 levels in the pull-down 
sample were quantified by qRT-PCR.

Tumorigenesis in nude mice

Ten BALB/c nude mice (6 weeks, 18-22 g, Vital 
River, Beijing, China) were reared at 22°C and 
50%-70% humidity, with a regular circadian 
rhythm for adaptive feeding. Hep3B cells stably 
transfected with sh-NC or sh-GAS5 (1.0×105 
cells were added to PBS (100 μL) were injected 
subcutaneously to the right rear paw of male 
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nude mice (n=5 in each group). When the tumor 
reached an average volume of approximately 
100 mm3, the mice were exposed to radiation 
(4 Gy) for 5 days after evaluating the radiosen-
sitivity of HCC in vivo. The tumor volume was 
measured every 7 days. After 35 days, the mice 
were euthanized and the tumor was weighed.

Statistical analysis

GraphPad 8 was used for graphing and data 
processing. The data were expressed by mean 
standard ± deviation (Mean ± SD). Independent 
samples t-test was used for between-group 
comparison, one way ANOVA for multiple-group 
comparison (denoted by F), and LSD-t test for 
post-hoc pairwise comparison. Repeated mea-
sures ANOVA was used for expression analysis 
at multiple time points (denoted by F), and 
Bonferroni for post-hoc test. The correlation 
analysis of genes was performed by Pearson 
correlation analysis. Patient survival was visu-
alized by K-M curve and compared by the Log-
rank test. Statistical significance was set at 
P<0.05.

Results

High levels of GAS5 in HCC decreased the sur-
vival of patients

At first, we analyzed GAS5 levels in HCC through 
GEIPA 2, and TCGA database revealed their 

elevation in HCC (Figure 1A). Also, an elevation 
of GAS5 levels in 40 patients with HCC was 
identified by qRT-PCR (Figure 1B). Moreover, 
the cell experiment indicated the increased 
expression of GAS5 in HCC (Figure 1C). After 
that, we allocated the patients into high- and 
low-level groups by the median value of GAS5, 
and analyzed the relationship between GAS5 
and patients’ survival (Figure 1D). It turned out 
that the 5-year survival in the high level group 
was lower than that in low level group (Figure 
1D), suggesting that GAS5 is associated with 
HCC.

Knocking down GAS5 restricted proliferation 
and enhances radiosensitivity and apoptosis 
in HCC

Hep3B and SK-HEP-1 cells were exposed to 
radiation with graded doses to determine the 
effect of GAS5 on radiosensitivity of HCC cells. 
An increase in radiation dose elevated GAS5 
levels in cells, showing an increasing trend 
(Figure 2A). In addition, a radiation dose of 6  
Gy was used to treat the cells for 24 hours. With 
an increase of radiation time, GAS5 levels in 
HCC increased compared with those with a 
radiation dose of 0 Gy (Figure 2B). Therefore, 
there is an association between GAS5 and 
radiosensitivity of HCC. Next, we transfected si-
GAS5 plasmids into HCC cells, and noticed that 
si-GAS5#3 had the highest transfection effi-
ciency (Figure 3A). To verify whether GAS5 reg-

Figure 1. GAS5 levels in HCC pa-
tients and cells. A. GEPIA2 analyzed 
the relative expression of GAS5 in 
HCC in TCGA database. B. qRT-PCR 
quantified the relative expression 
of GAS5 in HCC tissues. C. qRT-PCR 
quantified the relative expression of 
GAS5 in HCC cell lines. D. Division of 
high- and low-level groups according 
to the median value of GAS5. E. Re-
lationship between GAS5 and 5-year 
survival. **P<0.01, ***P<0.001.
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ulates cell sensitivity, HCC cells were treated 
with si-NC and si-GAS5#3 (Figure 3B) and 
exposed to 6 Gy radiation. Compared with si- 
NC group, inhibited proliferation was observed 
in si-GAS5#3 group (MTT assay, Figure 3C), as 
well as reduced colony formation (colony count, 
Figure 3D) and enhanced apoptosis (flow 
cytometry, Figure 3E). In addition, we also 
found that protein levels of Bax and cle-cas-
pase-3 were increased in si-GAS5#3 group, 
and those of Bcl-2 were decreased through WB 
(Figure 3F), indicating that knocking down 
GAS5 induces HCC apoptosis. Overall, knock-
ing down GAS5 hinders proliferation and pro-
motes radiosensitivity and apoptosis in HCC 
cells.

GAS5 acts as a sponge and regulates miR-
144-5p

In order to determine the clinical implication of 
GAS5, we predicted its possible downstream 
miRs. It was found that there were potential 
binding sites between miR-144-5p and GAS5 
(Figure 4A). Then, RIP RNA pull-down and DLR 
assay were conducted to verify the binding of 
GAS5 and miR-144-5p. In RIP, GAS5 and miR-
144-5p were precipitated by Ago2 antibody 
(Figure 4B), and RNA pull-down also revealed 
the interaction between GAS5 and miR-144-5p 
(Figure 4C). In addition, DLR assay revealed  
the inhibited luciferase activity of GAS5-WT by 
miR-144-5p-mimics (Figure 4D). This suggest-
ed that GAS5 can act as a miR-144-5p  
sponge. Furthermore, according to qRT-PCR, 
miR-144-5p levels were low in HCC tissues 
(Figure 4E) and reversely correlated with GAS5 
(Figure 4F). At last, we conducted a co-trans-
fection experiment to verify the regulatory 
effect of GAS5 on miR-144-5p. Transfection of 
si-GAS5#3 increased miR-144-5p levels in HCC 

cells, as shown in qRT-PCR, and inhibited the 
inhibitory role of anti-miR-144-5p on miR-144-
5p (Figure 4G). Therefore, GAS5 acts as a 
sponge and is able to regulate miR-144-5p.

miR-144-5p is able to regulate ATF2

To explore the mechanism of miR-144-5p in 
regulating radiosensitivity of HCC, we predicted 
the downstream target genes of miR-144-5p, 
and ATF2 was found to be a potential target 
(Figure 5A). DLR assay indicated that the  
luciferase activity of ATF2-WT was inhibited by 
miR-144-5p-mimics (Figure 5B); Moreover, 
qRT-PCR uncovered high ATF2 levels in HCC 
(Figure 5C), and a reverse association be- 
tween ATF2 and miR-144-5p and its positive 
association with GAS5 (Figure 5D). These 
assays suggested that there was a regulatory 
relation between ATF2 and miR-144-5p. Then, 
we tried to verify this regulatory relation through 
co-transfection of cells. ATF2 was upregulated 
by pcDNA-3.1-ATF2 and was inhibited by co-
transfection of miR-144-5p-mimics and pcD-
NA-3.1-ATF2 (Figure 5E). Thus, miR-144-5p is 
able to regulate ATF2.

GAS5 restricts proliferation and invasion and 
enhances radiosensitivity of HCC through miR-
144-5p/ATF2

We carried out the rescue experiment to con-
firm the involvement of miR-144-5p/ATF2 axis 
in the regulation of radiosensitivity of HCC by 
GAS5. Through co-transfection of anti-miR-
144-5p or pcDNA-3.1-ATF2 with si-GAS5#3,  
we found that si-GAS5#3 restricted the promo-
tion of proliferation and viability in HCC cells 
which was achieved by anti-miR-144-5p and 
pcDNA-3.1-ATF2 (Figure 6A, 6B), and reversed 
the inhibition of apoptosis (Figure 6C). Thus, 

Figure 2. Relationship between GAS5 and radiation doses in HCC cells. A. Changes in relative expression of GAS5 
in HCC cells at different radiation doses. B. Changes of relative expression of GAS5 in HCC cells exposed to 6 Gy 
radiation. *P<0.05, **P<0.01.
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Figure 3. Effect of knocking down GAS5 on radiosensitivity of HCC. A. qRT-PCR determined transfection efficiency of si-GAS5 plasmids. B. qRT-PCR quantified the 
relative expression of GAS5 in HCC cells transfected with si-GAS5#3. C. MTT assay tested changes in cell proliferation after transfection of si-GAS5#3 under 6 Gy 
radiation. D. Colony count tested changes in cell viability after transfection of si-GAS5#3 under different doses of radiation. E. Flow cytometry tested changes in 
cell apoptosis after transfection of si-GAS5#3 under 6 Gy radiation. F. WB tests changed in apoptosis-related proteins after transfection of si-GAS5#3 under 6 Gy 
radiation. *P<0.05, **P<0.01.
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Figure 4. Relationship between GAS5 and miR-144-5p. A. Target binding sites between GAS5 and miR-144-5p. B. GAS5 and miR-144-5p were precipitated by Ago2 
antibody (RIP). C. GAS5 interacted with miR-144-5p (RNA pull-down). D. GAS5 interacted with miR-144-5p (DLR assay). E. Relative expression of miR-144-5p in HCC 
(qRT-PCR). F. Correlation between GAS5 and miR-144-5p (Pearson test). G. Relative expression of miR-144-5p in HCC after co-transfection (qRT-PCR). *P<0.05, 
**P<0.01, ***P<0.001.
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Figure 5. Verification of regulatory relationship between ATF2 and miR-144-5p. A. Target binding sites between miR-144-5p and ATF2. B. miR-144-5p interacted with 
ATF2 (DLR assay). C. ATF2 levels in HCC tissues (qRT-PCR). D. Correlation between ATF2 and GAS5/miR-144-5p (Pearson test). E. Relative expression of miR-144-5p 
in HCC after co-transfection (qRT-PCR). *P<0.05, ***P<0.001.
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Figure 6. GAS5 restricted proliferation and invasion and enhanced radiosensitivity of HCC via miR-144-5p/ATF2. A. Changes in proliferation in HCC cells after co-
transfection (MTT assay). B. Changes in viability in HCC cells after co-transfection (colony count). C. Changes in apoptosis in HCC cells after co-transfection (flow 
cytometry). *P<0.05.
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GAS5 enhances the radiosensitivity of HCC via 
miR-144-5p/ATF2 axis.

Downregulation of GAS5 inhibits tumor growth 
in nude mice

Tumor growth in nude mice injected with lentivi-
rus sh-GAS5 and sh-NC plasmids were moni-
tored to estimate the anti-tumor effect of GAS5 
in vivo. It turned out that the tumor volume in 
sh-GAS5 group was lower than that in sh-NC 
group (Figure 7A), and the mass was also 
reduced (Figure 7B). Tumor tissues were col-
lected after the sacrifice of nude mice. Protein 
levels of ATF2 and Bcl-2 in sh-GAS5 group  
were lower, and those of Bax and cle-caspase-3 
were higher than those in sh-NC group (Figure 
7C), suggesting that GAS5 enhances the radio-
sensitivity of HCC.

Discussion

Despite considerable progress in the treatment 
of HCC, drug and radiation resistance has 
remained a thorny problem [22]. In the present 
study, increased GAS5 was observed in HCC, 
and its inhibition enhanced the radiosensitivity, 
which is expected to be a therapeutic target.

LncRNAs have been widely reported to regulate 
cell growth and metastasis in a variety of can-
cers [23, 24], and enhance their radiosensitivi-
ty. Xiu et al. believe that knocking down lncRNA 
TUG1 enhances the radiosensitivity of prostate 

cancer through TUG1/miR-139-5p/SMC1A axis 
[25]. GAS5, an regulator of tumor radiosensitiv-
ity, is associated with radiosensitization of 
prostate cancer [26] and non-small cell lung 
cancer [27]. GAS5 contributes to the increase 
in cisplatin sensitivity in HCC [17], but the eff- 
ect of GAS5 on radiosensitivity of HCC has 
never been dissected. Increased levels of  
GAS5 in HCC were identified, resulting in 
decreased 5-year survival, which was consis-
tent with previous findings. We also noticed 
that the radiosensitivity of HCC increased after 
knocking down GAS5, and then induced 
apoptosis.

ceRNAs have been mentioned frequently in 
recent studies, and lncRNAs are capable of act-
ing as miR sponges to regulate genes and par-
ticipate in cancer progression [28]. For in- 
stance, lncRNA SNHG1 acts as a molecular 
sponge to mediate miR-195, thereby promoting 
cell proliferation and invasion in HCC [29]. In 
the present study, target binding sites between 
GAS5 and miR-144-5p were found through an 
online tool, and GAS5 was able to regulate miR-
144-5p levels. Therefore, we have confirmed 
that GAS5 can act as a sponge for miR-144-5p, 
suggesting that miR-144-5p is driven by GAS5 
to participate in radiosensitivity of HCC.

ATF2 is a member of the leucine zipper family of 
DNA binding proteins that participates in DNA-
damage response in cells [30]. Also, ATF2 

Figure 7. Downregulation of GAS5 inhibits 
tumor growth in nude mice. A. Changes in 
tumor volume in nude mice within 35 days. 
B. Changes in tumor mass in nude mice af-
ter sacrifice. C. Changes of levels of apopto-
sis-related and ATF2 proteins in HCC tissues 
of nude mice (WB). *P<0.05, **P<0.01.
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shares target binding sites with miR-144-5p, 
and has an inhibitory effect on radiosensitivity 
of lung cancer [31]. A series of measurements 
implemented in this study demonstrated that 
ATF2 presented high levels in HCC tissues, and 
bound to miR-144-5p. In addition, miR-144-5p-
mimics effectively inhibited the overexpres- 
sion of ATF2 induced by pcDNA-3.1-ATF2 in 
HCC. So, we speculated that there was a axial 
relationship in GAS5/miR-144-5p/ATF2. To ver-
ify this, we carried out a rescue experiment, 
and found that si-GAS5#3 remarkably inhibited 
the promoting effect of anti-miR-144-5p and 
pcDNA-3.1-ATF2 on proliferation and viability, 
and their inhibitory effect on apoptosis. In addi-
tion, knocking out GAS5 inhibited the protein 
levels of ATF2 and induced apoptosis in vitro.

However, there are several limitations. The 
invasion and migration in cells transfected  
with si-GAS5 were not analyzed. Moreover, 
whether GAS5/miR-144-5p/ATF2 pathway can 
enhance cisplatin sensitivity of HCC cells 
remains unknown. We will conduct more experi-
ments to address these limitations and enrich 
our results.

To sum up, overexpression of GAS5 upregu-
lates ATF2 through miR-144-5p and is able to 
enhance the radiosensitivity of HCC.
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