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Background: Tumor protein p63 (TP63) has been proven to play a role as a tumor suppressor in some human cancers, including non- 
small cell lung cancer (NSCLC). This study aimed to investigate the mechanism of TP63 and analyze the underlying pathway 
dysregulating TP63 in NSCLC.
Methods: RT-qPCR and Western blotting assays were used to determine gene expression in NSCLC cells. The luciferase reporter 
assay was performed to explore the transcriptional regulation. Flow cytometry was used to analyze the cell cycle and cell apoptosis. 
Transwell and CCK-8 assays were performed to test cell invasion and cell proliferation, respectively.
Results: GAS5 interacted with miR-221-3p, and its expression was significantly reduced in NSCLC. GAS5, as a molecular sponge, 
upregulated the mRNA and protein levels of TP63 by inhibiting miR-221-3p in NSCLC cells. The upregulation of GAS5 inhibited cell 
proliferation, apoptosis, and invasion, which was partially reversed by the knockdown of TP63. Interestingly, we found that GAS5- 
induced TP63 upregulation promoted tumor chemotherapeutic sensitivity to cisplatin therapy in vivo and in vitro.
Conclusion: Our results revealed the mechanism by which GAS5 interacts with miR-221-3p to regulate TP63, and targeting GAS5/ 
miR-221-3p/TP63 may be a potential therapeutic strategy for NSCLC cells.
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Introduction
As the major type of lung cancer, non-small cell lung cancer (NSCLC) accounts for 85% of the new diagnoses.1,2 Despite 
surgical therapies, chemotherapy, radiation therapy, and molecular targeted therapies being promoted, the potential for 
continued proliferation and metastasis of NSCLC results in a 5-year survival rate of approximately 16%.3,4 Therefore, 
further exploring the molecular mechanisms of NSCLC is necessary, which may provide more suitable strategies to treat 
NSCLC patients.

Several studies have demonstrated that tumor protein p63 (TP63), as a p53 homologous, activates several p53 target 
genes to mediate increased anti-proliferative effects and acts a tumor suppressor in cancer.5–8 A common deletion of 
TP63 is observed in squamous cell carcinoma and contributed to oncogenesis.8 In addition, TP63 is essential for 
epithelial development. TP63-null mice show epithelial dysplasia.9 Although TP63 has been already recognized as 
a structural homologue of the p53 with antitumor activity in colorectal cancer,10–12 the molecular mechanism of the 
regulation of TP63 as an anticancer molecular target remains to be explored.

Micro-RNAs (miRNAs) are widely accepted to play an important role in the development and metastasis of 
NSCLC.13 They typically bind to mRNA 3′-untranslated regions (3′-UTR), which leads to degradation of the target 
mRNA or inhibition of the translation process.14,15 A549 cell proliferation and invasion are inhibited by miR-206 by 
acting on CORO1C in NSCLC.13 As a tumor suppressor, miR-204 represses the invasion of NSCLC tumors by directly 
decreasing NUAK1 expression in NSCLC.16 We had predicted three miRNAs that targeted TP63 that upregulated in 
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NSCLC. The role of miR-221-3p as an oncogene or tumor suppressor depends on the tumor type.17 The overexpression 
of miR-221 is related to the malignant potential and metastatic activity of colorectal cancer.18 However, the role of miR- 
221-3p in NSCLC is complex and needs to be further explored.

TP63 has many different transcriptional isoforms and it has two subclasses of N-terminal isoforms (TA and 
DeltaN).19 DeltaNp63 isoforms induce cell proliferation20 and suppress cell apoptosis,21 while TAp63 isoforms repress 
cell-cycle progression22 and enhance cell apoptosis.23 The DeltaN isoforms and TA isoforms exert oncogenic and tumor- 
suppressive role, respectively. We had predicted that miR-221-3p targeted transcript variant 2 of TP63 
(NM_001114978.2, TAp63beta) by RNA22 v2. In addition, we did not find any literature that reported the regulation 
of miR-221-3p on TAp63beta in NSCLC. Therefore, the regulation of miR-221-3p on TAp63beta in NSCLC was further 
studied.

Furthermore, increasing works demonstrated that long noncoding RNAs (lncRNAs) are associated with many 
diseases, including cancer, by influencing the suppressive effect of miRNAs. For example, lncRNA growth arrest- 
specific 5 (GAS5)-AS1 decreases cell proliferation and metastasis by sponging miR-106b-5p to promote TUSC2 
level in glioma.24 MALAT1 exerts a suppressive role on cellular proliferation by increasing miR-124 and reducing 
STAT3 level in lung cancer.25 GAS5 is involved in carcinogenesis, and some studies have reported that GAS5, as an 
endogenous sponge, competitively binds miR-221-3p to regulate the target genes of miR-221-3p.26,27 However, we 
had not found the literatures that reported the regulation of GAS5 on Tp63 in NSCLC. Therefore, the aim of our 
study is to state the mechanism of GAS5 and miR-221-3p that are responsible for the dysregulation of TP63 in 
NSCLC.

In this study, we observed that miR-221-3p could directly target TP63, affecting TP63 expression in NSCLC. In vitro 
functional analysis confirmed that TP63 overexpression can regulate cell cycle progression to reduce cell proliferation 
and invasion, and further induce cell apoptosis, which can be deteriorated by miR-221-3p. Upon further study, we 
predicted and validated GAS5 as a ceRNA of miR-221-3p. Suppression of GAS5 attenuated the effect of the miR-221-3p 
inhibitor on apoptosis, proliferation, and invasion. Additionally, knockdown of GAS5 facilitated tumor growth, which 
was eliminated by TP63 overexpression.

Graphical Abstract
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Methods
Cell Culture
Normal lung epithelial bronchus BEAS-2B cells were purchased from Saibaikang Biotechnology Co., Ltd. (Shanghai, China). 
Human NSCLC cell lines A549 and H1299 were purchased from the Cell Biology of the Chinese Academy of Sciences 
(Shanghai, China). All NSCLC cell lines were maintained in RPMI-1640 medium (Life Technologies, USA), containing 10% 
fetal bovine serum (FBS, Life Technologies, USA), 100 U/mL penicillin/streptomycin, in a wet chamber at 37°C with 5% CO2.

Clinical Samples and Ethic Statement
Ten pairs of NSCLC and nontumor tissues were gained from NSCLC patients in our hospital during 2011 and 2012 
(Table 1). All the protocols related to patient organizations in the present study were performed in accordance with the 
principles stated in the Declaration of Helsinki and were approved by the ethics committee of The First Hospital of China 
Medical University. The written informed consent before surgery was obtained from each patient. After obtaining 
relevant tumor and adjacent lung tissue samples, they were stored at −80°C for a long time. The tissue samples were 
thawed at 4°C before being used for RT-qPCR.

Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)
Trizol reagent (Life Technologies, USA) or the mirVana miRNA Isolation Kit (Applied Biosystems, Foster City, CA, 
USA) was used to isolate total RNA from cells and tissues. Complementary DNA of mRNA and miRNA was generated 
by the PrimeScript RT reagent Kit (Takara, Japan) and the SYBR PrimeScript miRNA RT-PCR Kit, respectively. The 
TP63, lncRNA GAS5 and miR-221-3p expression was measured by SYBR Green Master Mix (Takara, Japan), and 
GAPDH and U6 were used as the internal control of mRNA and miRNA, respectively. The PCR primers were as follows: 
GAS5 forward, 5’-GCAAGCCTAACTCAAGCCATTG-3’ and reverse, 5’-CTTGCTCCACACAGTGTAGTC-3’; TP63 
forward, 5’-GGCTGCTGTTG CTTAAACCAC-3’ and reverse, 5’-CACATTACCTTTTAGAGCCACGC-3’; miR-221-3p 
forward, 5’-AGCTAGTCGATGTAACAGACG-3’ and reverse, 5’-CTCAACTGGTGTCGTGGA-3’; GAPDH forward, 
5’-GTTCGTCATGGGTGTGAACC-3’ and reverse, 5’-CATCCACAGTCTTCTGGGTG-3’; U6 forward, 5’- 
CTCGCTTCGGCAGCACA-3’ and reverse, 5’-AACGCTTCACGAATTTGCGT-3’. Quantitative analysis was calculated 
using the 2−ΔΔCt method.

Cell Transfection
Lipofectamine 3000 was performed for cell transfection (Life Technologies, USA). A TP63 overexpression plasmid was 
generated by subcloning TP63 cDNA into the expression plasmid pcDNA3.1 (Invitrogen, USA) and named pc-TP63. 
The empty vectors were used as controls and named pc-Ctrl. The miR-221-3p inhibitor, inhibitor negative control 
(inhibitor-NC), mimic negative control (mimic-NC), and miR-221-3p mimic were purchased from Gene-Chem 

Table 1 The Clinicopathological 
Variables in NSCLC Patients (n=10)

Patients Sex Age pT Stage

1 Male 60 T4

2 Female 65 T2

3 Female 72 T4
4 Female 57 T3

5 Male 67 T2

6 Female 75 T4
7 Male 42 T1

8 Male 79 T3
9 Male 69 T4

10 Male 45 T1
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(Shanghai, China). The specific interference siRNA of GAS5 (si-GAS5) (si-GAS5-1: 5’-TATGGTGCTGGGTG 
CAGATG-3’; si-GAS5-2: 5’-TGAAGTCCTAAAGAGCAAGCCT-3’; si-GAS5-3: 5’-CTTGCCTGGACCAGCTTAATT 
-3’) were used to knockdown GAS5, and the control siRNA was named si-NC. For against TP63, we designed 3 shRNA 
that targeted Tap63beta. The shRNA against TP63 (sh-TP63) (sh-TP63-1: 5’- GATCCGTATCCCACAGATTGCAGC 
TCGAGCTGCAATCTGTGGGATACGTTTTTG-3’; sh-TP63-2: 5’- GATCGATAGCATTTGACCCTATTCTCGAGA 
ATAGGGTCAAATGCTATCTTTTTG-3’; sh-TP63-3: 5’- GATCCCTCCGTATCCCACAGATTCTCGAGAATCTGTGG 
GATACGGAGGTTTTTG-3’) was cloned into the Pgpu6 vector. Empty vectors were used as control and named sh-NC. 
Geneticin (G418; Sigma, St Louis, MO, USA) was used to select stable cell lines and used in xenograft tumor analysis.

Construction of Non-Small Lung Cancer Model in Nude Mice
To construct subcutaneous xenograft models, the right shoulder blade of female BALB/c nude mice (aged 4 weeks) was 
subcutaneously inoculated with NSCLC cells (106). Then, we continue to feed for 2 weeks, measured the size of tumor 
every day, and carried out the follow-up experiment when the tumor grew to about 400 mm3 in each group. In five 
parallel groups, four mice with similar tumor size were selected for the follow-up treatment experiment in each group. 
After about 28 days of treatment, the mice were killed with 40 mg/kg pentobarbital sodium. After the tumor was 
removed, it is weighed sequentially, and then the tumor was photographed.

Immunohistochemistry (IHC)
The tumor tissues of mice were processed into 4-μm paraffin-embedded tissues after being fixed with formalin to detect the 
level of proliferation biomarker Ki67. The sections were de-paraffinized and rehydrated, and then endogenous peroxidase was 
blocked by hydrogen peroxide solution (3%). After antigen retrieval, the silences were incubated with primary antibody for 
Ki67 (ab16667, Abcam, 1:200 dilution), at 4°C overnight. Then, the sections were incubated with an HRP-conjugated goat 
anti-rabbit IgG H&L (ab6721, Abcam) at a dilution of 1:1000. The sections were stained with diaminobenzidine and 
counterstained with hematoxylin. All the animal experiments were conducted as per the protocols approved by the Animal 
Care and Use Committee of The First Hospital of China Medical University and were in accordance with the ethical guidelines 
by the International Council for Laboratory Animal Science (ICLAS).

Dual Luciferase Assay
The wild-type (WT) or mutant (MUT) binding site of miR-221-3p in TP63 or GAS5 3’UTR was cloned into a pmirGLO 
dual-luciferase vector after linearizing the pmirGLO vector with the restriction enzymes. Cells were co-transfected with 
miR-221-3p mimics (or mimic-NC) and Pglo-GAS5-WT, Pglo-GAS5-MUT, Pglo-TP63-WT or Pglo-TP63-MUT by 
Lipofectamine 3000 reagent (Invitrogen, USA). Then, the Dual-Luciferase® Reporter Assay System kit (E1910, 
Promega) was used to determine luciferase activity after transfection 48 h. The experiments were implemented in triplicate.

Cell Viability Assay
Cells at exponential growth stage were placed (4000 cells/well) in 96-well plates containing 100 μL complete medium for 24 
h. CCK-8 solution (10 μL, Beyotime, China) was added after different treatments, and the samples were incubated at 37°C for 4 
h. The plates were read with microplate reader (SmartSpec 3000; CA Bio-Rad, USA), and the absorbance was measured at 
450 nm.

Flow Cytometry
According to experimental groups, A549 and H1299 cells were transfected and cultured in a cell incubator. We used 
apoptosis inducers (TNF-α+SM-164 from Beyotime, Shanghai, China; #C0006S) in this experiment. Next, the cells were 
digested with trypsin and collected. After removing supernatant, the cells were resuspended with 1mL pre-cooled PBS. 
After centrifugation, the cells were resuspended with 1×binding buffer. Each sample was treated with 10 μL RNase 
A (Sigma) and 25 μL propidium iodide (PI) solution and incubated at 37°C for 30 min (in dark). The red fluorescence 
was detected by flow cytometry at 488 nm. In the drug resistance test, cells were stained with Annexin-V/propidium 
iodide detection kit (Key GEN, China), and apoptosis rates were measured by flow cytometry.
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Transwell Assay
The Transwell system was used to detect the cell invasion. After digestion with trypsin, NSCLC cells were centrifugated, 
resuspended and counted. Then the cells (200 μL, 5×104 cells/well) were inoculated into the upper chambers. In the lower 
chamber, 500 μL medium with 10% serum was filled. After incubation for 24 h at 37°C, the migrated cells were fixed for 15 min 
with 4% paraformaldehyde, then cells were stained with 1% crystal violet for 10 min. The cell number was observed and 
photographed.

Western Blotting
After collecting the cell samples, the cell lysate buffer (P0013, Beyotime) that mainly contained Tris, NaCl, Triton 
X-100, sodium pyrophosphate, β-glycerophosphate, and so on, was added to prepare the samples. After lysis, cells were 
centrifugated. The total protein solution was quantitatively analyzed with BCA kit. Then, sodium dodecyl sulfate 
polyacrylamide gel (10%) was used to separate the samples by electrophoresis. Cellulose acetate membrane was used 
to transfer the separated protein. The silence was blocked with 5% non-fat milk, and the membrane was incubated with 
TP63 antibody (1:1000, Affinity, AF0233) overnight at 4°C. Then, the samples were incubated with anti-rabbit IgG 
secondary antibody (0.2 μg/mL, Jackson) at 37°C for 1.5 h. The experiment was exerted in triplicate.

Statistical Analysis
Data were expressed as the mean ± SEM from at least three independent experiments. The expression levels of TP63, 
miR-221-3p, and GAS5 in tumors and nontumor tissues were compared using the paired-samples t-test. P < 0.05 was 
considered statistically significant.

Results
TP63 Was Inversely Correlated with miR-221-3p in NSCLC Tissues
We analyzed TP63 and miR-221-3p expression in NSCLC clinical samples. TP63 mRNA expression was greatly downregulated 
in tumor tissues (Figure 1A). Compared with adjacent tissues, miR-221-3p expression was greatly higher in tumor tissues 
(Figure 1B). As shown in Figure S1, compared with BEAS-2B cells, the expression of TP63 and miR-221-3p was also decreased 
and increased, respectively, in A549 and H1299. The correlation analysis results showed that, between the expression of TP63 
and miR-221-3p, a significant negative correlation was observed (Pearson r = −0.8271, P = 0.0032; Figure 1C), which suggested 
that miR-221-3p regulated TP63 expression during the development of NSCLC.

Some putative miRNAs that may target the mRNA of TP63 were predicted by bioinformatics databases (ENCORI, miRWalk 
and TargetSpy) (Supplementary Table 1). The miRNAs expression data in GSE29248 that was selected after retrieval in GEO 
database (https://www.ncbi.nlm.nih.gov/geo/), and the upregulated differential expression miRNAs were gained by the online 
GEO2R. The overlapped upregulated miRNAs that targeted TP63 were selected by the Venny tool (http://www.ehbio.com/test/ 
venn/#/), and three miRNAs, including miR-221-3p, miR-483-3p and miR-28-3p, were revealed to be involved in NSCLC 
(Figure S2A). Among them, miR-221-3p targeted transcript variant 2 of TP63 (TAp63beta), which was predicted by RNA22 v2 
(Figure 1D). Then, the TAp63beta was chose for further study.

As shown in Figure S3A, miR-221-3p mimic significantly increased the expression of miR-221-3p. The luciferase assay 
results certificated that miR-221-3p directly bound to the 3′-UTR of TP63 (Figure 1E) and miR-221-3p mimic strongly 
decreased the 3’-UTR reporter gene activity of wild-type TP63 compared with the mimic negative control, but there was no 
inhibitory effect on these of mutant TP63. The expression of TP63 was significantly repressed by miR-221-3p mimic, 
compared with cells treated with mimic negative control, at the mRNA and protein levels of A549 and H1299 cells 
(Figure 1F and G). Therefore, these results indicate that miR-221-3p reduced TP63 expression by binding to TP63 3’-UTR.

The Promoting Effect of miR-221-3p on Cancer Cells Was Reversed by 
Overexpression of TP63
Next, we investigated the possibility that miR-221-3p could exert a regulatory function in NSCLC by targeting TP63. We 
detected the expression of miR-221-3p in A549 and H1299 cells that were co-transfected with miR-221-3p mimic (or 
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mimic negative control) and TP63 plasmids (or empty vectors), and miR-221-3p mimic significantly increased the 
expression of miR-221-3p (Figure S3B). The TP63 expression had been markedly reduced in A549 and H1299 cells that 
were transfected with miR-221-3p mimic, while co-transfection with the mimic and TP63 plasmid had restored TP63 
expression (Figure 2A and B). As shown in Figure 2C, compared with the mimic negative control, miR-221-3p mimic 
greatly promoted cell viability of A549 and H1299 cells. miR-221-3p overexpression increased as the cells entered into 
the S phase during the cell cycle of A549 and H1299 (Figure 2D and Figure S4A), and increased the expression of Cyclin 
D1 in A549 and H1299 cell cycles (Figure 2E). Moreover, miR-221-3p had an inhibitory effect on apoptosis in A549 and 
H1299 cells (Figure 2F and Figure S4B), and inhibited the expression of Caspase-3 (Figure 2G). In addition, as shown in 
Figure 2H and Figure S4C, Transwell assays showed that, in A549 and H1299 cells, miR-221-3p mimic increased cell 
invasion. Meanwhile, miR-221-3p mimic increased the expression of MMP2 in A549 and H1299 cells (Figure 2I). 
However, TP63 overexpression eliminated the effects of miR-221-3p mimic on proliferation, cell viability, apoptosis, and 
invasion of A549 and H1299 cells.

miR-221-3p Was Targeted by lncRNA GAS5
Compared to that in adjacent tissues, the expression of GAS5 dramatically decreased in tumor tissues (Figure 3A). In addition, 
the expression of GAS5 was downregulated in A549 and H1299 (Figure S5A). The correlation analysis results revealed that 
GAS5 expression level was negatively related with miR-221-3p expression level in tumors (Pearson r = −0.747, P = 0.013; 
Figure 3B).

Figure 1 TP63 was the direct target of miR-221-3p and the expression levels of TP63 and miR-221-3p was negatively correlated in NSCLC cells. (A) The mRNA level of 
TP63 was detected by RT-qPCR and it greatly downregulated in tumors. (B) miR-221-3p expression was significantly increased in tumor tissues compared with adjacent 
nontumor tissues. (C) TP63 mRNA level was negatively related with miR-221-3p level. NT, nontumor tissues. (D) The putative miR-221-3p binding site in TP63 3’-UTR 
region. (E) A549 cells were co-transfected with miR-221-3p (or mimic-NC) and TP63-WT (or TP63-MUT) 3’-UTR constructs. (F) TP63 mRNA levels were detected by RT- 
qPCR. (G) Western blotting was used to measure TP63 protein levels in cells transfected with the miR-221-3p mimic. mimic-NC, mimic negative control; **P<0.01, 
***P<0.001 versus the control group.
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However, in this study, we also should verify that miR-221-3p was targeted by GAS5. Some putative miRNAs that 
may be as potential targets of GAS5 were predicted by bioinformatics databases (ENCORI and miRcode) 
(Supplementary Table 2). The overlapped upregulated miRNAs that were as potential targets of GAS5 also were selected 
by the Venny tool, and two miRNAs, including miR-221-3p and miR-455-5p were revealed to be involved in NSCLC 
(Figure S2B). According to the online database ENCORI results, we predicted GAS5 as the potential target of miR-221- 

Figure 2 The oncogenic effect of miR-221-3p was through targeting TP63 in NSCLC cells. (A and B) RT-qPCR and Western blotting were used to measure TP63 mRNA 
expression and was used to detect its protein level in A549 and H1299 cells. (C) Increased miR-221-3p expression upregulated cell viability detecting by CCK8, and this 
promotion was reversed by overexpression of TP63. (D) Cell cycle was promoted by miR-221-3p, while TP63 upregulation eliminated the promotion of progression. (E) 
Cyclin D1 was upregulated by miR-221-3p, while the upregulation of TP63 eliminated its upregulation. (F) miR-221-3p down-regulated the process of apoptosis of NSCLC 
cells and promoted the survival of A549/H1299 cells, while TP63 had the opposite effect. (G) miR-221-3p down-regulated the apoptosis-related protein Caspase-3 in 
NSCLC cells, while TP63 had the opposite effect. (H) After miR-221-3p mimic treatment, cell invasion was increased, and this process was weakened by the overexpression 
of TP63. pc-TP63, TP63 overexpression vector. (I) After miR-221-3p simulated treatment, the cell invasion associated protein MMP2 increased, and the overexpression of 
TP63 decreased its increase. pc-TP63, TP63 overexpression vector; **P<0.01, versus mimic-NC+pc-Ctrl (empty plasmid).
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3p (Figure 3C). Then, we employed the luciferase assay to validate the binding of miR-221-3p with GAS5. As shown in 
Figure S5B, miR-221-3p mimic greatly decreased the GAS5 expression. miR-221-3p mimic greatly inhibited luciferase 
activity in A549 cells that were transfected with the GAS5-WT but not that of the GAS5-MUT (Figure 3D). Furthermore, 
to inhibit the expression of GAS5, the 3 siRNA of GAS5 were used to reduce the expression of GAS5, and the most 
effective siRNA-3 was used to conduct follow-up experiments (Figure S5C). RT-qPCR results revealed that, in A549 and 
H1299 cells, knockdown of GAS5 lead to an increase in miR-221-3p expression (Figure 3E). Additionally, GAS5 
overexpression decreased miR-221-3p expression in A549 and H1299 cells (Figure 3F). However, miR-221-3p mimic 
strongly decreased GAS5 expression, whereas miR-221-3p inhibitor enhanced the GAS5 expression of A549 and H1299 
cells (Figure 3G).

The GAS5/miR-221-3p Signal Pathway Regulated Cell Proliferation, Apoptosis, and 
Invasion
To investigate whether the GAS5/miR-221-3p axis has a regulatory function in NSCLC cells, si-GAS5 (or si-NC) and the 
miR-221-3p inhibitor (or inhibitor-NC) were used to co-transfected into the A549 or H1299 cells. However, the control 
cells were transfected with the mutant GAS5 (GAS5-MUT) and miR-221-3p inhibitor. As shown in Figure 4A and 

Figure 3 GAS5 directly targets and has an inhibitory effect on the expression level of miR-221-3p in NSCLC cells. (A) GAS5 expression level in tumor tissues was lower than 
that in adjacent tissues. (n=10, means ± SD). **P<0.01 versus nontumor tissues (NT). (B) Perform Pearson correlation analysis on GAS5 and miR-221-3p (P = 0.013, Pearson r = 0.747). 
(C) Prediction of binding sites between GAS5 and miR-221-3p. (D) A549 cells were co-transfected miR-221-3p mimic or mimic-negative control (mimic-NC) with luciferase constructs 
containing GAS5-WT or GAS5-MUT sequences in. **P<0.01 versus mimic-NC. (E) Effect of down-regulation of GAS5 gene expression on miR-221-3p level in A549/H1299 cells. 
**P<0.01 versus si-NC (siRNA negative control). (F) Effect of upregulation of GAS5 gene expression on miR-221-3p level in A549/H1299 cells. *P<0.05, **P<0.01 versus inhibitor 
negative control. ##P<0.01 versus pc-Ctrl. &P<0.05 versus pc-GAS5 or inhibitor-miR-221-3p. (G) The GAS5 expression in A549 or H1299 cells was regulated via exogenously 
transfecting miR-221-3p mimic or miR-221-3p inhibitor. **P<0.01 versus mimic-NC. #P<0.05, ##P<0.01 versus inhibitor negative control.
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Figure S5A, after co-transfection, RT-qPCR was performed to measure GAS5 expression. The decreased cell viability by 
miR-221-3p inhibitor was eliminated by GAS5 knockdown in A549 and H1299 (Figure 4B and Figure S7B). Similarly, 
the knockdown of GAS5 promoted the cell enter into S phase from G0/G1 phase and reversed the stagnation of cell in 
G0/G1 phase were induced by miR-221-3p inhibitor (Figure 4C, Figures S6A and S7C–D). Induction of knockdown of 
GAS5 by miR-221-3p inhibitor upregulates cellular CyclinD1 expression and reverses knockdown of GAS5 suppresses 

Figure 4 The effect of miR-221-3p inhibitor on cell process was weakened after GAS5 knockdown in A549 cells. (A) RT-qPCR was used to evaluate the GAS5 expression in 
cells after knockdown or addition of miR-221-3p inhibitor. (B) The cell viability was detected by CCK8. (C) si-GAS5 transfected cells affected cell cycle, reduced G0/G1 
phase arrest, and increased S phase cells, while inhibitors reversed this effect. (D). si-GAS5 transfected cells reduced the expression of cyclin D1, a cyclin-related protein, but 
miR-221-3p inhibitor reversed this effect. (E) si-GAS5 transfected cells reduced apoptosis, but miR-221-3p inhibitor reversed this effect. (F) si-GAS5 transfected cells 
reduced the expression of apoptosis-related protein Caspase-3, but miR-221-3p inhibitor reversed this effect. (G) The number of invaded cells increased after GAS5 
knockdown, while the opposite effect was generated by miR-221-3p inhibitor. si-NC, negative control siRNA. GAS5-MUT, mutant GAS5. (H) After GAS5 knockout, invasion 
related protein MMP2 increased, while miR-221-3p inhibitor had the opposite effect; **P < 0.01 versus si-NC+inhibitor-NC. #P<0.05 versus si-GAS5+inhibitor. ##P < 0.01 
versus si-GAS5+inhibitor-miR-221-3p.
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CyclinD1 expression (Figure 4D). In terms of apoptosis analysis, knockdown of GAS5 significantly inhibited apoptosis 
and the expression of Caspase-3, but this effect could be eliminated by miR-221-3p inhibitor (Figure 4E–F, Figures S6B 
and S7E). In addition, si-GAS5 promoted the invasion ability of A549 and H1299, and increased the expression of 
MMP2 (Figure 4G–H, Figures S6C and S7F).

Then, the pc-GAS5 (or pc-Ctrl) and the miR-221-3p mimic (or mimic-NC) were used to co-transfected into the A549 
or H1299 cells, and after co-transfection, RT-qPCR was performed to measure GAS5 expression (Figures S8A and S9A). 
In A549 and H1299 cells, the GAS5 overexpression inhibited the cell viability and proliferation (Figure S8B–8D and 
S9B–D), and the GAS5 overexpression increased the apoptosis (Figures S8E and S9E). In addition, in A549 and H1299 
cells, the invasion ability was also inhibited by GAS5 overexpression (Figures S8F and S9F). However, miR-221-3p 
mimic weakened these effects.

The Positive Correlation Exists Between GAS5 and TP63
We intended to analyze whether GAS5 further regulates the expression of TP63 by inhibiting miR-221-3p. The results 
are shown in Figure 5A and 5B, both at mRNA and protein levels, the miR-221-3p inhibition resulted in upregulation 
of TP63 expression in A549 and H1299 cells, which was eliminated by si-GAS5. Compared with the negative control 
group (co-transfection with si-NC and inhibitor-NC), TP63 expression downregulated in knockdown group of GAS5 
(co-transfection with si-GAS5 and inhibitor-NC). Additionally, in NSCLC tissues, GAS5 expression was positively 
related with TP63 expression level (Pearson r = 0.7846, P = 0.0072; Figure 5C). Collectively, the above results 
suggest that GAS5 promoted TP63 expression by sponging miR-221-3p.

Figure 5 The expression of TP63 is influenced by GAS5 in NSCLC cells. (A) RT-qPCR was used to detect TP63 mRNA levels. (B) TP63 protein level in the si-GAS5 and 
miR-221-3p inhibitor groups was lower compared with si-NC and miR-221-3p inhibitor group. (C) The expression of GAS5 and TP63 in tumor tissues was positively 
correlated. **P<0.01 versus si-NC+inhibitor-NC.
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Function of GAS5 Overexpression in NSCLC in vitro and in vivo
In the final part of this study, we evaluated whether GAS5 overexpression altered the sensitivity of A549 and H1299 cells 
to cisplatin (CIS) in vivo and in vitro. Furthermore, to inhibit the expression of TP63, the shRNA-3 of TP63 was used to 
inhibit the expression of TP63, and the most effective shRNA-3 was used to conduct follow-up experiments (Figure 
S10). As expected, compared with the control group, GAS5 overexpression after CIS treatment of A549 (Figure 6A and 
C) and H1299 cells (Figure S11A and B) significantly promoted cell apoptosis and reduced the number of invasive cells, 
as well as increased Caspase-3 expression and decreased MMP2 expression (Figure 6B and D). This effect of GAS5 
overexpression was eliminated by TP63 knockdown. In addition, GAS5 silencing decreased the apoptosis and increased 
the invasion of H1299 and A549 to CIS, and TP63 overexpression declined these effects (Figure S12A and B). The 
following experiments in nude mice showed that GAS5 overexpression decreased tumor growth in vivo to a large extent 
compared to CIS treatment alone (Figure 6E). However, tumor growth in mice after TP63 knockdown was more 
significant, and this effect was offset and eliminated by co-transfection with the plasmid expressing GAS5 (pc-GAS5) 
(Figure 6E). The tumor volume and weight, that derived from GAS5 overexpression group, were greatly smaller than the 
tumor volume and weight of blank group, while co-transfection with sh-TP63 abolished this effect (Figure 6F and G). In 
addition, the IHC results of Ki67 indicated that GAS5 overexpression significantly inhibited NSCLC cell proliferation 
after CIS treatment, and TP63 silencing abolished this effect (Figure S13). Based on the above results, it can be 
concluded that the efficacy of CIS can be improved after overexpression of lncRNA GAS5 in vivo.

Figure 6 The effect of GAS5 and TP63 on the tumor ‘s chemotherapeutic sensitivity to CIS in vitro and in vivo. (A) The percentage of apoptosis induced by CIS increased 
significantly after the overexpression of GAS5, but sh-TP63 decreased this effect. (B) After overexpression of GAS5, the expression of caspase-3, an apoptosis-related 
protein induced by CIS, was significantly increased, but sh-TP63 reduced this effect. (C) After overexpression of GAS5, the invasion induced by CIS was significantly reduced, 
but sh-TP63 reduced this effect. (D) After overexpression of GAS5, the expression of invasion related protein MMP2 induced by CIS was significantly reduced, but sh-TP63 
reduced this effect; **P<0.01 versus pc-Ctrl+si-NC+CIS. #P<0.01 versus pc-Ctrl+si-TP63+CIS. (E) Representative photographs of tumor formation (n=4, mean ± SD) were 
selected and displayed. (F and G) Tumor growth was significantly inhibited after the downregulation of TP63, and the decrease of TP63 expression also eliminated the 
promotion effect of GAS5 overexpression on tumor weight (F) and tumor volume (G). (n=6, mean ± SD); **P<0.01, versus pc-Ctrl+sh-NC+CIS.
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Discussion
The anti-proliferation effect of TP63 in human gastric, lung, and pancreatic tumor cells has been demonstrated in 
previous studies.5 Similar in function to p53 in its family, TP63 can induce and promote tumor cell apoptosis in vivo and 
in vitro, and ultimately significantly inhibit tumor growth.5 In the present study, we investigated the underlying 
mechanism responsible for the dysregulation of TP63 in NSCLC progression. TAp63 suppresses tumorigenesis and 
metastasis, and the complete inactivation TAp63 promotes tumour progression.28 In the present study, we predicted and 
verified that miR-221-3p was the upstream regulator of TAp63beta. Our results indicated that TP63 mRNA level 
downregulated in NSCLC tissues, and TAp63beta was not only related to tumor cell apoptosis but also related to loss 
of tumorigenicity in nude mice. TAp63beta also appears as a tumor suppressor in other cancer, such as cervical 
carcinoma.29 TAp63beta may be an important tumor-related gene, which may be regulated by a variety of miRNAs in 
various tumors. A previous study demonstrated that miR-375 overexpression promoted TAp63beta expression, and 
TAp63beta overexpression repressed the migration of cervical cancer cell.30

In NSCLC tumor tissues, miR-221-3p expression was upregulated, and it was negatively related with TP63, revealing 
that miR-221-3p/TP63 may be relevant to lung cancer occurrence and development. miR-221-3p is also highly expressed 
in other cancers, such as liver cancer,31 thyroid cancer,32 and pancreatic cancer.33 We only used 10 pairs of NSCLC and 
nontumor tissues to detect the miR-221-3p expression, but it is difficult to collect samples of NSCLC and nontumor 
tissues, and we will try our best to collect samples of NSCLC and nontumor tissues to further support the results in the 
future. The mechanism of miR-221-3p in tumor progression is complex. miR-221-3p reduces the first-line chemotherapy 
drug paclitaxel resistance of NSCLC and promotes cell apoptosis.34 In pancreatic cancer, miR-221-3p targeted RB 
transcriptional corepressor 1 to enhance the 5-fluorouracil resistance of cells.35

lncRNA plays a variety of regulatory roles in the behaviours of various tumors, including the proliferation, multi-organ 
metastasis and drug resistance.36,37 GAS5, as a lncRNA that is relation with cell proliferation, has low expression in various 
malignant tumors. Here, the downregulation of GAS5 expression in NSCLC organizations was found and verified. 
Consistent with NSCLC, previous studies proved that GAS5 expression reduced in clear cell renal cell carcinoma tissues 
and gastric cancer tissues,38 especially in gastric cancer tissues, showing poor overall survival rate and poor disease-free 
survival.39 In the present study, GAS5 performed function as an inducer in the process of NSCLC cell apoptosis by targeting 
miR-221-3p/TP63 signal transduction. The binding of miR-221-3p with GAS5 was observed. Moreover, GAS5 over-
expression inhibited miR-221-3p expression, but miR-221-3p mimic also suppressed GAS5 expression. Further, contrary to 
low GAS5 expression, high miR-221-3p expression also supports the negative relation between GAS5 and miR-221-3p to 
some extent in tumors. Knockdown of GAS5 lead to downregulation of TP63 expression in NSCLC cells. GAS5 expression 
is positively related with TP63 expression. These findings suggested that GAS5 promoted TP63 expression by sponging 
miR-221-3p. GAS5 represses miR-221-3p to increase tumor suppressor IRF2 expression in NSCLC cells, which blocks the 
progression of NSCLC.40 Some literatures explored GAS5 as sponge of miR-221-3p to affect the regulation of miR-221-3p 
on other genes expression. In follicular thyroid carcinoma, GAS5 targeted miR-221-3p/CDKN2B axis to induce G0/G1 
phase arrest and inhibit cell proliferation.41 A previous study demonstrated that GAS5 directly interact with miR-221-3p by 
dual-luciferase reporter assay and RNA immunoprecipitation assay.26 Therefore, the possibility of competition of GAS5 
and TP63 for the target sequences in miR-221-3p is extremely high. However, in the future, we should further demonstrate 
the possibility of direct interaction between miR-221-3p and GAS5 or TP63 by RNA immunoprecipitation assay. 
Additionally, GAS5 inhibits growth, invasion and migration via the miR-205/PTEN pathway in NSCLC.42 GAS5 has 
lower expression in exosomes from the serum of NSCLC patients.43 The above data certificated that GAS5 may be as 
a mark for predicting the prognosis of cancer patients.

The complex mechanism of tumor resistance is an obvious challenge to current therapies. It is a valid approach to 
increase the chemotherapy efficacy to find and predict drug-sensitive marker molecules and explore new mechanisms and 
measures to reverse drug resistance.44 To quest the effect of GAS5 on NSCLC cell drug resistance in vitro and in vivo, 
CIS was used as chemotherapy drug. As a common drug used in chemotherapy, CIS significantly represses the tumor 
growth; however, drug resistance always lead to the chemotherapy flunk.45,46 In this study, GAS5 targeted miR-221-3p/ 
TP63 signal pathway to increase the NSCLC cells’ sensitivity to CIS. Meanwhile, in the subcutaneous tumor bearing 
nude model, we observed that after CIS treatment, the tumor volume of tumor-bearing mice planted with A549 cells of 
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GAS5 overexpression was significantly lower than that of the control group, indicating that GAS5 overexpression greatly 
enhanced the antitumor activity of CIS in vivo. Besides, GAS5 competes with PTEN for miR-21 binding to regulate the 
NSCLC chemo-sensitivity to CIS.47 GAS5 also enhances CIS sensitivity by suppressing autophagy of NSCLC cells.48

Conclusion
In summary, we demonstrate that reduced expression of TP63 performs important functions in NSCLC development. The 
subsequent analysis of the possible mechanisms causing its low expression revealed for the first time that GAS5 could 
play a tumor repressive gene in the development of NSCLC by regulating the miR-221-3p/TP63 axis, thus improving the 
sensitivity of NSCLC cell to chemotherapy and cisplatin to a certain extent.

Abbreviations
TP63, tumor protein p63; miRNAs, micro-RNAs; mRNA, messenger RNA; NSCLC, non-small cell lung cancer; lncRNA, long 
noncoding RNA; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; PI, propidium iodide; CIS, cisplatin.
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