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INTRODUCTION 
 

Non-small cell lung cancer (NSCLC) is responsible for 

most cancer-related deaths worldwide, accounting for 

approximately 80% of all lung cancer cases [1]. Lung 

adenocarcinoma (LUAD) is now the most frequent 

subtype of NSCLC, accounting for 50% of the cases 

[2]. LUAD carries a wide range of genetic and 
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ABSTRACT 
 

Background: Long non-coding RNAs (LncRNAs) have been associated with several types of cancer. However, 
little is known about their role in lung adenocarcinoma (LUAD). 
Results: LINC00968 was significantly differentially expressed in LUAD tissues. Downregulated LINC00968 was 
associated with clinicopathological features of LUAD. LINC00968 inhibited cell growth and metastasis by 
regulating the Hippo signaling pathway We demonstrated that LINC00968 acts as a ceRNA to consume miR-21-
5p, enhancing the accumulation of SMAD7, a miR-21-5p target. 
Conclusions: LINC00968 limits LUAD progression via the miR-21-5p/SMAD7 axis and may serve as a prognostic 
biomarker and therapeutic target for LUAD. 
Methods: We conducted comprehensive data mining on LINC00968 based on the Gene Expression Omnibus (GEO) 
and The Cancer Genome Atlas (TCGA) database. The expression of LINC00968 in LUAD cells was determined using 
in situ hybridization. We detected LINC00968 function in LUAD cells using the MTT, clone formation, and transwell 
assays, and tumor xenografts. Label-free quantitative proteomics, western blotting, a dual-luciferase reporter 
assay, immunofluorescence, and RNA immunoprecipitation assays were used to determine the correlations 
among LINC00968, miR-21-5p, and SMAD7. Gain- and loss-function approaches were used to explore the effects 
of LINC00968, miR-21-5p, and SMAD7 on cell proliferation, migration, and invasion. 
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epigenetic alterations, resulting in a major shift in the 

therapeutic research toward targeted therapies guided by 

key mutations and targetable molecular drivers. Of note, 

however, LUAD has a high risk of developing distant 

metastasis due to the significantly reduced survival time 

of patients [3]. Hence, the identification of new 

therapeutic targets, to prevent the disease progression 

and metastasis of LUAD, is desired. 

 

Long non-coding RNAs (lncRNAs), part of a novel 

class of non-coding RNAs, are characterized by a 

transcript length greater than 200 nucleotides in the 

human transcriptome [4]. LncRNAs have opened a new 

perspective on the alteration of cellular functions such 

as cell cycle, apoptosis, and metastasis at the 

transcriptional level [5]. Recent findings show the 

occurrence of thousands of changes in the lncRNA 

expression in various types of cancer, suggesting that 

their dysregulation may function as potential 

biomarkers or therapeutic targets for cancer [6]. 

However, mechanisms that control disease progression 

remain poorly understood. 

 

Owing to the rapid development of genome-wide 

sequencing technology, lncRNAs can be quantitatively 

identified using RNA sequencing (RNA-Seq) and 

microarray data. However, data have not been extracted 

effectively from most existing lncRNA expression 

profiles. Data mining from published microarrays and 

RNA-Seq data in a systematic way is a highly effective 

method for identifying key molecules. Based on this, we 

obtained lncRNA microarray data of LUAD from the 

online databases, Gene Expression Omnibus (GEO), 

The Cancer Genome Atlas (TCGA), and the Atlas of 

Noncoding RNAs in Cancer (TANRIC), to easily access 

sequence characteristics [7–10]. Here, we validated the 

significant downregulation of LINC00968 in LUAD 

tissues among hundreds of dysregulated lncRNAs based 

on the GEO database. To determine the value of 

LINC00968 as a clinical biomarker and therapeutic 

target, we systematically re-analyzed the published 

microarray and RNA-Seq data and investigated its 

functions using various cell-based assay in LUAD. 

 

RESULTS 
 

The expression levels and clinical value of 

LINC00968 in LUAD across databases 

 

The GEO2R online analysis tool was used to filter the 

overlapping lncRNAs among GSE19188, GSE40791, 

GSE30219, and GSE27262. We found that a total of 38 

common significantly differentially expressed RNAs 

were filtered out by analysis of the four GEO datasets in 

human LUAD (Figure 1A). Of the 38 genes identified, 

LINC00968 was the only lncRNA. Subsequently, we 

assessed five lncRNA expression datasets from GEO 

and found that LINC00968 was significantly 

downregulated in LUAD tumor tissues (T) compared to 

the non-tumor tissues (N) (GSE19188 N n=65 vs. T 

n=45, GSE27262 N n=25 vs. T n=25), GSE40791 N 

n=100 vs. T n=94), GSE30219 N n=14 vs. T n=85, 

GSE18842 N n=45 vs. T n=14; Figure 1B). Consistent 

with the above data, the results from the TANRIC 

databases (Figure 1C) indicated a significant decrease in 

LINC00968 expression in LUAD tissues (n=488) 

compared with the non-tumor lung tissues (n=58). We 

further confirmed that LINC00968 was downregulated 

in human LUAD tissues using in situ hybridization 

(Figure 1D). Receiver operating characteristic (ROC) 

curve analysis indicated that the areas under the curve 

(AUC) were 0.9501, 1, 0.9944, 0.9681, 0.9778, and 

0.9877 from GSE19188, GSE27262, GSE40791, 

GSE30219, GSE18842, and TANRIC, respectively, for 

LINC00968 (P<0.0001; Figure 1E). 

 

We further analyzed the relative expression of 

LINC00968 in patients with LUAD at different disease 

stages from GEO (GSE50081 and GSE30219). As 

shown in Figure 1F, LINC00968 expression was 

remarkably lower in LUAD tissues obtained from 

patients with advanced clinical stages (II, n=37), 

advanced N stages (N1, n=34), and advanced T stages 

(T2-3, n=13), compared with that of individuals at 

earlier clinical (I, n=93), advanced N (N0, n=96), and 

advanced T (T1, n=69) stages, respectively. 

Consistently, lower LINC00968 expression was 

associated with advanced clinical, T, and N stages, in 

data retrieved from the TANRIC database (Figure 1G). 

Low LINC00968 expression was associated with poor 

pathologic differentiation, disease relapse, and 

recurrence rates (Supplementary Figure 1). We further 

detected the prognostic value of LINC00968 in LUAD 

based on the Kaplan-Meier Plotter and TANRIC 

databases. The Kaplan-Meier survival analysis of 

Kaplan-Meier Plotter datasets showed that overall 

survival (OS) and first progression times of patients 

with low LINC00968 expression were significantly 

shorter than that of patients with high LINC00968 

expression (Figure 1H). The survival curves for OS and 

disease-free survival (DFS) times are presented in 

Figure 1I, demonstrating that low LINC00968 

expression was associated with shorter survival time. 

 

Upregulation of LINC00968 inhibits cell proliferation, 

migration, and invasion 

 

We detected the levels of LINC00968 in both H1299 

and A549 cells treated with LINC00968 overexpressing 

plasmids and compared them with cells either untreated 

or treated with empty plasmids. overexpressing H1299 

and A549 cells treated with LINC00968 overexpressing 
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Figure 1. Decreased LINC00968 is related to the patient's pathological grade and prognosis in LUAD. (A) Identification of 

common significantly differentially expressed lncRNAs from four independent LUAD microarray analyses using the GEO2R analysis online 
tools. (B) The levels of LINC00968 expression were downregulated in tumor tissues compared with that of non-tumor lung tissues 
(GSE19188, GSE27262, GSE40791, and GSE30219). (C) LINC00968 expression in LAC and non-tumor tissues based on the data from the 
GSE18842 and TANRIC databases. (D) The levels of LINC00968 expression were validated by in situ hybridization histochemistry in tissue 
biopsies. (E) The area under the curve (AUC) of LINC00968 levels in LAC patients based on a microarray, ranged from 0.9501 to 1.000, 
proving that LINC00968 was an effective diagnostic molecular marker for LAC patients. (F) Low LINC00968 expression was associated with 
advanced disease stages in the GSE50081 and GSE30219 datasets (clinical stages, N stages, and T stages). (G) Based on the TANRIC 
database, the relationship between LINC00968 expression and advanced disease stages was further validated (clinical stages, N stages, and 
T stages). (H) Kaplan-Meier overall survival curves and Kaplan-Meier estimates of time to the first progression for patients with LAC 
classified according to relative LINC00968 expression level. (I) Low expression of LINC00968 was associated with shorter overall survival and 
disease-free survival time. 
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plasmids had an approximate 3-fold increase in levels of 

LINC00968 (Figure 2A). LUAD cell proliferation was 

significantly inhibited by LINC00968 overexpression 

(Figure 2B). As expected, colony formation was 

reduced by the upregulation of LINC00968 (Figure 2C). 

We then investigated the effects of the upregulation of 

LINC00968 on migration and invasion. Cells exposed 

to LINC00968 overexpressing plasmids exhibited an 

obvious decrease in cell migration (Figure 2D) and 

invasion (Figure 2E) in both H1299 and A549 cells. 

LINC00968 knockdown treatment exerted a slight 

increase in cell proliferation, migration, and invasion in 

LUAD cells. However, no effects were observed on cell 

colony formation (Supplementary Figure 2). 

 

Upregulation of LINC00968 inhibits cell growth and 

metastasis in vivo 

 

Then, LUAD cells were implanted into nude mice by 

subcutaneous injection to detect the effect of 

LINC00968 on tumor growth. The results showed that 

the treatment with LINC00968-overexpressing plasmids 

inhibited the weight of xenograft tumors (pcDNA3.1: 

1±0.2436, n=5; LINC00968: 0.3367±0.1526, n=5) in 

A549 cells (Figure 2F, 2G). To evaluate the functions of 

LINC00968 during metastasis of LAC cells, 

LINC00968-overexpressing A549 cells were delivered 

intravenously. After 50 days of injection, we found that 

the overexpression of LINC00968 led to the downsizing 

of the metastatic foci on the lung surface as well as lung 

weight (Figure 2H) as compared to control groups 

(pcDNA3.1: 0.37±0.05413, n=5; LINC00968: 

0.1920±0.01114, n=5). H&E staining slices further 

confirmed that the upregulation of LINC00968 

significantly diminished the size of lung metastasis 

nodules (Figure 2I). Lung nodules were decreased in 

LINC00968-overexpressing cells compared with the 

control group (Figure 2I, pcDNA3.1: 1±0.1252, n=5; 

LINC00968: 0.3023±0.08702, n=5). These findings in 

lung metastasis models indicated that the upregulation 

of LINC00968 significantly suppressed the tumor 

growth and metastasis. 

 

LINC00968 enhances SMAD7 expression in LUAD 
 

Label-free quantitative proteomic analysis was used to 

screen the downstream peptide specifically regulated by 

LINC00968 in LUAD. The workflow diagram is shown 

in Figure 3A. We identified 266 upregulated and 208 

downregulated proteins in A549 cells (Figure 3B). The 

most frequent proteins and relevant signaling pathways 

are summarized in Figure 3C using the KEGG software 

(https://www.kegg.jp/kegg/pathway.html). Western 

blotting further confirmed that SMAD7 and STK3 were 

increased whereas YAP1 was reduced following 

treatment with LINC00968 overexpressing plasmids 

(Figure 3D), suggesting that LINC00968 enhances the 

inhibitory action of Smad7 on the Hippo signaling 

pathway. Immunofluorescence detected lower YAP1 

expression in LINC00968 overexpressing A549 and 

H1299 cells compared with that of the control cells 

(Figure 3E), suggesting that LINC00968 upregulation 

may inhibit YAP1 expression. 

 

LINC00968 enhances SMAD7 expression by 

sponging miR-21-5p 
 

RNA FISH indicated that LINC00968 localizes to the 

cytoplasm and nucleus of both A549 and H1299  

cells (Figure 4A). Data from the miRNACancerMAP 

online database (http://cis.hku.hk/miRNACancerMAP/) 

suggested that there was a significant positive 

correlation between LINC00968 and SMAD7 (Figure 

4B). It is well known that lncRNAs often compete for 

endogenous RNA (ceRNA) and target miRNAs. Here, 

we investigated the lncRNA-miRNA-mRNA network in 

relation to LINC00968 and SMAD7. We used 

miRNACancerMAP to filter the most frequent 

miRNAs, of which, the top 12 are illustrated in Figure 

4C. We further analyzed the most frequent miRNAs 

negatively associated with LINC00968, of which the 

top 12 are illustrated in Figure 4D. We analyzed the 

miRNAs negatively associated with SMAD7 most 

frequently (Figure 4E). The candidate miRNA 

identified, miR-21-5p is well-known to function as a 

tumor promoter and directly targets SMAD7 in lung 

cancer [11, 12]. Thus, we focused on whether 

LINC00968 binds to miR-21-5p, exerting a ceRNA 

effect. RIP assays indicated that a significant increase in 

LINC00968 was observed in both A549 and H1299 

cells treated with the Ago2 antibody compared with that 

of those treated with IgG negative control antibody 

(Figure 4F). The complementary sites among 

LINC00968, miR-21-5p, and SMAD7 were recognized 

using miRcode (https://omictools.com/mircode-tool) 

and are presented in Figure 4G. The miR-21-5p mimics, 

inhibitors, and SMAD7 siRNAs were transfected into 

LUAD cells (Supplementary Figure 3). Subsequently, 

miR-21-5p expression was reduced in LINC00968 

overexpressing LUAD cells, whereas it increased in 

LINC00968 knockdown cells (Figure 4H). As expected 

LINC00968 expression was decreased in the miR-21-5p 

mimics group whereas it was enhanced in the miR-21-

5p inhibitor group (Figure 4I). To confirm the 

combination between LINC00968 and miR-21-5p, 

luciferase assays were performed. As expected, the 

luciferase activity of the LINC00968-WT vector was 

significantly reduced by the addition of miR-21-5p 

mimics compared with that of the NC cells. However, 

miR-21-5p-mediated repression of luciferase activity 

was not found when cells were transfected with the 

LINC00968-MT vector (Figure 4J). SMAD7 and YAP1  

https://www.kegg.jp/kegg/pathway.html
http://cis.hku.hk/miRNACancerMAP/
https://omictools.com/mircode-tool
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Figure 2. LINC00968 inhibits malignant phenotype in tumor cells. (A) After treatment with LINC00968 overexpressing or control 
plasmids, the LINC00968 expression levels were validated by qTR-PCR. (B) Cell proliferation was detected at the indicated time points. (C) 
Representative images of cell forming colonies and colony formation efficiency of each group. (D) The migration ability of LINC00968 
overexpressing cells in each group. The histogram of the migration cell number is on the right. (E) The representative images of cells moving 
across the Matrigel membranes. (F) Tumor xenografts from nude mice. (G) Upregulation of LINC00968 significantly decreased tumor weight. 
(H) Representative images of the lung metastatic foci on the surface area. Arrows indicate the lung metastatic foci (left). The lung weights in 
each group are listed to the right. (I) Representative images of lung metastatic foci after HE-staining (left). The number of metastatic foci 
(right). *P<0.05, **P<0.01, ***P<0.001. 
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Figure 3. LINC00968 regulates the SMAD-mediated Hippo signaling pathway. (A) The workflow of random peptide arrays used to 
screen downstream proteins specifically regulated by LINC00968 in LUAD. (B) Volcano plots of the differentially expressed lncRNAs (266 
upregulated and 208 down-regulated proteins) in LINC00968 overexpressing and control A549 cells. (C) The most frequent proteins and 
relevant signaling pathways regulated by LINC00968. (D) SMAD and STK3 expressions were increased whereas YAP1 was decreased after 
LINC00968 upregulation as detected by western blotting. (E) YAP1 expression (red), validated by immunofluorescence following LINC00968 
overexpression in LUAD cells. 
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Figure 4. LINC00968 inhibits tumor development by regulating the miR-21-5p/SMAD7 axis. (A) FISH detection of subcellular 
localization of LINC00968 in A549 and H1299 cells. (B) The miRNACancerMAP datasets suggested that there was a significant positive 



 

www.aging-us.com 21911 AGING 

correlation between LINC00968 and SMAD7. (C) The miRNAs negatively related to LINC00968 and SMAD7 most frequently were summarized 
by miRNACancerMAP. (D) Correlation between LINC00968 and the top 12 most frequent miRNAs. (E) Correlation between SMAD7 and the 
top 12 most frequent miRNAs. (F) qRT-PCR quantification of LINC00968. LINC00968 was more enriched in the cells treated with the Ago2 
antibody compared with those treated with the IgG negative control antibody. (G) The complementary sites of LINC00968, miR-21-5p, and 
SMAD7. (H) The expression of miR-21-5p was decreased and increased in LINC00968 overexpressing and knockdown LUAD cells, respectively. 
(I) LINC00968 expression was decreased in the miR-21-5p mimics group and increased in the miR-21-5p inhibitor group. (J) H1299 and A549 
cells co-transfected with a miR-21-5p mimic or negative control (NC) and luciferase vectors containing either wild type (LINC00968-WT) or 
mutated (LINC00968-mut) miR-21-5p-binding sites. The luciferase activity was measured after 48 h. (K) and (L) SMAD7 and YAP1 protein 
expression following LINC00968, SMAD7 and/or miR-21-5p modulation in A549 and H1299 cells. *P<0.05, **P<0.01, ***P<0.001. 
 

expression was restored in A549 and H1299 cells 

transfected with a LINC00968 overexpression vector by 

co-transfection with miR-21-5p mimics (Figure 4K). 

Similarly, SMAD7 and YAP1 expression was restored 

in A549 and H1299 cells transfected with a LINC00968 

overexpression vector by co-transfection with SMAD7 

siRNA (Figure 4L). These results confirmed that 

LINC00968 enhanced SMAD7 expression by sponging 

miR-21-5p. 

 

To investigate the effect of the LINC00968/miR-21-5p 

axis on the malignant phenotype of LUAD, LINC00968 

overexpressing plasmids and miR-21-5p mimics were 

co-transfected into tumor cells. Results of in vitro 

experiments showed that the upregulation of miR-21-5p 

significantly increased cell proliferation (Figure 5A), 

colony-forming ability (Figure 5C), invasion, and 

migration (Figure 5E and Supplementary Figure 4A), 

whereas upregulation of miR-21-5p partially attenuated 

the inhibitory effects of LINC00968 overexpression. No 

differences were observed in both the empty pcDNA3.1 

plasmid and the control miRNA groups. Additionally, 

SMAD7 knockdown partially debilitated the anti-

proliferation (Figure 5B), anti-forming ability (Figure 

5D), anti-migration, and anti-invasion (Figure 5F and 

Supplementary Figure 4B) effects of LINC00968 

overexpression. Taken together, LINC00968 promoted 

SMAD7 expression through direct interaction with 

miR-21-5p. 

 

Expression level and clinical value of miR-21-5p and 

SMAD7 in LUAD 
 

LUAD tissue chip GSE63805 (Figure 6A) and XENA 

databases (Figure 6B) were used to estimate the 

differential expression of miR-21-5p. The miR-21-5p 

expression was significantly increased in LUAD tissues 

compared with that of the non-tumor tissues. The 

survival curve analysis indicated that high expression of 

miR-21-5p was closely related to the poor prognosis in 

patients with LUAD (Figure 6C). Subsequently, 

SMAD7, the target of miR-21-5p, was expressed poorly 

in tumor tissues (n=33) compared with that of non-tumor 

lung tissues (n=32) (Figure 6D). We comprehensively 

analyzed SMAD7 expression using the XENA database 

(Figure 6E) and found that SMAD7 was downregulated 

in tumor tissues (n=517) compared with non-tumor lung 

tissue (n=59). The XENA (Figure 6F) and Kaplan-Meier 

Plotter (Figure 6G) database showed that low SMAD7 

expression was associated with significantly poor patient 

survival. We further confirmed that the SMAD7 protein 

was indeed downregulated in human LUAD tissues as 

evidenced by the Human Protein Atlas Database 

(https://www.proteinatlas.org/) (Figure 6H). 

 

DISCUSSION 
 

Here, we identified differential expression levels of 

LINC00968 in LUAD using comprehensive data mining 

of various databases, such as GEO, TCGA, and 

TANRIC. We identified molecules that are generally 

considered critical, universality for disease progression 

[13]. We found that LINC00968 was significantly 

downregulated in LUAD tissues, as evidenced by large-

scale tissue samples. Two recent studies reported that 

LINC00968 is among the top 10 aberrantly expressed 

lncRNAs and has decreased expression in non-small 

cell lung cancer [14, 15]. However, little is known about 

the clinical relevance and molecular involvement of 

LINC00968 in LUAD progression. The AUC values of 

the ROC curve ranged from 0.9501 to 1.000, proving 

that LINC00968 was an effective diagnostic molecular 

marker in patients with LUAD. Low levels of 

LINC00968 expression are associated with poor clinical 

outcomes, as LINC00968 has decreased expression in 

the advanced tumor TNM stage, tumor cell 

differentiation, neoplasm recurrence, and poor patient 

survival. These findings strongly imply that the deletion 

of LINC00968 contributes to LUAD tumor 

development and progression. However, the detailed 

mechanisms remain unclear. 

 

We used A549 and H1299 cells to detect the in vitro 

and in vivo effects of LINC00968 on tumor growth and 

metastasis. We demonstrated that the upregulation of 

this lncRNA significantly inhibited cell proliferation, 

migration, and invasion. We also noted reduced 

xenograft weight and identified fewer metastatic foci in 

tumor-bearing animals. These results were consistent 

with the report by Xiu DH [16] in breast cancer. 

Interestingly, only slight facilitation of proliferation, 

migration, and invasion was observed in tumor cells 

https://www.proteinatlas.org/
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Figure 5. LINC00968 inhibits tumor development via sponging miR-21-5p/SMAD7 axis. The miR-21-5p mimics significantly 
increased cell proliferation (A), colony-forming ability (C), invasion, and migration (E), and also partially attenuated the inhibitory effects of 
LINC00968 over-expression. SMAD7 knockdown enhanced cell proliferation (B), colony-forming ability (D), invasion, and migration (F), and 
also partially attenuated the inhibitory effects of LINC00968 over-expression. **P<0.01, ***P<0.001. 
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after LINC00968 knockdown. We speculate that 

LINC00968 knockdown may not cause significant 

changes in the malignant phenotype based on the 

intrinsic endogenous expression of LINC00968 is quite 

low, as confirmed by lncRNA microarray data [17]. 

 

Label-free quantitative proteomics was used to screen the 

downstream proteins specifically regulated by 

LINC00968 in LUAD. We identified several key 

molecules that were subsequently changed after 

overexpression of LINC00968, involving the Hippo 

signaling pathway, such as SMAD7, STK3, and YAP1. 

The Hippo signaling pathway is mainly a SMAD-

dependent pathway that is widely involved in several 

cellular processes, including cell growth and cell 

differentiation [18]. SMAD7 is accepted as a product 

required for negative feedback in Hippo signaling [19]. 

YAP1 expression can be both negatively and positively 

correlated with Smad7 even within the same cell types, 

depending on the disease stage [20]. The reason for this is 

unknown. We found that the upregulation of LINC00968 

inhibited the expression of YAP1, confirmed by 

immunofluorescence. The positive relationship between 

LINC00968 and Smad7 demonstrated suggests an 

inverse relationship between YAP1 and Smad7. Here, we 

first demonstrated that the upregulation of LINC00968 

 

 
 

Figure 6. The expression level and clinical value of miR-21-5p and SMAD7 in LUAD. (A) The miR-21-5p expression was significantly 

increased in LUAD tissues compared with that of non-tumor tissues from the LUAD chip GSE63805 dataset (A) and XENA database (B). (C) The 
survival curve analyses indicated that high expression of miR-21-5p was associated with poor clinical outcomes. SMAD7 expression decreased 
in tumor tissues compared with non-tumor lung tissues from the GSE63459 dataset (D) and XENA database (E). The Kaplan Meier-plotter (F) 
and XENA (G) database demonstrated that the low SMAD7 expression was associated with significantly poor patient survival. (H) SMAD7 
protein expression was downregulated in human LUAD tissue biopsies as evidenced by immunohistochemical staining from the Human 
Protein Atlas Database. 
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inhibited the SMAD7-mediated Hippo signaling 

pathway. 

 

Since 2007, the first ceRNA hypothesis was reported 

that the non-protein coding gene IPS1 RNA increased 

PHO2 mRNA through complementary binding to miR-

399 [21]. This garnered great interest globally in 

deciphering the mechanism of action of lncRNAs [22]. 

Experimental evidence supporting the lncRNA-miRNA-

mRNA network provides a new visual angle for 

understanding the tumor cell process. With the help of 

large-scale bioinformatics data mining, we found that 

miR-21-5p had a strong negative relation to both 

LINC00968 and SMAD7 expression, as confirmed by 

qRT-PCR and RIP assays. miR-21-5p has been reported 

to have pro-proliferation, pro-metastatic, and anti-

apoptotic effects in LUAD [12, 22]. On the other hand, 

miR-21-5p directly binds to SMAD7 mRNA, as 

evidenced by the luciferase assay in non-small cell lung 

cancer [11]. Although upregulation of miR-21-5p 

significantly promoted cell proliferation, invasion, and 

migration, it also partially attenuated the inhibitory 

effects of LINC00968 overexpression. Consistent with 

the above previous findings, miR-21-5p was highly 

expressed whereas SMAD7 expression decreased in 

LUAD tissues. The increase and decrease in levels of 

miR-21-5p and low SMAD7 were associated with poor 

clinical outcomes, confirmed by large-scale data mining 

of the GEO and XENA databases. These findings 

indicated that LINC00968 may serve as a ceRNA for 

miR-21-5p, enabling the suppression of Hippo 

signaling. 

 

In conclusion, we demonstrated that LINC00968 acts as 

a ceRNA to consume miR-21-5p, leading to enhanced 

accumulation of SMAD7. The identified LINC00968 

may serve as a valuable diagnostic and prognostic 

biomarker as well as a therapeutic target for patients 

with LUAD. 

 

MATERIALS AND METHODS 
 

Data mining based on the GEO, TANRIC, and XENA 

databases 

 

The lncRNA expression profiles in human LUAD 

tissues based on microarray and RNA-seq data were 

collected from GEO, TCGA, and TANRIC databases. 

Each dataset was manually curated and filtered to 

identify the key lncRNAs. We used a total of eight 

(GSE19188, GSE27262, GSE40791, GSE30219, 

GSE18842, GSE50081, GSE63805, and GSE63459) and 

five (GSE19188, GSE27262, GSE40791, GSE30219, 

and GSE18842) datasets from LUAD microarrays and 

LUAD receiver operating characteristic (ROC) curves, 

respectively. We used the Kaplan Meier-plotter online 

tool to analyze the survival curves of differentially 

LINC00968-expressing patients with LUAD. The data 

were obtained from GEO and integrated by Kaplan–

Meier plotter [23]. TANRIC and XENA are open-access 

tools for interactive exploration of lncRNAs based on 

TCGA RNA-seq data and the clinical information 

associated with LUAD samples such as the patient’s 

survival time, TNM stage, and clinical stage. TANRIC 

data were analyzed according to a previously described 

method [10]. The lncRNA–gene and lncRNA-miRNA 

correlations were filtered using the miRNACancerMAP 

(http://cis.hku.hk/miRNACancerMAP/) platform as 

previously described [24]. Immunohistochemical (IHC) 

images of human LUAD and non-tumor tissues were 

obtained from an online tissue-based map database [25] 

(The Human Protein Atlas, https://www.proteinatlas.org/). 

 

Human tissue samples, cell lines, and transfection 

 

LUAD (n=30) and normal, non-tumor tissue specimens 

(n=30) were obtained from patients who underwent 

their first lung cancer resection at the Third Xiangya 

Hospital, China. All specimens were subjected to in situ 

hybridization for LINC00968 detection. This study was 

approved by the Ethics Committee of the Third Xiangya 

Hospital, Central South University (Changsha, China). 

We purchased the human non-small cell lung carcinoma 

cell lines H1299 and A549 from ATCC (Manassas, VA, 

USA). These two LUAD cell lines were cultured in 

DMEM supplemented with 10% FBS (Gibco; Waltham, 

MA, USA). The sequence of LINC00968 was cloned 

into pcDNA3.1. The recombinant plasmids were 

transfected into H1299 and A549 cells using 

Lipofectamine 3000 (Invitrogen, Carlsbad, CA). Cells 

transfected with empty vectors were used as controls. 

The miR-21-5p mimics and inhibitors were purchased 

from Ribobio (Guangzhou, China) and transfected into 

LUAD cells using Lipofectamine 3000. After 48 h, 

qRT-PCR was used to detect the intracellular 

expression of LINC00968. 

 

Quantitative real-time polymerase chain reaction 

(qRT-PCR) 

 

Total RNA was extracted from cells using a TRIzol 

reagent (Thermo Fisher Scientific, Waltham, USA). 

RNA was reverse transcribed into cDNA using the 

iScript cDNA Synthesis Kit (Bio-Rad, Hercules, USA). 

The following primers were used: LINC00968 F: 5′-

GCCCAGTTGACAGGAAATGT-3′ and R 5′-TTGGTT 

CTCAATGGGATGGT-3′. GAPDH F: 5′- GGAGCGA 

GATCCCTCCAAAAT-3′ and R 5′- GGCTGTTGTCAT 

ACTTCTCATGG-3′. miR-21-5p F: 5′- ACACTCCAGC 

TGGGTAGCTTATCAGACTGA-3′ and R 5′- CTCAA 

CTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTC

AACATC-3′. U6snRNA F: 5′-CTCGCTTCGGCAGC 

http://cis.hku.hk/miRNACancerMAP/
https://www.proteinatlas.org/
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ACA-3′ and R 5′- AACGCTTCACGAATTTGCGT-3′. 

The expression of LINC00968 and miR-21-5p were 

normalized using β-actin and U6 as references, 

respectively. The relative expression levels were 

calculated by the 
−ΔΔ

Ct method. 

 

MTT cell proliferation assay 
 

Cells were seeded at a density of 1×10
4
 cells per well in 

96-well plates. MTT (Beyotime, Shanghai, China) 

solution (10 µL) was added to each well at 0, 12, 24, 36, 

48, and 96 h, respectively. The cells were incubated at 

37 °C for 4 h. Then, this MTT solution was removed 

and 100 μL of formazan solution was added and 

incubated at 37 °C for another 4 h. Cell proliferation 

was determined using a microplate reader at a 

wavelength of 570 nm. 

 

Clone formation assay 

 

Approximately 1000 cells were seeded into 60 mm 

culture dishes incubated with medium containing 10% 

FBS and cultured in a humidified atmosphere with 5% 

CO2 at 37 °C. After 3 weeks, the visible colonies were 

fixed and stained. Visual estimates were used to count 

the number of colonies in each dish. colony formation 

efficiency (%) =number of clones formed/number of 

planted cells×100% 

 

Transwell migration and invasion assays 
 

The transwell migration assay was used to study the 

effect of LINC00968 on cell migration, whereas the 

transwell invasion assay was used to investigate the 

effect of LINC00968 on cell invasion. LUAD cells (5 × 

10
4
) were seeded into upper transwell chambers with 8-

μm pores (Corning Inc., Corning, USA) supplemented 

with DMEM containing 1% FBS, while the lower 

chambers were supplemented with DMEM containing 

15% FBS. For the invasion assay, the upper transwell 

chambers were coated with Matrigel matrix. After 

incubation of cells for 48 h, the cells were fixed and 

stained. The cell numbers in the lower chambers were 

counted. 

 

Tumor xenograft 
 

Animal work was carried out at Hunan SJA Laboratory 

Animal Co., Ltd. All mice (n=20) were purchased from 

this company. Mice were housed under SPF conditions 

for 3-5 days. Male BALB/c nude mice weighing 18–

22 g were subjected to tumor implantation. A549 cells 

(5×10
6
/mouse) were washed and suspended in 200 μL 

of serum-free medium. Sodium pentobarbital at a dose 

of 40 mg kg −1 was used to stupefy mice. When mice 

lost response, A549 cells were injected into mice 

(control group: n=5, LINC00968 overexpression group: 

n=5) subcutaneously. Nude mice were euthanized by 

injection of excessive sodium pentobarbital on day 30 

and tumors were harvested. For lung metastasis models, 

2×10
6
 A549 cells were injected via the tail vein after 

mice (control group: n=5, LINC00968 overexpression 

group: n=5) were anesthetized. On day 50, after nude 

mice were euthanized, the lungs were resected and 

processed for routine H&E staining. Lung tissue 

samples were fixed with formalin prior to embedding. 

Hematoxylin and eosin were used to stain the samples 

and then analyzed by light microscopy. Lung metastatic 

nodules in each mouse were calculated. All animal 

experiments were performed per relevant guidelines and 

regulations and were approved by the Ethics Committee 

of the Third Xiangya Hospital, Central South University 

(Changsha, China). 

 

H&E staining 

 

Briefly, paraffin sections were deparaffinized with 

xylene, absolute ethanol and alcohol and washed with 

distilled water. Then put the slices in hematoxylin for 3-

8 minutes, rinse with distilled water and differentiate 

with 1% hydrochloric acid alcohol for a few seconds 

and use 6% ammonia to turn the slices blue. Next, put 

the sections in eosin for staining for 1-3 minutes. 

Finally, the slices were put into 95% alcohol, absolute 

alcohol and xylene for dehydration. After dehydration, 

use neutral gum to seal the slices, and observe and 

analyze the slices with a microscope. 

 

Dual-luciferase reporter assay 
 

Briefly, the sequences (2518 nt) of LINC00968-wild-

type or LINC00968-mutated-type were ligated into 

vectors pmirGLO (Promega). We used hsa-miR-21-5p 

mimics (Sense: 5′-UAGCUUAUCAGACUGAUGUU 

GA-3′, antisense: 5′-AACAUCAGUCUGAUAAGCU 

AUU-3′) and negative control mimics (Sense: 5′-UUCU 

CCGAACGUGUCACGUTT-3′, antisense: 5′-ACGU 

GACACGUUCGGAGAATT-3′). The hsa-miR-21-5p 

mimics were transfected into H1299 cells with a 

LINC00968-wild-type vector or a LINC00968-mutated-

type vector using Lipofectamine™ 2000. The Renilla 

luciferase plasmid (pRL-TK, Promega) was used for the 

normalization of transfection. The luminescence of 

firefly and Renilla luciferase was detected using the 

Dual-Luciferase® Reporter Assay System (Promega) 

following the user manual. 

 

In situ hybridization and fluorescence in situ 

hybridization 

 

LINC00968 location and expression status were 

evaluated using in situ hybridization (ISH) in tissues  
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of human LUAD tissues. The LINC00968 ISH Probe 

(3′-GTACTATCTGCTCCATAGAAACCT-5′) was 

purchased from Ribobio (Guangzhou, China). The probe 

working solution was incubated with tissues overnight at 

37 °C. The positive signal appeared as brown after the 

color reaction. Fluorescence in situ hybridization (FISH) 

was performed to detect LINC00968 location and 

expression in LUAD cells. The red FISH Probe 

(Ribobio, Guangzhou, China) and blue DAPI for nuclear 

staining were purchased from Ribobio (Guangzhou, 

China). Briefly, cells were seeded in 24-well plates 

(6×10
4
/well) and then fixed with 4% paraformaldehyde. 

Hybridization solution (100 µL) was added to each well, 

and the reaction time was over 6 h at 37 °C. The signals 

of each sample were captured by fluorescence 

microscopy. 

 

Label-free quantitative proteomics 

 

Briefly, total proteins were extracted from 

overexpressing LINC00968 A549 cells or control A549 

cells. Peptide samples (2 μg) were separated using an 

EASY-nLC1200 system and then analyzed using a Q 

Exactive mass spectrometer (120 min/sample), which 

was performed at Kangchen Biotech (Shanghai, China). 

Identification of the differentially expressed peptides 

was set at P < 0.05, fold-change > 2, following gene 

ontology (GO) enrichment analysis using Blast2Go 

4.0.7 software and KEGG pathway analysis by KEGG 

software. 

 

Western blotting 

 

Lysis buffer was used to isolate the total proteins that 

were quantified using a BCA kit (P0011, Beyotime, 

Shanghai, China). A 10% SDS-PAGE separation gel 

was used to separate the protein (30 μg/lane) and then 

transferred onto a PVDF membrane. The PVDF 

membrane was incubated with primary antibodies 

followed by incubation with secondary antibodies. The 

following primary antibodies were used: anti-SMAD7 

(Ptgcn, 66478-1-Ig), anti-STK3 (Proteintech, 12097-1-

AP), anti-YAP1 (Abcam, ab217693), and anti-GAPDH 

(Abcam, ab125247). 

 

RNA immunoprecipitation (RIP) 
 

The anti-AGO RIP was performed using a RIP kit 

(Thermo Fisher Scientific, MA, USA). Briefly, the cell 

supernatants were incubated with protein A/G magnetic 

beads conjugated with anti-SNRNP70 antibody, normal 

rabbit IgG (Cat. #PP64B) or anti-AGO2 antibody 

(ab32381) at room temperature for 30 min. Anti-

SNRNP70 antibody was used as a positive control, while 

normal rabbit IgG was used as a negative control. The 

RNA-binding Protein-RNA complexes (RIP) were 

incubated at 4 °C overnight. Subsequently, purified 

RNA was amplified by qRT-PCR to quantify 

LINC00968. Primers were specific to U1 snRNA. The 

primers used were as follows: U1: F: 5′-GGGAGATA 

CCATGATCACGAAGGT-3′, R: 5′-CCACAAATTAT 

GCAGTCGAGTTTCCC-3′, LINC00968 F: 5′-GCCCA 

GTTGACAGGAAATGT-3′, R: 5′-TTGGTTCTCAAT 

GGGATGGT-3′, Homo-GAPDH: F: 5′-GGAGCGAG 

ATCCCTCCAAAAT-3′, R: 5′-GGCTGTTGTCATACT 

TCTCATGG-3′. 

 

Immunofluorescence 
 

Immunofluorescence was performed to detect YAP1 

location and expression in A549 and H1299 cells. Cells 

were seeded into 6-well plates (1×10
6
/well). Cells were 

fixed with 4% paraformaldehyde when the confluence 

reached 80%. The anti-YAP1 antibody (red) and blue 

DAPI for nuclear staining were incubated with LUAD 

cells in the dark. The red signals of each well were 

captured by fluorescence microscopy. 

 

Statistical analysis 
 

Data were processed using GraphPad Prism Software 

(GraphPad Software, San Diego, CA, USA). We used 

Student’s t-tests to determine differences between two 

groups. We used ANOVA followed by Dunnett’s tests 

for differences among multiple groups. Statistical 

significance was set at p-value<0.05. 

 

Availability of data and materials 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 
 

Supplementary Figure 1. (A) The expression of LINC00968 was lower in the moderate differentiation tissues than in well differentiation 

tissues based on GSE31908 dataset. The patients with relapse (B) had low LINC00968 expression as compared to those without relapse. The 
expression of LINC00968 was decreased in patients with recurrence compared to patients without recurrence based on GSE8894 (C) and 
GSE50081 (D). (E) RT-PCR detection of the expression of LINC00968 in 30 cases of LUAD tissues and adjacent tissues. 
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Supplementary Figure 2. LINC00968 knockdown promotes malignant phenotype of tumor cell. The transfection efficiency of 
LINC00968 siRNAs was successful in H1299 (A) and A549 (B) cells as detected by fluorescence microscope and qRT-PCR. The second 
LINC00968 siRNA (siRNA2) showed the best inhibitory effect of LINC00968 expression, which was used for the following experiments. (C) Cell 
proliferation was increased after LINC00968 knockdown at 48 and 72 h. (D) However, the colony forming ability did not differ significantly 
between LINC00968 knockdown cells and control cells. The migration (E) and invasion (F) ability of LINC00968-deficiency cells was enhanced 
compared to the control cells. *P<0.05, **P<0.01, ***P<0.001. 
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Supplementary Figure 3. miR-21-5p mimics and inhibitor were transfected into H1299 (A) and A549 (B) cells, respectively. The levels of 

miR-21-5p expression were validated by qRT-PCR. (C) The SMAD7 targeting siRNA were used to silence the expression of SMAD7. The knock 
down effect was detected by western blotting. (D) The mutation sequence of LINC00968 **P<0.01, ***P<0.001. 
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Supplementary Figure 4. The function of LINC00968/miR-21-5p/SMAD7 axis on migration and invasion of A549 cells. (A) 

Overexpression of LINC00968 inhibited tumor cell migration and invasion, whereas upregulation of miR-21-5p partially attenuated the 
inhibitory effects of LINC00968 over-expression. (B) The tumor-promoting actions of SMAD7 knockdown on cell migration and invasion were 
partially reversed by LINC00968 overexpression. **P<0.01, ***P<0.001. 


