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Abstract. Long non‑coding RNAs (lncRNAs) have been 
reported to be involved in the physiological and pathological 
processes of tumor pathogenesis, including epithelial‑mesen-
chymal transition (EMT). However, epidermal growth factor 
receptor (EGFR)‑tyrosine kinase inhibitor (TKI) resistance 
is a major challenge in the treatment of advanced and recur-
rent EGFR‑mutant lung adenocarcinoma. An increased 
understanding of the underlying mechanisms would aid in 
the development of effective therapeutic strategies against 
EGFR‑TKI resistance, strategies which are urgently required 
for clinical therapy. In this study, long non‑coding RNA 
LINC00460 was identified as a novel marker of a poor response 
to EGFR‑TKI and prognosis. In lung cancer cells, LINC00460 
promoted EGFR‑TKI resistance as a competitive decoy for 
miR‑149‑5p, thereby facilitating interleukin (IL)‑6 expres-
sion and inducing EMT‑like phenotypes. The knockdown 
or knockout of LINC00460 in gefitinib‑resistant non‑small 
cell lung cancer cells restored the response to EGFR‑TKI. In 
addition, as compared with patients with a low LINC00460 

expression in tumors, those with a high LINC00460 expression 
had a significantly shorter progression‑free survival following 
gefitinib therapy, and a shorter overall survival. Therefore, 
LINC00460 may be a predictor of and potential therapeutic 
target for EGFR‑TKI resistance.

Introduction

The discovery of epidermal growth factor receptor 
(EGFR)‑activating mutations in lung adenocarcinoma and the 
efficacy of EGFR‑tyrosine kinases inhibitors (EGFR‑TKIs) 
has shifted the paradigm for lung cancer treatment from cyto-
toxic chemotherapies to molecularly targeted therapies (1‑3). 
The majority of patients with lung adenocarcinoma harboring 
EGFR‑activating mutations, such as exon 19 deletion and 
L858R, have significant positive responses to EGFR‑TKIs, 
including gefitinib, erlotinib, afatinib and osimertinib (4‑7). 
Therefore, EGFR‑TKIs are currently the first choice of 
treatment for lung adenocarcinoma with EGFR‑activating 
mutations (6,8‑11). However, despite favorable initial responses 
to EGFR‑TKI treatment, the majority of patients eventually 
acquire EGFR‑TKI resistance and develop recurrence within 
1 year. The T790M mutation (12), MET amplification (13,14), 
hepatocyte growth factor overexpression (15), transformation 
to small‑cell lung cancer (16), epithelial‑mesenchymal transi-
tion (EMT) (17‑20) and the excess secretion of cytokines such 
as interleukin‑6 (IL)‑6 (21) may contribute to the acquisition 
of resistance to EGFR‑TKIs. As primary tolerance or acquired 
resistance is almost inevitable, the effectiveness of EGFR‑TKIs 
appears to be limited (22). Therefore, in order to obtain a 
better understanding of the molecular events that result in 
malignancy and drug resistance in lung adenocarcinoma, 
the identification of novel diagnostic biomarkers is required, 
which may also lead to the development of more effective 
evidence‑based therapeutics, and improved outcomes.

Recent large‑scale transcriptome analyses with next-
generation sequencers have reported that the majority of 
the genome is transcribed to non‑coding RNAs that do not 
code for protein, including small and long non‑coding RNAs 
(lncRNAs) (23). Although small non‑coding RNAs, such as 
microRNAs (miRNAs or miRs) negatively regulate gene 
expression, few lncRNAs are well characterized  (24,25). 
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lncRNAs are arbitrarily defined as non‑coding RNAs 
>200 nucleotides in length  (26). Although lncRNAs were 
initially considered transcriptional noise, recent studies have 
reported that they play critical roles in cell growth, stem 
cell pluripotency and metabolism, as well as functioning 
as regulatory molecules in multiple diseases  (27‑29). 
Furthermore, lncRNAs have been shown to be associated with 
drug resistance (29‑32).

Recent studies have reported that the cellular roles of 
lncRNAs are involved in regulating gene expression at the 
transcriptional and post‑transcriptional levels in various 
cellular milieu and biological processes (33). As is the case for 
proteins, the functions of lncRNAs depend on correct subcel-
lular localization. Typically, lncRNAs are responsible for the 
structural integrity of the nucleus and can modulate expression 
of nearby genes, when acting in cis in the nucleus, or distant 
genes, by interacting with various intracellular biomolecules, 
such as proteins, RNAs and DNAs, when acting in trans in the 
nucleus or cytoplasm (34,35). The functions of lncRNAs are 
mediated through distinct modes, such as signaling, scaffolds 
for protein‑protein interactions, guides to target elements and 
molecular decoys (36,37). lncRNAs function as a molecular 
signal when they exhibit cell type‑specific expression and 
respond to various stimuli under tight transcriptional controls. 
Their expression and presence can be used as potential markers 
of important cellular functions (38). When lncRNAs function 
as scaffolds, they provide a central platform for the assembly 
of multicomponent molecular complexes, including complexes 
of ribonucleoproteins (39). This function is important for the 
precise control of the specificity and dynamics of molecular 
interactions (40). Guide lncRNAs interact with molecules, 
including ribonucleoprotein complexes, to direct them to 
specific target genes (41). Finally, when lncRNAs function as 
molecular decoys they limit the activity of regulatory factors by 
binding to target molecules without exerting other functions. 
Molecular decoy lncRNAs have been reported to regulate 
targets by sequestering regulatory molecules, including tran-
scription factors, catalytic proteins and chromatin‑modifying 
complexes, as well as miRNAs (42,43). These types of decoy 
RNAs, which bind competitively to miRNAs as substitutes 
of targeted mRNAs, thus inhibiting their activity in the 
cytoplasm, are referred to as competing endogenous RNAs 
(ceRNAs) (44).

Although an increasing number of lncRNAs have been 
identified, the role of lncRNAs in EGFR‑mutant lung adeno-
carcinoma is poorly understood. It was thus hypothesized that 
lncRNAs aberrantly expressed in EGFR‑mutant lung adeno-
carcinoma are involved in cancer malignancy and EGFR‑TKI 
resistance. Indeed, recent experimental evidence suggests that 
lncRNA UCA1 is upregulated in EGFR‑mutant non‑small 
cell lung cancer (NSCLC) and induces acquired resistance 
to EGFR‑TKIs by activating the AKT/mTOR pathway and 
promoting EMT (32).

In this study, we investigated the clinical importance 
of lncRNA expression in patients with EGFR‑mutant lung 
adenocarcinoma by using the expression profile of lncRNAs in 
RNA‑seq lung cancer datasets to identify a lncRNA associated 
with malignancy and resistance to EGFR‑TKIs. To determine 
the clinical utility of detecting lncRNA expression in patients 
with EGFR‑mutant lung adenocarcinoma, the lncRNA 

expression level in EGFR‑mutant lung adenocarcinoma and the 
effects of its expression on lung cancer cells were examined.

Materials and methods

Bioinformatics analysis of RNA‑seq and clinical data. 
RNA‑seq and clinical datasets of The Cancer Genome Atlas 
(TCGA) were downloaded from the Genomic Data Commons 
(GDC) website (https://portal.gdc.cancer.gov) (45). RNA‑seq 
datasets of the Cancer Cell Line Encyclopedia (CCLE) were 
also obtained from the GDC website (46). The R software 
package was used to detect the differential expression of 
lncRNAs and to construct the figures. The interactions of 
lncRNA‑miRNA and mRNA‑miRNA were predicted using 
the miRDB website (http://www.mirdb.org) and TargetScan 
website (http://www.targetscan.org/vert_72/).

Cell lines and reagents. A549 (CCL‑185), H1299 (CRL‑5803) 
and H1975 (CRL‑5908) cells were obtained from the American 
Type Culture Collection (ATCC®). 293 and PC9 cells were a 
kind gift from Dr Yuichiro Kanno, Faculty of Pharmaceutical 
Sciences at Toho University (Chiba, Japan). All non‑small 
cell lung cancer (NSCLC) cell lines were cultured in DMEM 
(Wako) supplemented with 10% fetal bovine serum and antibi-
otics. To generate gefitinib‑resistant PC9 cells (PC9‑GR cells), 
PC9 cells were continuously exposed to increasing concentra-
tions of gefitinib (0.01‑1 µM) for 6 months. The resistant cells 
were cultured in a gefitinib‑free medium for at least 5 days 
before all experiments. The cell lines used in this study are 
listed in Table  I. Gefitinib, erlotinib, recombinant human 
EGF and IL‑6 were obtained from Wako. Osimertinib was 
purchased from MedChemExpress. All drugs were dissolved 
in DMSO and stored at ‑80˚C. Proteins were stored at ‑20˚C in 
PBS containing 30% glycerol.

Clinical samples. A total of 62  patients with recurrent 
post‑operative EGFR‑mutant lung adenocarcinoma treated 
with gefitinib during the period from January, 2008 to 
January, 2019 were enrolled in this study. LINC00460 expres-
sion was analyzed in 62 samples (FFPE slides of surgical 
specimens in 23 cases and cell‑free RNA in 39 cases). Written 
informed consent was obtained from all patients prior to their 
participation in this study. RNA was extracted from the FFPE 
slides using an RNeasy FFPE kit (cat. no. 73504, Qiagen) and 
separated serum was stored at ‑80˚C until use. Cell‑free RNA 
in peripheral blood was extracted and purified using a QIAamp 
Circulating Nucleic Acid kit (cat. no. 55114, Qiagen) in accor-
dance with the manufacturer's protocol and stored at ‑20˚C 
until use. This single‑center study was conducted at the Toho 
University Omori Medical Center and was approved by the 
Human Genome/Gene Analysis Research Ethics Committee 
(authorization no. A17117).

RNA extraction and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA was extracted 
using an RNeasy Mini kit, a miRNeasy Mini kit or an RNeasy 
FFPE kit (Qiagen). To synthesize cDNA, total RNA (500 ng) 
was reacted with PrimeScript RT Master Mix (Takara Bio 
Inc.). Real‑time PCR with specific primers (10 µM) and SYBR 
Premix Ex Taq (Takara Bio Inc.) was used to measure all RNA 
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expression levels. All reactions were performed in a total 
volume of 25 µl. The PCR amplification program consisted of 
initial denaturation at 95˚C for 30 sec, followed by 40 cycles of 
PCR at 95˚C for 5 sec and 60˚C for 30 sec. The comparative 
ΔΔCq method was used to determine the relative expression 
levels of RNAs (47). The relative amount of target mRNA and 
lncRNA was normalized to that of GAPDH mRNA. Melting 
curve analysis validated the specificity of the primers. The 
sequences of the primers used for qPCR were as follows: 
LINC00460 forward, 5'‑GTGGATGAGAACGAAGGTTA 
CG‑3' and reverse, 5'‑CTTTCCCACGCTCAGTCTTTC‑3'; 
human GAPDH forward, 5'‑GCACCGTCAAGGCTGAGA 
AC‑3' and reverse, 5'‑TGGTGAAGACGCCAGTGGA‑3'; 
human IL‑6 forward, 5'‑GGCACTGGCAGAAAACAACC‑3' 
and reverse, 5'‑GCAAGTCTCCTCATTGAATCC‑3'; human 
zinc finger E‑box‑binding homeobox 1 (ZEB1) forward, 5'‑TT 
CAAACCCATAGTGGTTGCT‑3' and reverse, 5'‑TGGGAG 
ACACCAAACCAACTG‑3'; human vimentin (VIM) forward, 
5'‑AGGCGAGGAGAGCAGGATTTC‑3' and reverse, 5'‑AGT 
GGGTATCAACCAGAGGGAG‑3'); human E‑cadherin 
(CDH1) forward, 5'‑TCGCTTACACCATCCTCAGC‑3' and 

reverse, 5'‑GGAAACTCTCTCGGTCCAGC‑3'; and human 
MALAT1 forward, 5'‑AAAGCAAGGTCTCCCCACAAG‑3' 
and reverse, 5'‑GGTCTGTGCTAGATCAAAAGGC‑3'.

Western blot analysis. The cells were lysed with RIPA buffer 
(Santa Cruz Biotechnology). The total protein concentration 
was determined by BCA Protein Assay (Takara Bio Inc.). Gels 
for SDS‑PAGE were cast using a TGX Fast Cast Acrylamide 
kit 10% (cat. no.  1610173, Bio‑Rad). The lysates (30  µg 
of protein in total volume of 20 µl per lane) were run at a 
constant voltage of 200 V in Tris‑Glycine SDS running buffer. 
The gels were then directly transferred to PVDF membranes 
(0.2 nm) using a Trans‑Blot Turbo Blotting System (Bio‑Rad). 
Following transfer, the membranes were incubated in blocking 
buffer [Tris‑buffered saline with 0.1% Tween‑20 (TBS‑T)] 
containing 10% skim milk) at room temperature for 1 h. Each 
protein of interest was stored with a specific primary antibody 
in a Dilution Buffer (TBS‑T with 2% BSA) at 4˚C overnight, 
washed 3 times with TBS‑T, and then reacted with an HRP 
secondary antibody in a Dilution Buffer at room temperature 
for 1 h. Chemiluminescence was developed using the Clarity 

Table I. Summary of parental and engineered cell lines.

NSCLC cell lines	 EGFR mutation	 Expression construct	 Notes

Parental	
  H1299	 Wild‑type	 NA	‑
  A549	 Wild‑type	 NA	‑
  PC9	 Del E746‑A750	 NA	 EMT status: Epithelial
			   Gefitinib‑sensitive
  H1975	 L858R/T790M	 NA	‑
  HCC827	 Del E746‑A750	 NA	 Gefitinib‑sensitive
			   The lncRNA expression
			   levels were obtained from CCLE
			   Gene Expression profile dataset (46)
  HCC827 GR5	 Del E746‑A750	 NA	 Gefitinib‑resistant
			   The lncRNA expression
			   levels were obtained from CCLE
			   Gene Expression profile dataset (46)
Engineered
  H1299 EGFR WT	 Wild‑type	 pIRESpuro: EGFR WT	‑
  H1299 EGFR 19del	 Del E746‑A750	 pIRESpuro: 	‑
		  EGFR Del E746‑A750	
  H1299 EGFR L858R	 L858R	 pIRESpuro: EGFR L858R	 EMT status: Mesenchymal
  PC9‑GR	 Del E746‑A750	 NA	 EMT status: Mesenchymal
			   Gefitinib‑resistant
  H1299 EGFR L858R	 L858R	 pIRESpuro: EGFR L858R	 Endogenous LINC00460
  LINC00460 KO			   knockdown (Cas9)
  H1299 EGFR L858R	 L858R	 pIRESpuro: EGFR L858R	 Endogenous
  LINC00460 KO EV		  pcDNA3‑Hyg (Empty Vector)	 LINC00460
			   knockdown (Cas9)
  H1299 EGFR L858R	 L858R	 pIRESpuro: 	 Endogenous
  LINC00460 KO OE		  EGFR L858R pcDNA3‑Hyg: 	 LINC00460 knockdown (Cas9)
		  LINC00460	 LINC00460 overexpression

NSCLC, non‑small cell lung cancer; EMT, epithelial‑mesenchymal transition; KO, knockdown; OE, overexpression.
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Western ECL substrate, and the blots were scanned with an 
Amersham Imager 600 device (GE Healthcare Biosciences). 
The antibodies used in this experiment are listed in Table II.

Plasmid construction. The pIRESpuro‑EGFR (wild‑type, 
19del, L858R) expression vector was a gift from Dr Y. Kanno, 
Faculty of Pharmaceutical Sciences, Toho University. The 
KOD plus neo (Toyobo) was used for PCR to amplify the 
full‑length LINC00460 sequence from a cDNA library derived 
from the total RNA from the H1299 cells. The PCR products 
were then used to clone and express LINC00460 in a pcDNA 
3.1/Hygro (+) mammalian expression vector (Invitrogen; 
Thermo Fisher Scientific). All PCR products were verified by 
DNA sequencing.

Subcellular fractionation. The PC9 cell pellet was suspended 
in hypotonic buffer [10 mM Hepes (pH 7.5), 10 mM KCl, and 
1.5 mM MgCl2]. Following incubation at 4˚C for 10 min, the 
cells were centrifuged for 20 min at 1,000 x g to collect the 
cytoplasmic and nuclear fractions. Western blot analysis was 
used to validate the separation of each fraction. GAPDH was 
used as a cytoplasm marker. Lamin B1 were used as a nucleus 
marker. RNA enrichment in each fraction was performed by 
RT‑qPCR.

RNA immunoprecipitation (RIP) assays based on the miTRAP 
method. miTRAP (an MS2‑based RIP assay) was used to pull 
down endogenous miRNAs that bound to LINC00460. Cell 
lysates were suspended in RIP buffer containing 20  mM 
Tris (pH 7.5), 150 mM NaCl, 1 mM MgCl2, 5% glycerol, 

0.5% NP‑40 and RNase inhibitor. Subsequently, anti‑FLAG 
antibody was added followed by incubation for 2 h at 4˚C. 
Complexes of the MS2 stem‑loop RNAs and FLAG‑MS2 
proteins were purified by using protein G‑conjugated 
magnetic beads (Dynabeads Protein G, Life Technologies; 
Thermo Fisher Scientific). Precipitated RNA was used for 
cDNA synthesis and measured by RT‑qPCR. The sequences 
of the primers were as follows: miR‑149‑5p forward, 
5'‑TCTGGCTCCGTGTCTTCACTCCC‑3'. The reverse 
primer was supplied with the Mir‑X™ miRNA RT‑qPCR TB 
Green® kit (cat. no. 638314, Takara Bio Inc.). The antibodies 
used in this experiment are listed in Table II.

Luciferase reporter assays. The siCHECK™ vector (Promega) 
was used to determine the quantity of the RNA interference 
(RNAi) of miR‑149‑5p in accordance with the manufacturer's 
instructions. The cells were co‑transfected with a psiCHECK2 
dual‑luciferase reporter (containing LINC00460, LINC00460 
Mut, IL‑6, or IL‑6  Mut) and miRNA mimics using 
Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific). 
Each group was plated in triplicate using 48‑well plates. 
Renilla luciferase activity was normalized to Firefly luciferase 
activity.

Small interfering RNA (siRNA)‑mediated silencing. PC9‑GR 
cells (1x105) were cultured in medium containing 10% FBS 
(antibiotic‑free). siRNAs (100 nM; si‑LINC00460#1 and≈#2) 
were used for transfection using TransIT‑siQUEST Transfection 
Reagent (Mirus Bio) for 24 h after seeding the cells. Following 
48 h of incubation, the cells were used to carry out subsequent 

Table II. List of antibodies used in this study.

Antibody 	 Manufacturer	 Species 	 Dilution 

p‑EGFR (Y1068) 	 Abcam (ab5644)	 Rabbit monoclonal	 1:1,000 for WB
EGFR	 Abcam (ab52894)	 Rabbit monoclonal	 1:1,000 for WB
p‑STAT3 (Y705)	 Abcam (ab76315)	 Rabbit monoclonal	 1:2,000 for WB
STAT3	 Abcam (ab68153)	 Rabbit monoclonal	 1:2,000 for WB
p‑AKT (S473)	 Cell Signaling Technology (#4060)	 Rabbit monoclonal	 1:1,000 for WB
AKT	 Cell Signaling Technology (#9272)	 Rabbit monoclonal	 1:1,000 for WB
p‑ERK1/2 (T202/Y204)	 Cell Signaling Technology (#4370)	 Rabbit monoclonal	 1:2,000 for WB
ERK1/2	 Cell Signaling Technology (#9102)	 Rabbit monoclonal	 1:1,000 for WB
GAPDH	 Abcam (ab9485)	 Rabbit monoclonal	 1:1,000 for WB
Lamin B1	 Abcam (ab65986)	 Rabbit monoclonal	 1:1,000 for WB
Normal Rabbit IgG	 Sigma‑Aldrich (12‑370)	 Rabbit	 1:50 for RIP
FLAG (M2)	 Sigma‑Aldrich (F1804)	 Mouse monoclonal	 1:50 for RIP, 1:1,000 for 
WB
Vimentin (V9)	 Santa Cruz Biotechnology (sc‑6260)	 Mouse monoclonal	 1:1,000 for WB, 1:100 for IF
E‑cadherin (G‑10)	 Santa Cruz Biotechnology (sc‑8426)	 Mouse monoclonal	 1:1,000 for WB, 1:100 for IF
Cleaved Caspase‑3 (Asp175) (5A1E)	 Cell Signaling Technology (#9664)	 Rabbit monoclonal	 1:1,000 for WB
Cleaved PARP (Asp214)	 Cell Signaling Technology (#9541)	 Rabbit monoclonal	 1:2,000 for WB
Β‑actin	 Proteintech (60008‑1‑Ig)	 Mouse monoclonal	 1:5,000 for WB
HRP‑linked anti‑rabbit IgG	 Cell Signaling Technology (#7074)		  1:3,000 for WB
HRP‑linked anti‑mouse IgG 	 Cell Signaling Technology (#7076)		  1:3,000 for WB

WB, western blot analysis; IF; immunofluorescence; RIP, RNA immunoprecipitation.
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experimentations (RT‑qPCR and WST‑8 assay). The target 
sequences for LINC00460 were as follows: si‑LINC00460#1, 
5'‑UAGCAAUUGCUGGAAUC‑3'; and si‑LINC00460#2, 
5'‑CACACUUCTCGGCUAAG‑3'. Luciferase siRNA and 
scrambled siRNA were used as negative controls.

LINC00460 knockout by CRISPR‑Cas9. A vector expressing 
LINC00460 dual guide RNAs (gRNAs) and Cas9 was trans-
fected into the H1299 cells in 6‑well plates using 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific). 
After 18 h, the cells were re‑seeded in a 10‑cm dish. The 
following day, puromycin (1.5 µg/ml, Thermo Fisher Scientific) 
was added to the cell culture for selection. Individual surviving 
colonies were removed and expanded in 35‑mm dishes. 
Positive clones were identified by RT‑qPCR and further veri-
fied by genomic PCR and DNA sequencing. Genomic DNA 
was extracted from the cell lines with a PureLink™ Genomic 
DNA Mini kit (cat. no. 1820‑00, Thermo Fisher Scientific). 
The cells subjected to knockout experiments were rescued by 
transfection with the LINC00460 expression vector 
(pcDNA3.1‑Hyg: LINC00460) and selected on a medium 
containing hygromycin  B (200  µg/ml, Wako). The empty 
vector (i.e., pcDNA3.1‑Hyg) was used as a control. The target 
sequences of the gRNAs for the LINC00460 coding region 
were as follows: gRNA1, 5'‑TCCCTGTGCGCGCATAGCAG‑3'; 
and gRNA2, 5'‑CCATGCAGGGCCCCCCTCAT‑3'. The 
primer sequences of genomic PCR were as follows: Primer‑F 
(forward), 5'‑GTGGCAGGGCAGGCCAGCTTTCCCAAAA 
TG‑3'; and Primer‑R (reverse), 5'‑GGGGCTAAGCTCACC 
CTTTTATACCAGCACCAATC‑3'.

Enzyme‑linked immunosorbent assay (ELISA). The concen-
trations of human IL‑6 in the cell culture supernatants were 
measured using the Human IL‑6 Quantikine ELISA kit (cat. 
no. D6050, R&D Systems) in accordance with the manufac-
turer's instructions. The density of each well in a 96‑well plate 
was determined with a microplate reader set to 450 nm. The 
concentrations of each sample were determined using a stan-
dard curve to calculate the values as pg/ml.

Wound healing assays. Scratch wounds of the cell mono-
layer were created using a p200 pipet tip, after which the 
initial images were captured. Second images were captured 
following 48  h of incubation at 37˚C. This assay was 
performed in the presence of mitomycin C (0.2 mg/ml) to 
confirm that the result was not due to cell proliferation. 
The wounded areas were quantified using ImageJ software 
(https://imagej.nih.gov/ij/).

Immunofluorescence assays. The cells were fixed with 
4% paraformaldehyde for 30 min and permeabilized with 
0.2% Triton X‑100 in PBS for 10 min. Following 1 h of expo-
sure to blocking buffer, coverslips were incubated at 4˚C with 
primary antibodies a Dilution Buffer (PBS with 0.1% Tween‑20 
and 2% BSA), washed with PBS‑T for 3 times, and incubated 
with secondary antibodies for 30 min. Finally, coverslips were 
mounted in SlowFade™ Gold Antifade Mountant with DAPI 
(Invitrogen; Thermo Fisher Scientific) and imaged with a BX61 
microscope (Olympus). The antibodies used in this experiment 
are shown in Table II.

Cell viability assay. The cells were seeded in a 96‑well 
plate (5x103 cells/well). Cell viability was performed using 
a Cell Counting Kit‑8 containing WST‑8 (CCK‑8; Dojindo 
Laboratories) according to the manufacturer's protocol. The 
number of viable cells was quantified by determining the 
absorbance at 450 nm with a microplate reader.

Caspase‑3/7 assays. Each sample was evaluated with a 
caspase‑3/7 activation assay performed on a Caspase‑Glo 3/7® 
Assay System (cat. no. G8090, Promega), according to the 
manufacturer's instructions.

Cell treatments. 293  cells were pre‑treated with gefitinib 
(1 µM) or the solvent control (DMSO). After 1 h, the cells were 
treated with EGF (200 ng/ml). Following 24 h of incubation 
at 37˚C, the expression level of LINC00460 was measured by 
RT‑qPCR. PC9 cells were treated with rh IL‑6 (50 ng/ml) for 
24 h, followed by western blot analysis. PC9‑GR cells were 
treated with gefitinib, erlotinib and osimertinib (1 µM) or the 
solvent control (DMSO) for 24 h following siRNA transfection. 
After a further 24 h, the cells were used to perform subsequent 
experiments (RT‑qPCR and WST‑8 assay).

Determination of clinical outcomes. The progression‑free 
survival (PFS) and overall survival (OS) of patients with a 
high or low LINC00460 expression was estimated. The PFS 
of patients treated with EGFR‑TKIs was assessed from the 
date that EGFR‑TKI therapy commenced to the first sign of 
disease progression, as determined by findings from computed 
tomography or magnetic resonance imaging and the Response 
Evaluation Criteria In Solid Tumors (RECIST) criteria. OS 
was defined as the period from the date of diagnosis until 
death from any cause.

Statistical analyses. Statistical analyses were conducted 
using SPSS software for Windows, version 12.0 (SPSS, 
Inc.). Samples were classified as ‘high’ or ‘low’ according to 
whether LINC00460 expression was higher or lower than the 
median for all samples. Survival curves were drawn with the 
Kaplan‑Meier method and statistical analysis was performed 
using the log‑rank test. The t‑test was used to compare data 
between 2 groups. One‑way ANOVA with Tukey's post‑hoc 
test was used for comparisons among multiple groups.

Results

Bioinformatics analysis of RNA‑seq and clinical data. 
The following method was used to screen candidate 
lncRNAs. Compared with the normal tissues, lncRNA 
expression was significantly dysregulated in the TCGA 
database (TCGA‑LUAD), indicating the differential expres-
sion of lncRNAs in specimens of lung adenocarcinoma 
with EGFR‑activating mutations (exon  19 deletion and 
L858R) (Fig.  1A). Among the most differentially over-
expressed lncRNAs (21  lncRNAs, P<0.01, Z  value  >2), 
lncRNA‑LINC00460 was selected for further analysis (NCBI 
Reference Sequence: NR_034119). The LINC00460 expression 
levels were significantly higher in wild‑type EGFR and in spec-
imens with activation mutations (exon 19 deletion and L858R) 
compared with normal tissues (P<0.0001; Fig. 1B). According 
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to the RNA‑seq dataset of the CCLE database, LINC00460 
expression was higher in a gefitinib‑resistant NSCLC cell 
line (HCC827 GR5) compared with a gefitinib‑sensitive cell 
line (HCC827) (Fig. 1C). Furthermore, the analysis of the 
clinical TCGA dataset revealed that LINC00460 expression 
was significantly associated with an advanced tumor stage 
(Fig. 1D) and a poor prognosis (Fig. 1E). Consistent with the 
results of TCGA RNA‑seq, LINC00460 expression was found 
to be significantly higher in lung adenocarcinoma tissues with 
EGFR‑activating mutations than in normal tissues (P=0.0099) 
by RT‑qPCR assay (Fig. 1F).

lncRNA expression in cell lines. The expression of LINC00460 
was analyzed in 4 lung cancer cell lines. LINC00460 expres-
sion was found to be significantly higher in lung cancer cell 
lines with EGFR‑activating mutations than in wild‑type cell 
lines (Fig. 2A). Furthermore, transfection with active EGFR 
mutations resulted in a higher LINC00460 expression, as 
compared with the expression in H1299 cells expressing 
wild‑type EGFR (Fig.  2B). EGFR activation induced by 
treatment with EGF yielded similar results; however, EGFR 
inactivation by pre‑treatment with gefitinib significantly 
attenuated the EGFR‑induced increase in LINC00460 

Figure 1. Identification of lncRNAs dysregulated in EGFR‑activating mutant lung adenocarcinoma. (A) The heatmap shows the expression levels of lncRNAs 
dysregulated in EGFR‑activating mutant lung adenocarcinoma. lncRNAs were identified by RNA‑seq analysis (TCGA‑LUAD datasets). (B) Relative 
expression of LINC00460 transcripts in lung adenocarcinoma tissues and normal tissues using TCGA‑LUAD RNA‑seq datasets. Relative expression levels 
are presented as log2 (FPKM + 1). (C) Fold change in lncRNA expression in gefitinib‑sensitive and ‑resistant HCC827 cells (HCC827 vs. HCC827‑GR5). 
HCC827 is a gefitinib‑sensitive lung adenocarcinoma cell line; HCC827‑GR5 is a gefitinib‑resistant lung adenocarcinoma cell line. lncRNAs were identified 
by using the log2 (RPKM + 1) value from RNA‑seq datasets (CCLE). (D) LINC00460 expression in relation to clinical stage, based on the T‑factor in lung 
adenocarcinoma, determined using RNA‑seq and clinical data of TCGA‑LUAD. (E) Kaplan‑Meier curves for the overall survival of patients with lung 
adenocarcinoma. LINC00460 expression levels and clinical data were obtained from TCGA data. (F) LINC00460 expression in lung adenocarcinoma tissues 
with EGFR‑activating mutations or wild‑type EGFR, and in normal tissues. The data were determined by using RT‑qPCR. GAPDH mRNA was used as an 
internal control. The level of statistical significance was set at a P‑value <0.05 (*P<0.05, **P<0.01, ***P<0.001). n.s., not significant.
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expression (Fig. 2C). These results suggest that the abnormal 
activation of EGFR is associated with the overexpression of 
LINC00460. To determine whether LINC00460 is overex-
pressed in gefitinib‑resistant cells, gefitinib‑resistant PC9 cells 
(PC9‑GR cells) were generated (Fig. 2D). The expression level 
of LINC00460 was found to be significantly higher in the 
PC9‑GR cells than in the PC9 cells (Fig. 2E), indicating that 
LINC00460 is involved in resistance against EGFR‑TKI.

Function of LINC00460 as a ceRNA for miR‑149‑5p facili‑
tating IL‑6 production. To investigate whether LINC00460 
transcripts induce EGFR‑TKI resistance, the potential modes 
of action of LINC00460 were determined in experimental 
studies. To predict the biological function of LINC00460 
transcripts in EGFR‑activating mutated lung cancer cells, 

LINC00460 localization patterns were investigated in PC9 
cells. As LINC00460 is mainly localized in the cytoplasm 
(Fig. 3A), it was hypothesized that it functions as a ceRNA 
and acts as a decoy for miRNA from the corresponding 
miRNA‑targeted transcripts (43). To examine this hypothesis, 
we used bioinformatics analysis (miRDB and TargetScan) to 
identify candidate miRNAs that interact with LINC00460. To 
pull down endogenous miRNAs associated with LINC00460 
in lung cancer cells, an MS2‑based RIP was performed based 
on the previously described miTRAP method (44) (Fig. 3B). 
Subsequently, the LINC00460‑specific enrichment of the 
candidate miRNAs was validated by RT‑qPCR. miR‑149‑5p 
enrichment was found to be significantly greater in RNAs 
retrieved from MS2‑LINC00460 than in those from controls 
(MS2‑Luciferase mRNA) and MS2‑LINC00460‑Mut 

Figure 2. Overexpression of LINC00460 in EGFR‑mutant lung adenocarcinoma. (A) Relative expression of LINC00460 transcripts in cancer cell lines 
derived from NSCLC. LINC00460 expression was higher in cell lines harboring EGFR exon 19 deletions and L858R (PC9 and H1975) than in those without 
EGFR mutations (A549 and H1299) (P<0.001). The data were obtained by RT‑qPCR. GAPDH mRNA was used as an internal control. (B) Upregulation of 
LINC00460 expression triggered by EGFR‑activating mutations. LINC00460 expression was significantly upregulated in EGFR‑activated mutant‑positive 
cells. H1299 (EGFR wild‑type) cells were transfected with pIRES‑puro: EGFR‑WT, exon 19 deletion, and L858R and selected by puromycin. (C) When 
EGF (200 ng/ml) was used as an EGFR activator, EGFR activation induced LINC00460 expression. EGFR inactivation was induced by pretreatment with 
the EGFR‑TKI gefitinib (1 µM). (D) Establishment of an acquired gefitinib‑resistant cell line. PC9 cells were highly sensitive to gefitinib. PC9‑GR refers to 
gefitinib‑resistant PC9 cells. PC9 or PC9‑GR cells were treated with gefitinib and cell viability was determined after 72 h by WST‑8 assay (left). Western blot 
analysis was used to observe changes in activation or expression levels of proteins in the indicated cells (right). (E) Aberrant expression of LINC00460 in 
gefitinib‑resistant cells. LINC00460 expression levels were higher in cells with acquired resistance to gefitinib. Expression levels in PC9 and PC9‑GR cells 
were measured by RT‑qPCR. GAPDH was used as an internal control. The results of RT‑qPCR are presented as the means ± SD of at least 3 independent 
experiments. The level of statistical significance was set at P‑value <0.05 (*P<0.05, **P<0.01, ***P<0.001). n.s., not significant.
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(MRE‑deleted MS2‑LINC00460) (Fig.  3C). However, we 
could not pull down other candidate‑targeted miRNAs (data 

not shown). These data suggest the presence of a specific inter-
action between LINC00460 and miR‑149‑5p in NSCLC cells 

Figure 3. LINC00460 transcripts function as a ceRNA for miR‑149‑5p in regulating IL‑6 expression. (A) Cell nucleus/cytoplasm fractionation and RT‑qPCR 
indicating the cellular distribution of LINC00460 in PC9 cells. GAPDH was used as a cytoplasm marker. MALAT1 and Lamin B1 were used as nucleus 
markers. Data are presented as the means ± SD (n=3). (B) Upper panel: Schematic of the binding 2X MS2 stem‑loop fused bait RNA to MS2 coat proteins used 
for the RIP assay based on the miTRAP method and schematic outline of predicted binding sites for miR‑149‑5p on the LINC00460 sequence. Lower panel: 
Western blot analysis of FLAG‑tag fused MS2 proteins isolated from PC9 input fractions or co‑purified with (MS2‑)LINC00460 and (MS2‑)LINC00460 
Mut (deletion mutant of the MREs), respectively. IgG served as a negative control for nonspecific pull downs. β‑actin was used as an internal control. 
(C) MS2‑based RIP assay with anti‑FLAG antibody in PC9 or H1299 cells. The cells were incubated for 48 h following transfection with a MS2‑FLAG 
plasmid, along with MS2‑LINC00460, MS2‑LINC00460 Mut, or MS2bs‑Luc (control vectors). The results of RT‑qPCR are presented as the means ± SD (n=3). 
(D) Relative luciferase activity of psiCHECK2‑LINC00460, LINC00460 Mut, IL‑6, and IL‑6 Mut upon transfection with miR‑149‑5p mimics in H1299 cells. 
psiCHECK2‑LINC00460 and psiCHECK2‑IL‑6 are psiCHECK2 vectors that contain LINC00460 and the 3'UTR of IL‑6 mRNA, respectively. Mut stands for 
deletion mutant of miR‑149‑5p MREs. Data are presented as the ratio of Renilla luciferase activity (RL) to Firefly luciferase activity (FL). Error bars represent 
the means ± SD (n=3). (E) Relative expression levels of LINC00460 (left panel) and IL‑6 mRNA (right panel) following transfection with control (si‑Luc), 
si‑LINC00460#1, and si‑LINC00460#2. The results of RT‑qPCR are presented as the means ± SD (n=3). (F) Left panel: Detection of LINC00460 in knockout 
(KO) clones by RT‑qPCR. H1299 cells expressing EGFR L858R were transfected with the Cas9 plasmid vector for LINC00460 knockout. The KO cells 
were rescued by the LINC00460 expression vector. Right panel: Relative expression of IL‑6 mRNA in the engineered H1299 cells. The results of RT‑qPCR 
are presented as the means ± SD (n=3). (G and H) Concentrations of IL‑6 (pg/ml) in cell culture supernatants were measured by ELISA. (G) Concentration 
of IL‑6 in PC9 or PC9‑GR following transfection with control (si‑Luc), si‑LINC00460#1, si‑LINC00460#2 (left), and miR‑149‑5p mimics (right panel). 
(H) Concentration of IL‑6 in engineered H1299 cells. WT, wild type; KO, knockout; EV, empty vector; OE, overexpression. The results of ELISA are presented 
as the means ± SD (n=3). The level of statistical significance was P‑value set at <0.05 (*P<0.05, **P<0.01, ***P<0.001). n.s., not significant.
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and demonstrate that LINC00460 has two putative miRNA 
response elements (MREs) of miR‑149‑5p (Fig. 3B). Of note, 
bioinformatics analysis revealed that miR‑149‑5p binds to the 
MRE in the 3'UTR of IL‑6 mRNA. However, in lung adenocar-
cinoma, the association between LINC00460, miR‑149‑5p and 
IL‑6 is unknown. Therefore, subsequent experiments focused 
on the ceRNA function of LINC00460 to target miR‑149‑5p.

To further investigate the RNAi effect, the coding 
regions of LINC00460 or the 3'UTR of IL‑6 were cloned 
into the psiCHECK2™ vector, which transcribes the 
fusion of the reporter gene (R. luciferase) and the sequence 
of interest. Co‑transfection of these vectors and a vector 
expressing miR‑149‑5p mimics significantly inhibited 
the luciferase activity of psiCHECK2‑LINC00460 and 
psiCHECK2‑IL‑6, while each of the MRE deletion mutants 
(psiCHECK2‑LINC00460 Mut or IL‑6 Mut) did not exhibit 

a significant response to the miR‑149‑5p mimics (Fig. 3D). 
These results indicate that LINC00460 and IL‑6 mRNA 
contained functional miR‑149‑5p binding sites.

Subsequently, the effect of LINC00460 expression on 
IL‑6 production was investigated, as IL‑6 mRNA expression 
is regulated by miR‑149‑5p. The expression of IL‑6 mRNA 
was significantly decreased by the siRNA knockdown of 
LINC00460 transcripts (Fig. 3E, right panel). This result was 
consistent with the outcome of the enforced expression of 
miR‑149‑5p in PC9‑GR cells (Fig. 3E). To accurately deter-
mine the potential effect of LINC00460 on the responses to 
EGFR‑TKIs, a Cas9‑mediated LINC00460 knockout cell 
line was generated from H1299 cells, which harbored EGFR 
L858R rather than EGFR T790M and exhibited intrinsic resis-
tance to EGFR‑TKIs (48‑50) (Figs. 3F, right panel and S1). 
The knockdown of LINC00460 significantly deceased IL‑6 

Figure 4. Effects of LINC00460 expression on EMT and cell migration. (A) Changes in gene expression levels of ZEB1, vimentin (VIM) and E‑cadherin 
(CDH1) were measured in PC9‑GR and engineered H1299 cells. The results of RT‑qPCR are presented as the means ± SD (n=3). (B) Immunofluorescence 
was used to observe changes in expression levels of vimentin and E‑cadherin in engineered H1299 cells. DAPI was used to stain the cell nuclei. (C) Western 
blot analysis was used to observe changes in activation or expression levels of EMT‑related proteins in the indicated cells. β‑actin was used as a control. 
(D) Western blot analysis of the expression of EMT‑related proteins and downstream proteins of IL‑6 following transient transfection with LINC00460 and 
treatment of PC9 cells with rh IL‑6 (50 ng/ml) or untreated PC9‑GR cells. (E) Wound healing assays of PC9‑GR cells transfected with siRNAs targeting 
LINC00460 (left panel) or engineered H1299 cells (right panel). Data for the healing areas are presented as the means ± SD (n=3). WT, wild type; KO, 
knockout; EV, empty vector; OE, overexpression; rhIL‑6, recombinant human interleukin‑6. The level of statistical significance was set at P‑value <0.05 
(**P<0.01, ***P<0.001). n.s., not significant.
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mRNA expression, whereas the overexpression of LINC00460 
in LINC00460 knockout cells (performing a rescue experi-
ment) increased IL‑6 mRNA expression (Fig. 3F, left panel). 
ELISA revealed that IL‑6 expression was attenuated at the 
protein level when LINC00460 was knocked down, and when 
the expression of miR‑149‑5p mimics was enforced in PC9‑GR 
cells (Fig. 3G). Although the acquisition of an EGFR‑activating 
mutation (L858R) by the H1299 cells induced the significant 
production of IL‑6 and LINC00460 expression, LINC00460 
knockdown decreased the IL‑6 protein levels in parental cells 
(Figs. 2B and 3H). Conversely, the enforced overexpression 
of LINC00460 significantly promoted IL‑6 production in the 
cells with LINC00460 knockdown (Fig. 3H). Taken together, 
these findings suggested that LINC00460 expression, at least 
in part, promoted IL‑6 production by directly acting as a 
decoy for miR‑149‑5p associated with the degradation of IL‑6 
mRNA.

Effects of LINC00460 on phenotypes associated with 
EGFR‑TKI resistance in EGFR‑mutated lung cancer. The 
overexpression of IL‑6 in tumors triggers inflammation 
and primary resistance or a low response to EGFR‑TKIs in 
preclinical models (22). Research on the mechanisms involved 
in EGFR‑TKI resistance has reported that IL‑6 induces 
an EMT phenotype by activating the JAK/STAT3 or AKT 
signaling pathway (51), which suggests the loss of E‑cadherin 
and increased vimentin and ZEB1 expression (21).

Although the parental PC9‑GR and H1299 cells had a 
mesenchymal phenotype, RT‑qPCR analysis of the ZEB1, 
vimentin (VIM) and E‑cadherin (CDH1) mRNA expression 
levels revealed that LINC00460 knockdown significantly 
decreased ZEB1 and VIM, and induced CDH1 expression. 
The overexpression of LINC00460 exerted the opposite effect 
on the expression levels of these EMT‑related mRNAs in 
the cells in which H1299 LINC00460 had been knocked out 
(Fig. 4A). In addition, an immunofluorescence assay revealed 
that LINC00460 knockdown increased the E‑cadherin 
and decreased the vimentin protein levels. Consistently, 
LINC00460 overexpression exerted the opposite effect 
(Fig. 4B). Furthermore, western blot analysis clearly indicated 
that LINC00460 knockdown suppressed the phosphorylation 
of STAT3 and altered the expression levels of EMT‑related 
proteins, including ZEB1, vimentin and E‑cadherin, and that 
these changes were reversed by LINC00460 overexpression 
(Fig. 4C). In PC9 cells, which are an epithelial phenotype, 
transfection with LINC00460 and treatment with human 
recombinant IL‑6 (rhIL‑6) induced a similar expression 
pattern of EMT‑related genes to that of gefitinib‑resistant 
PC9‑GR cells. These stimuli activated the STAT3 and AKT 
pathways, promoted the expression levels of ZEB1 and 
vimentin, and inhibited E‑cadherin expression (Fig. 4D). In 
the context of EMT, silencing LINC00460 expression inhib-
ited the migration of PC9‑GR cells. The migration of the cells 
subjected to LINC00460 knockout was significantly lower 
than of the parental H1299 cells. Moreover, cells subjected 
to LINC00460 knockout and subsequently to the overexpres-
sion of LINC00460 exhibited a phenotype similar to the 
original (Fig. 4E). Taken together, these results indicate that 
LINC00460 overexpression promoted an EMT‑like phenotype 
by upregulating IL‑6 production.

Effect of LINC00460 on responses to EGFR‑TKIs. To evaluate 
the therapeutic potential of LINC00460 for gefitinib‑resistant 
NSCLC, the issue of whether LINC00460 silencing restores 
responses to EGFR‑TKIs (gefitinib, erlotinib and osimertinib) 
was investigated in NSCLC harboring activating EGFR muta-
tions in vitro. Of note, while treatment with each EGFR‑TKIs 
alone exerted a minimal inhibitory effect on the viability of 
PC9‑GR cells, the combined application of single EGFR‑TKIs 
and LINC00460 siRNA markedly decreased the LINC00460 
expression level and cell viability of PC9‑GR (Fig. 5A and B). 
Moreover, the results of western blot analysis revealed that 
all combinations of a single EGFR‑TKI and LINC00460 
siRNA promoted the cleavage of caspase‑3 and PARP in 
PC9‑GR cells, indicating that apoptosis was induced in 
these cells (Fig. 5C). Subsequently, the question of whether 
the expression levels of LINC00460 are associated with cell 
viability in response to EGFR‑TKIs in NSCLC harboring 
EGFR‑activating mutations without T790M was investigated. 
As shown in Fig. 5D, viability following treatment with various 
EGFR‑TKIs was significantly decreased by LINC00460 
knockout in H1299 cells harboring L858R. Conversely, the 
overexpression of LINC00460 in the cells which had been 
subjected to LINC00460 knockout cells increased the number 
of surviving cells in all experiments. In addition, caspase 3/7 
activity in these cells following treatment with EGFR‑TKIs 
was investigated. Caspase‑Glo 3/7 assay and western blot 
analysis indicated that the effects of LINC00460 expression 
on cell viability were, at a minimum, involved in significantly 
inducing or inhibiting the apoptotic pathway (Fig. 5E and F). 
Taken together, these findings suggested that the combined 
use of siRNA targeting LINC00460 and EGFR‑TKIs induced 
the apoptosis of EGFR‑mutated, LINC00460‑overexpressing, 
NSCLC cells resistant to EGFR‑TKI monotherapy.

LINC00460 expression predicts a shorter PFS and OS of 
patients with EGFR‑mutant NSCLC treated with EGFR‑TKIs. 
The analysis of the LINC00460 status in 62 patients with 
EGFR‑mutant lung adenocarcinoma treated with EGFR‑TKI 
revealed no significant differences in the clinical character-
istics (age, sex, performance status, smoking history, exon 19 
deletion or L858R, EGFR‑TKI and metastatic site) between 
those with a high LINC00460 expression (n=27) and those 
with a low LINC00460 expression (n=35). The PFS and OS 
of patients in relation to LINC00460 expression was then esti-
mated. Notably, Kaplan‑Meier survival analysis indicated that 
patients with a high LINC00460 expression in their tumors 
(n=12) had a significantly shorter PFS and OS following 
gefitinib therapy than those with a low expression (n=11) 
(median PFS: 304 vs. 1,125 days, P=0.046, respectively; OS: 
1,271 vs. 1,876 days, P=0.014; Fig. 6A and B). Moreover, PFS 
was significantly shorter for patients with a high LINC00460 
expression in cell‑free RNA (n=15) following EGFR‑TKI 
therapy than for those with a low LINC00460 expression 
(n=24) (median PFS: 549 vs. 745 days, P=0.042, respectively) 
(Fig. 6C).

Discussion

The present study on the role of lncRNAs in lung adeno-
carcinoma with EGFR mutation revealed that LINC00460 
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overexpression in lung cancer cells was caused by the abnormal 
activation of EGFR signaling attributable to the excessive 
stimulation of EGF and acquisition of a cancer driver mutation 
in EGFR. EGFR expression further increased when these cells 
acquired gefitinib resistance. The assessment of the biological 
significance of LINC00460 in lung cancer cells suggested that 
this RNA functioned as a competing endogenous RNA decoy 
for the tumor suppressive miRNA‑miR‑149‑5p, which then 
significantly promoted IL‑6 production and EMT‑like traits. 
In addition, with respect to the novel clinical importance of 
LINC00460 in EGFR mutation‑positive lung cancer, it was 

found that the silencing LINC00460 in combination with 
treatment with EGFR‑TKIs (gefitinib, erlotinib and osimer-
tinib) exerted a more potent inhibitory effect on the viability 
of EGFR‑mutant NSCLC cells. These findings suggest that 
a high LINC00460 expression renders EGFR‑TKI treatment 
ineffective and may prevent the development of intrinsic resis-
tance to EGFR‑TKIs and the emergence of drug‑tolerant cells 
in EGFR‑mutated lung cancers that overexpress LINC00460.

LINC00460 has recently been reported to be an onco-
genic lncRNA in types of various cancer (29). These findings 
suggest that LINC00460 is overexpressed in various types 

Figure 5. LINC00460 silencing restores responses to EGFR‑TKIs in NSCLC cells. (A‑C) PC9‑GR cells were treated with gefitinib, erlotinib and osimertinib 
or combinations of a EGFR‑TKI (1 µM) and siRNA (100 nM) targeting LINC00460 for 24 h. Scrambled siRNA and DMSO was used as negative control. 
(A) Relative expression of LINC00460 was measured by RT‑qPCR. GAPDH mRNA was used as an internal control. (B) Cell viability was determined by 
WST‑8 assay. (C) Cell apoptosis was detected by western blot analysis. (D‑F) Effect of LINC00460 expression on cell viability of engineered H1299 cells 
treated with EGFR‑TKIs. (D) Percentage viability following treatment with various EGFR‑TKIs was determined after 72 h by WST‑8 assay. (E) Relative 
activation of caspase‑3/7 following treatment with EGFR‑TKIs (5 µM) was determined by caspase‑Glo 3/7 assay after 72 h. DMSO was used as a control. 
RLU, relative light units. (F) Western blot analysis of cells treated with each EGFR‑TKI (5 µM) for 72 h. WT, wild‑type; KO, knockout; EV, empty vector; 
OE, overexpression. Results are presented as the means ± SD (n=3). The level of statistical significance was P‑value set <0.05 (*P<0.05, **P<0.01, ***P<0.001). 
n.s., not significant.
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of cancer, including nasopharyngeal, colorectal, ovarian and 
lung cancers, and that LINC00460 expression promotes cell 
growth and migration and increases tumor volume and weight 
in vivo (52‑55). These studies also indicate that the binding of 
LINC00460 to various miRNAs is the molecular mechanism 
through which LINC00460 affects cell function.

Subsequently, this study whether LINC00460 overexpres-
sion disrupts the miRNA regulatory machinery, which may 
affect EGFR‑TKI resistance in lung cancer cells and worsens 
the outcomes of lung cancer patients. It was found that 
LINC00460, the oncogenic function of which was attributed 
to the inhibition of miR‑149‑5p, promoted its target gene, 
IL‑6, in EGFR‑mutated lung cancer with limited responsive-
ness to EGFR‑TKIs. The tumor suppressor, miR‑149‑5p, has 
been shown to inhibit fibroblast activation by reducing IL‑6 
expression (56). In addition, cancer‑associated fibroblasts 
enhance EMT and the stem‑like traits of human gastric cancer 
cells by inducing IL‑6 expression by means of an miR‑149‑5p 
dependent mechanism (56). Moreover, a previous study on 
nasopharyngeal cancer indicated that LINC00460 facili-
tated carcinogenesis by acting as a decoy for miR‑149‑5p to 
upregulate IL‑6 expression (52). The discovery of the function 
of this LINC00460 supports the current findings regarding 
EGFR‑mutated lung cancer. IL‑6 is a cytokine associated with 
a number of chronic inflammatory diseases. Furthermore, IL‑6 

expression is involved in the regulation of tumor growth and 
metastatic spread, including that of lung cancers. Activated 
mutant EGFRs activates the gp130/JAK/STAT3 pathway by 
upregulating IL‑6 in primary human lung adenocarcinoma 
cells  (57). The IL‑6‑inducible activation of JAK1/STAT3 
signaling also induces de novo resistance to EGFR‑TKIs in 
NSCLC with a T790M mutation (58). These results do not 
contradict the current findings that LINC00460 overexpres-
sion activates STAT3 by promoting IL‑6 production in 
EGFR‑activating mutant lung cancer cells with EGFR‑TKI 
resistance (Fig. 4C and D).

In addition, the acquisition of mesenchymal‑like traits by 
the activation of IL‑6 inducible STAT3 and AKT signaling 
contributes to EGFR‑TKI resistance  (59). EMT also func-
tions as a potential mechanism of EGFR‑TKI resistance in 
NSCLC (18,23). This property has also been observed in a 
subset of NSCLC patients who developed EGFR‑TKI resis-
tance (59). EMT was originally reported to be an essential 
process in the developmental stage and cell migration during 
early embryogenesis. When EMT occurs in cancer cells, they 
lose their epithelial properties and gain mesenchymal char-
acteristics. The epithelial cell marker, E‑cadherin, is a cell 
adhesion molecule that suppresses cancer cell motility, whereas 
the mesenchymal cell markers, VIM and ZEB1 enhance cancer 
cell migration and invasion (23). Consistent with these results, 

Figure 6. LINC00460 expression predicts a shorter PFS and OS in patients with EGFR‑mutant NSCLC treated with EGFR‑TKI therapy. (A) PFS following 
gefitinib therapy. LINC00460 expression in patients with EGFR‑mutant lung adenocarcinoma was classified as low or high by using median LINC00460 
expression as the cut‑off. PFS after gefitinib therapy was significantly shorter for those with a high LINC00460 expression in tumors compared with those with 
a low LINC00460 expression in tumors (median PFS: 304 vs. 1,125 days, respectively; P=0.046). (B) OS. OS was significantly shorter for patients with a high 
LINC00460 expression in tumors compared with those with a low LINC00460 expression in tumors (median OS: 1,271 vs. 1,876 days, respectively; P=0.014). 
(C) Prediction of PFS using LINC00460 expression levels in plasma cell‑free RNA. PFS was significantly shorter for patients with a high LINC00460 
expression in cell‑free RNA (n=15) following EGFR‑TKI therapy than for those with a low LINC00460 expression (n=24) (median PFS, 549 vs. 745 days, 
respectively; P=0.042).
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a previous study indicated that LINC00460 promoted EMT, 
as well as cell migration and invasion (53). Taken together, 
these previous findings support those of the current study, 
indicating that the upregulation of LINC00460 is involved in 
the mechanism of cancer malignancy and EGFR‑TKI resis-
tance induced by IL‑6‑inducible EMT. However, the effects of 
LINC000460 on cell phenotypes and drug sensitivity suggest 
that LINC00460 interacts with various other miRNAs and 
proteins to control cell signaling, in addition to the molecular 
mechanism described in the present study. Furthermore, 
LINC00460 may code for a small peptide under certain condi-
tions (60), although we were unable to identify this peptide in 
the present study (data not shown). Therefore, further studies 
of the molecular mechanisms underlying LINC00460 efficacy 
are warranted.

A high LINC00460 expression has recently been 
reported to be associated with a poor prognosis in certain 
types of cancer, including nasopharyngeal carcinoma (52) 
and colorectal carcinoma  (55). A similar association 
was observed in the present analysis of EGFR‑mutated 
lung adenocarcinoma. In this study, patients with a high 
LINC00460 expression in tumors had a significantly shorter 
PFS following gefitinib therapy and OS compared with those 
with a low LINC00460 expression. A recent clinical study 
on patients harboring EGFR‑mutant lung cancer suggested 
that patients with high IL‑6 levels in tumors had a signifi-
cantly shorter PFS following gefitinib therapy (61), which 
is in accordance with the current findings that LINC00460 
regulated IL‑6 levels in lung cancer. Moreover, it was found 
that the sensitivity to EGFR‑TKIs (gefitinib, erlotinib and 
osimertinib) was reduced by an increased LINC00460 
expression. Osimertinib is a third‑generation EGFR‑TKI 
and is approved for the treatment of EGFR‑T790M‑positive 
NSCLC in patients with acquired resistance to first‑ or 
second‑generation EGFR‑TKIs. Currently, first‑line treat-
ment with osimertinib is considered a standard therapy for 
patients with EGFR‑mutant NSCLC. However, resistance to 
osimertinib in these patients is similar to that observed with 
other EGFR‑TKIs. The current study deepens our under-
standing of the molecular mechanisms underlying resistance 
to osimertinib in EGFR‑mutated NSCLC. It is expected that 
the LINC00460 expression level may be a novel predictor of 
the effects of EGFR‑TKI and a prognostic indicator of EGFR 
mutation‑positive NSCLC.

This study had some limitations. First, it was a retrospective 
single‑center study with a small sample size. Although differ-
ences in clinical outcome in relation to LINC00460 expression 
were identified, the number of patients enrolled was too small 
to consider the association of LINC00460 expression with the 
PFS and OS. Thus, a large‑scale multicenter study is required 
to confirm the validity of these results.

In conclusion, the findings of this study suggest that 
LINC00460 overexpression is associated with a poor response 
to the latest EGFR‑TKI (i.e., osimertinib), as well as to 
first‑generation EGFR‑TKIs (i.e., gefitinib and erlotinib), and 
with poor outcomes following gefitinib treatment. A novel 
therapeutic strategy targeting LINC00460 may overcome 
EGFR‑TKI resistance and improve the prognosis of patients 
with EGFR‑mutant lung adenocarcinoma. Advances in the 
preclinical and clinical development of RNAi drugs and their 

drug delivery systems, and in technologies for RNA detection, 
have increased the sophistication of drug and diagnostic devel-
opment processes (62,63). The discovery of the importance 
of LINC00460 may lead to its use as a prognostic predictor, 
diagnostic indicator of EGFR‑TKIs, and as a molecular target 
of pharmaceuticals. Moreover, the present findings may lead 
to development of individualized treatments for lung cancer. 
Therefore, the clinical importance of research on LINC00460 
is likely to increase.
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