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Abstract. Long non‑coding RNAs (lncRNAs) have been 
reported to play vital roles in human lung cancer. In recent years, 
cancer/testis (CT) lncRNAs have been characterized as a novel 
class of lncRNA. However, this class of lncRNA remains to be 
thoroughly investigated. The present study identified long inter‑
genic non‑protein coding RNA 1635 (LINC01635), which was 
highly expressed in testis and in a broad range of human cancer 
types. Next, it was confirmed that LINC01635 was upregulated 
significantly in samples from patients with lung cancer and in 
non‑small cell lung carcinoma (NSCLC) cell lines. Silencing 
LINC01635 suppressed the proliferation and metastasis of 
NSCLC cells in vitro and in vivo. Furthermore, it was found that 
LINC01635 could bind to microRNA (miRNA or miR)‑455‑5p 
and regulate the expression of a series of miR‑455‑5p‑targeting 
tumor‑related genes. Knockdown of miR‑455‑5p partially 
rescued the progression of lung cancer cells that was suppressed 
by LINC01635 silencing. Together, the current results demon‑
strated that LINC01635 may play important roles in NSCLC 
progression by targeting miR‑455‑5p, and that it could be a 
biomarker and therapeutic target for lung cancer.

Introduction

Lung cancer is one of the most malignant tumors and is the 
leading cause of cancer‑associated mortality worldwide (1,2). 

Among patients with lung cancer, non‑small cell lung 
carcinoma (NSCLC) accounts for ~85% of all cases (3,4). 
Despite the development of novel therapies in the past few 
decades, the 5‑year survival rate (4‑17% depending on stage 
and regional differences) of patients with NSCLC remains 
markedly low (5); this is due to the difficulty in early diag‑
nosis, the lack of targeted therapies, drug resistance and 
frequent relapses. Therefore, identifying new biomarkers for 
early diagnosis and new therapies is essential for the clinical 
treatment of NSCLC.

Bioinformatics analysis of the human genome showed that 
<2% of the genome sequence corresponds to protein‑coding 
genes, whereas >70% is transcribed into non‑coding RNAs 
(ncRNAs) (6). Long ncRNAs (lncRNAs) are an important type 
of ncRNAs, with a length of >200 nucleotides. lncRNAs have 
been reported to play important roles in various tumor types, 
such as lung, colorectal and breast cancer, through multiple 
mechanisms (7,8). By comparative analysis of microarray 
and next‑generation sequencing data of NSCLC and normal 
tissues, thousands of lncRNAs were identified to be differen‑
tially expressed in NSCLC samples (9‑12). Although a few of 
studies have shown that several lncRNAs could promote or 
suppress the progression of NSCLC (13), identifying novel 
oncogenic lncRNAs remains critical for NSCLC diagnosis 
and treatment.

Cancer/testis (CT) antigens are the protein products of 
genes frequently expressed in multiple human cancer types 
and in the normal testis (14,15). To date, only a few lncRNAs 
have been reported to be CT genes (16‑19). The present study 
identified long intergenic non‑protein coding RNA 1635 
(LINC01635) as a potential novel CT lncRNA. The expres‑
sion of LINC01635 in lung cancer was investigated, and it was 
found that LINC01635 was highly expressed in samples from 
patients with lung cancer and in NSCLC cell lines. Functional 
studies showed that LINC01635 regulated the prolif‑
eration and metastasis of NSCLC cells in vitro and in vivo. 
Furthermore, it was also found that LINC01635 could bind to 
microRNA (miRNA/miR)‑455‑5p in vitro and that it regulated 
the expression of miR‑455‑5p‑targeting tumor‑related genes in 
NSCLC cells, which demonstrated its functional mechanism 
in lung cancer.
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Materials and methods

lncRNA selection with CT expression pattern from lung cancer 
RNA‑expression data. Microarray dataset GSE113852 (20) 
was downloaded from the Gene Expression Omnibus (GEO) 
database (https://www.ncbi.nlm.nih.gov/geo/), and LINC01635 
expression profiling in normal tissue was analyzed according 
to the data of the RNA‑sequencing (RNA‑seq) of normal 
tissues in the Human Protein Atlas (https://www.ncbi.nlm.nih.
gov/). The coding potential of LINC01635 was assessed using 
the CPAT and CNCI online tools (https://lncar.renlab.org/), 
and the expression level of LINC01635 was also confirmed 
by analyzing another microarray dataset (GSE101929) (21) 
using online tools (https://lncar.renlab.org/) (22). LINC01635 
expression profiling in different tumors and normal tissues 
was analyzed online by Gene Expression Profiling Interactive 
Analysis using RNA‑seq data from The Cancer Genome Atlas 
(TCGA) and Genotype‑Tissue Expression (GTEx) databases 
(http://gepia.cancer‑pku.cn/) (23).

Clinical samples. A total of 14 paired human NSCLC and 
adjacent normal lung tissues were obtained from patients 
who underwent surgery or biopsy at Lianshui County People's 
Hospital, Kangda College of Nanjing Medical University 
(Lianshui, China) (mean age, 69 years; range, 50‑80 years) 
between December 2018 and December 2019. All patients were 
diagnosed with NSCLC according to histopathological evalu‑
ation. No radiotherapy or chemotherapy was performed prior 
to sample collection. Tissue samples were immediately stored 
in RNAlater solution (Invitrogen; Thermo Fisher Scientific, 
Inc.) at ‑80˚C. Written informed consents was obtained from 
all the enrolled patients with NSCLC. The study protocol 
was approved by the Research Ethics Committee of Lianshui 
County People's Hospital, Kangda College of Nanjing Medical 
University (approval no. 2021602‑2).

Cell culture. The human NSCLC A549, H1299, H1975 and PC9 
cell lines, and the human bronchial epithelial HBE135‑E6E7 
cell line (HBE135) were obtained from the Institute of 
Biochemistry and Cell Biology of Chinese Academy of 
Sciences. A549, H1975 and HBE135 cells were cultured in 
RPMI‑1640 medium (Gibco; Thermo Fisher Scientific, Inc.), 
while H1299 and PC9 cells were cultured in DMEM (Gibco; 
Thermo Fisher Scientific, Inc.). Both media were supple‑
mented with 10% fetal bovine serum (FBS; Gibco; Thermo 
Fisher Scientific, Inc.), 100 U/ml penicillin and 100 mg/ml 
streptomycin. All cell lines were maintained in a humidified 
air atmosphere with 5% CO2 at 37˚C.

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was extracted from patient tissues 
and cultured cells using TRIzol® reagent (Ambion; Thermo 
Fisher Scientific, Inc.). A total of 1 µg of RNA was reversed 
transcribed to cDNA with the PrimeScript RT Reagent Kit 
(Takara Biotechnology Co., Ltd.) by using 6‑mer random 
primers or a miR‑455‑5p specific primer (5'‑GTT GGC TCT 
GGT GCA GGG TCC GAG GTA TTC GCA CCA GAG CCA ACC 
GAT GT‑3') based on the stem‑loop primer method (24). The 
reaction conditions were as follows: 42˚C for 2 min, 25˚C 
for 5 min, 42˚C for 30 min and 85˚C for 5 min. qPCR was 

then performed using SYBR‑Green Master Mix (Takara 
Biotechnology Co., Ltd.) in a StepOnePlus™ Real‑Time 
PCR System (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. The ther‑
mocycling conditions for qPCR were as follows: 95˚C for 
5 min for 1 cycle, and 95˚C for 10 sec and 60˚C for 30 sec 
for 40 cycles. The endogenous control was GAPDH or U6 
(for miR‑455‑5p), and the expression levels were analyzed by 
the 2‑∆∆Cq method (25). The specific primers were designed 
with Primer‑Blast (National Center for Biotechnology; 
National Institutes of Health), and the primer sequences are 
listed in Table I. All primers were synthesized by General 
Biosystems, Inc.

Cloning of LINC01635. Primers were designed according 
to the prediction of LINC01635 transcripts in the Ensembl 
website (https://www.ensembl.org/) and the human mRNA 
clone of LINC01635 (GenBank ID: BC039533), and 
LINC01635 was cloned using the cDNA of A549 cell lines 
by ExTaq (Takara Biotechnology Co., Ltd.) in a Mastercycler® 
Nexus X2 (Eppendorf). The following thermocycling condi‑
tions were used: 94˚C for 5 min for 1 cycle, and 94˚C for 
30 sec, 60˚C for 30 sec and 72˚C for 2 min for 35 cycles. The 
primer sequences were as follows: 5'‑TTA CCG TGC GGA GTT 
TTG GA‑3' (forward) and 5'‑TTA TGT GCC TAT GAA ATT 
GGA GTT G‑3' (reverse).

Small RNA transfection. LINC01635 small interfering 
(si)RNA (si‑LINC01635), negative control (NC) siRNA, 
miR‑455‑5p inhibitor and NC inhibitor were purchased 
from General Biosystems and used for transiently down‑
regulating the expression of LINC01635 or miR‑455‑5p. 
The sequences of the synthesized siRNAs and miRNA 
inhibitors were as follows: 5'‑GGA GUU UUG GAU ACA 
UUC U‑3' (si‑LINC01635), 5'‑UUC UCC GAA CGU GUC 
ACG U‑3' (NC siRNA), 5'‑UAU GUG CCU UUG GAC UAC 
AUC G‑3' (miR‑455‑5p inhibitor) and 5'‑UCU ACU CUU 
UCU AGG AGG UUG UGA‑3' (NC inhibitor). miR‑455‑5p 
mimic and NC miRNA mimic were also purchased from 
General Biosystems and used for transiently upregulating the 
expression of miR‑455‑5p. The sequences of the synthesized 
miRNA mimics were as follows: 5'‑UAU GUG CCU UUG 
GAC UAC AUC G‑3' (miR‑455‑5p mimic) and 5'‑UCA CAA 
CCU CCU AGA AAG AGU AGA‑3' (NC mimic).

A549 and H1975 cells (1x105) were seeded in 6‑well plates 
and cultured at 37˚C overnight. Next, the cells were transfected 
with siRNAs (50 µM), miRNA mimics (50 µM) or miRNA 
inhibitors (100 µM) for 24 h at 37˚C using Lipofectamine® 2000 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions. At 24 h post‑transfection, 
the knockdown efficiency was detected by RT‑qPCR.

Cell proliferation assay. A cell proliferation assay was 
performed using Cell Counting Kit‑8 (CCK‑8; Dojindo 
Laboratories, Inc.). A549 and H1975 cells transfected with 
siRNA‑LINC01635 and NC siRNA were seeded at 2x103 cells/
well in 96‑well plates. Next, 10 µl CCK‑8 reagent was added 
to each well, which contained 100 µl culture medium. After 
2 h, cell proliferation was monitored by measuring the optical 
density at 450 nm on a microplate reader (BioTek Elx800; 
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BioTek Instruments, Inc.) every 24 h from 0 to 96 h according 
to the manufacturer's instructions.

Transwell assay. Cell migration was analyzed by Transwell 
assay. A549 and H1975 cells were transfected with 
si‑LINC01635, NC siRNA, miR‑455‑5p inhibitor, NC 
inhibitor or siRNA + inhibitor, and then re‑suspended with 
200 µl serum‑free medium to a total of 2‑5x104 A549 cells or 
5x104 H1975 cells. Transwell chambers (8‑µm pore size) were 

placed into 24‑well plates, and 800 µl medium containing 
10% FBS was added to the lower chamber. After 24 h at 37˚C, 
the upper chambers were fixed with methanol for 30 min at 
room temperature, and then stained with 0.1% crystal violet 
for 20 min at room temperature. Next, the upper surface of 
the membrane was removed with cotton swabs. The Transwell 
inserts were imaged under an optical inverted microscope.

Western blotting. Total protein from transfected lung cancer 
cells was extracted with RIPA lysis buffer (Beyotime Institute 
of Biotechnology). The protein concentration was measured 
with a BCA kit (Beyotime Institute of Biotechnology). The 
protein samples (50 µg per lane) were separated on 10% gels 
using SDS‑PAGE and then were electro‑transferred onto poly‑
vinylidene fluoride membranes (MilliporeSigma), which were 
blocked with 5% skimmed milk for 1 h at room temperature. 
Subsequently, the membranes were incubated with primary 
antibodies against MMP2 (1:1,000; cat. no. A00286), MMP9 
(1:1,000; cat. no. PB0709) or GAPDH (internal control; 
1:10,000; cat. no. A00227) (all Boster Biological Technology) 
at 4˚C overnight. Next, the membranes were incubated with 
HRP‑conjugated AffiniPure mouse anti‑rabbit IgG (H+L) 
(1:5,000; cat. no. BM2006; Boster Biological Technology) for 
1 h at room temperature. After washing for 5 times (each for 
5 min) using PBST (0.05% Tween‑20) at room temperature, the 
proteins were visualized with the BeyoECL plus kit (Beyotime 
Institute of Biotechnology).

Zebrafish xenograft models. Zebrafish were maintained in 
a fish culture system (Haisheng Instruments, Inc.) at 28˚C 
under a light‑dark cycle of 10‑14 h. Approximately 100 2‑days 
post‑fertilization (dpf) transgenic Tg(fli1a:EGFP) zebrafish 
larvae (China Zebrafish Resource Center) were used for cell 
injection, and the endothelial cells of these transgenic zebrafish 
larvae were labeled with EGFP (26). At 24 h post‑transfection 
of si‑LINC01635 or NC siRNA (control) in cultured cells, 
including A549 and H1975 cell lines, the cells were collected 
and stained for 5 min at 37˚C and 15 min at 4˚C with a 
fluorescent dye (CM‑DiI; Thermo Fisher Scientific, Inc.) for 
injection. The stained cells were examined under a fluores‑
cence microscope before injection. A total of 300‑400 cells 
labeled with CM‑DiI were transplanted into the perivitelline 
space (PVS) of 48‑h‑post‑fertilization zebrafish larvae under a 
pressure systems for ejection (Picosprizer III; Parker Hannifin 
Corporation). At 1 day post‑injection (dpi), the injected larvae 
with similar tumor size of CM‑DiI‑positive cells were selected 
and cultured at 34˚C until the end of experiments. At 4 dpi, the 
intact zebrafish larvae were mounted using 1.2% low‑melting 
gel, and the yolk and trunk were imaged via a stereomicroscope 
(MVX10; Olympus Corporation) or a confocal microscope 
(FLUOVIEW FV3000; Olympus Corporation) using a 20X 
water‑immersion objective directly. The spatial resolution 
of the images was 1,600x1,200 pixels for the MVX10 or 
1,024x1,024 pixels for the FLUOVIEW FV3000. After the 
imaging experiments, zebrafish larvae were anesthetized with 
alcohol and then sacrificed by hypothermia (‑20˚C).

miRNA binding prediction. miRNAs that could potentially bind 
to LINC01635 were predicted by the online tools miRDB (http://
mirdb.org/) and LncBase (http://www.microrna.gr/LncBase). 

Table I. Primer sequences for reverse transcription‑quantitative 
PCR.

Molecule Primer sequence (5'‑3')

GAPDH‑F GGGAGCCAAAAGGGTCAT
GAPDH‑R GAGTCCTTCCACGATACCAA
LINC01635‑F GGGCCCCATTCTGAGGTTAC
LINC01635‑R GCGCCAATACAAGGACCACT
SOX11‑F GGTGGATAAGGATTTGGATTCG
SOX11‑R GCTCCGGCGTGCAGTAGT
RAB18‑F CAATGTGCCTTTGAAGAACTTGT
RAB18‑R CTCCTTGGCCTTCTTCCCTG
TMED2‑F ATGTATTCCTGTTCGTGCTT
TMED2‑R CACATGGATGGAACATACAA
USP3‑F AGGTGCTATGCTTACATTTG
USP3‑R CTGTTCTCAGGCTCTAGTAAG
CDKN1B‑F GCCGCAACCAATGGATCTCCTC
CDKN1B‑R AGTCGCAGAGCCGTGAGCAA
CPEB1‑F CACAGATAAGCACAAGTATC
CPEB1‑R GACACAGAGAATCTTCTAG
UBE2V1‑F AAAAGTCCCTCGCAATTTCC
UBE2V1‑R CTGCCATTTTGCTAGCACTG
HDAC4‑F AGAATGGCTTTGCTGTGGTC
HDAC4‑R ATCTTGCTCACGCTCAACCT
STK24‑F GCCTCCACCAAGATATTCCA
STK24‑R AACAAGAAATCACAGTGCTGAGTC
MMP2‑F CTGCGGTTTTCTCGAATCCATG
MMP2‑R GTCCTTACCGTCAAAGGGGTATCC
MMP9‑F GAGGCGCTCATGTACCCTATGTAC
MMP9‑R GTTCAGGGCGAGGACCATAGAG
LINC00339‑F TCTTTCCATTTTGCAGTTGGGC
LINC00339‑R CTCCTCGGCCCATCATTTCAT
U6‑F GCTTCGGCAGCACATATACTAAAAT
U6‑R CGCTTCACGAATTTGCGTGTCAT
miR‑455‑5p‑F GCCGCCTATGTGCCTTTGGACT
miR‑455‑5p‑R GTGCAGGGTCCGAGGT

F, forward; R, reverse; LINC01635, long intergenic non‑protein 
coding RNA 1635; RAB18, ras‑related protein Rab‑18; TMED2, 
transmembrane P24 trafficking protein 2; USP3, ubiquitin specific 
peptidase 3; CDKN1B, cyclin‑dependent kinase inhibitor 1B; 
CPEB1, cytoplasmic polyadenylation element binding protein 1; 
UBE2V1, ubiquitin conjugating enzyme E2 V1; HDAC4, histone 
deacetylase 4; STK24, serine/threonine kinase 24; LINC00339, long 
intergenic non‑protein coding RNA 339; miR, microRNA.
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The miRNAs that were predicted by both tools were considered 
as candidates. miRNA‑targeting genes were predicted by the 
online tools miRDB (http://mirdb.org/) and TargetScan (https://
www.targetscan.org/). The tumor‑related targeted genes of 
interest were screened out individually by scientific literature 
search using the key words ‘tumor’ and the name of each 
miRNA in PubMed (https://pubmed.ncbi.nlm.nih.gov/).

Isolation of cytoplasmic and nuclear RNA. A total of 1x107 
A549 cells were collected, and their cytoplasmic and nuclear 
RNA were extracted respectively with the PARIS™ Kit 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. Next, the cytoplasmic and nuclear 
RNA were reverse‑transcribed, respectively. Then, the expres‑
sion levels of cytoplasmic and nuclear RNA were detected by 
RT‑qPCR, which represented the localization of RNA. U6 was 
used for the positive control of nuclear RNA, and GAPDH was 
used for the positive control of cytoplasmic RNA.

Reporter plasmid construction and luciferase reporter assay. 
The total sequence of LINC01635 transcript 1# was cloned 
into a pmirGLO Dual‑Luciferase miRNA Target Expression 
Vector (E1330; Promega Corporation) to generate the reporter 
plasmid. To construct a LINC01635 mutant reporter plasmid, 
the putative binding site of miR‑455‑5p in LINC01635 was 
mutated by PCR.

The plasmids and miR‑455‑5p mimic or NC mimic 
were co‑transfected into 2x104 293T cells (Saihongrui 
Biotechnology Co., Ltd.) cultured in DMEM with 10% FBS) at 
37˚C for 48 h using Lipofectamine® 2000 reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
instructions. The luciferase activity in co‑transfected cells was 
detected using the Dual‑Luciferase Reporter Assay System 
(Promega Corporation) and GloMax® Explorer Multimode 
Microplate Reader (Promega Corporation). Firefly luciferase 
activity was used as the main reporter activity, and Renilla 
luciferase activity was used as the control for normalization.

Statistical analysis. Data are presented as the mean ± SEM 
from at least three repetitions. Unpaired Student's t‑test was 
used to perform statistical analysis of two unpaired groups, 
while paired Student's t‑test was used to perform statistical 
analysis of two paired groups (Microsoft Excel 2010; Microsoft 
Corporation). In addition, one‑way ANOVA was used to 
perform statistical analysis of multiple groups (GraphPad 
Prism 8; GraphPad Software, Inc.). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Identification of LINC01635 as an lncRNA with CT expres‑
sion pattern. To screen for differentially expressed lncRNAs 
in lung cancer, the gene expression profile of lung adeno‑
carcinoma and normal lung tissue was obtained from GEO 
dataset GSE113852, which contained the expression data 
of 27 lung tumor samples and 27 normal lung samples. 
With Log2FC>2 as the screen threshold, 168 genes were 
highly expressed in lung adenocarcinoma compared with 
those in normal lung tissues (Fig. 1A). The expression of 
these genes in physiological conditions was assessed by 

analyzing the HPA RNA‑seq normal tissue database, and 
only LINC01635 (ENSG00000228397; Log2FC=2.36; 
P=8.58x10‑8) was found to be highly expressed in the testis 
(Fig. 1B). LINC01635 was located on chromosome 1p36.12, 
upstream of human cell division cycle 42 (CDC42) in the 
human genome, but its transcriptional direction is opposite 
to that of CDC42. The lncRNA property of LINC01635 was 
confirmed by evaluating its coding potential (CPAT and 
CNCI tools) and predicting the secondary structure (Fig. 1B). 
Furthermore, a high LINC01635 expression level was also 
confirmed in lung cancer samples by analyzing another GEO 
dataset using lnCAR online tools (GSE101929; Fig. 1D). In 
addition, the expression level of LINC01635 was analyzed 
in multiple cancer types compared with corresponding 
normal tissues (TCGA and GTEx data), and LINC01635 was 
highly expressed in multiple cancer types and testis tissues 
(Fig. 1E). To analyze the common high expression pattern 
of LINC01635 in different human cancer types, its expres‑
sion level in all cancer types was compared with that in all 
normal tissues excluding testis. LINC01635 was found to be 
significantly upregulated in cancer (Fig. 1E).

To validate the data from the bioinformatics analysis, 
the expression of LINC01635 was firstly checked in samples 
from human patients with NSCLC (Table II). All patients 
were diagnosed with LAD NSCLC according to histopatho‑
logical evaluation. No radiotherapy or chemotherapy was 
performed before the surgery or puncture. The ΔCq values 
(CqLINC01636‑CqGAPDH) in the lung cancer tissues were lower 
than those in the normal lung tissues, which showed that 

Table II. Characteristics of the patient tissue samples.

Characteristic Value

Mean age ± SD, years 69.00±7.71
Sex, % (n/total n) 
  Male 71.4 (10/14)
  Female 28.6 (4/14)
Histological classification, % (n/total n) 
  Adenocarcinoma 50.0 (7/14)
  Squamous 50.0 (7/14)
TNM stage, % (n/total n) 
  I 28.6 (4/14)
  II 21.4 (3/14)
  III 14.3 (2/14)
  IV 35.7 (5/14)
Lymph node metastasis, % (n/total n) 
  N0 78.6 (11/14)
  N1 21.4 (3/14)
  N2 0.0 (0/14)
  N3 0.0 (0/14)
Tumor location, % (n/total n) 
  Left 42.9 (6/14)
  Right 57.1 (8/14)

TNM, Tumor‑Node‑Metastasis (53).
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the expression level of LINC01635 was significantly higher 
in the 14 NSCLC tissues than in the corresponding normal 
lung tissues (P<0.05; Fig. 2A). Next, the expression level of 

LINC01635 was examined in four human lung cancer cell 
lines (A549, H1299, H1975 and PC9), and LINC01635 was 
found to be overexpressed in the A549, H1299 and H1975 cell 

Figure 1. LINC01635 is a long non‑coding RNA with a cancer/testis expression pattern. (A) The volcano map of differentially expression genes of the 
GSE113852 dataset, which contains the expression profiles of 27 lung adenocarcinoma and 27 normal lung tissue samples. The green dots represent downregu‑
lated genes (P<0.05), the blue dots represent upregulated genes (P<0.05) and the red dots represent upregulated genes (P<0.05) for which the value of log2(FC) 
was >2. The log2(FC) value of LINC01635 was 2.36, and the P‑value was 8.58x10‑8. (B) Non‑coding property prediction of LINC01635, including CPAT, CNCI 
and Secondary Structure Prediction tools. (C) Expression in RPKM of LINC01635 among the Human Protein Atlas RNA‑seq normal tissue datasets. (D) The 
overexpression of LINC01635 in lung cancer tissues was confirmed by analyzing GSE101929 datasets using lnCAR online tools. (E) Expression of LINC01635 
in tumor and normal tissue samples from GTEx and TCGA database. *P<0.05; ***P<0.001. LINC01635, long intergenic non‑protein coding RNA 1635; CPAT, 
coding‑potential assessment tool; CNCI, coding‑non‑coding index; RPKM, reads per kilobase million; RNA‑seq, RNA‑sequencing; lnCAR, lncRNAs from 
cancer arrays; TCGA, The Cancer Genome Atlas; KICH, kidney chromophobe; ACC, adrenocortical carcinoma; HNSC, head and neck squamous cell 
carcinoma; PCPG, pheochromocytoma and paraganglioma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical 
adenocarcinoma; LIHC, liver hepatocellular carcinoma; READ, rectal adenocarcinoma; BLCA, bladder urothelial carcinoma; CHOL, cholangiocarcinoma; 
COAD, colon adenocarcinoma; KIRC, kidney renal clear cell carcinoma; PRAD, prostate adenocarcinoma; ESCA, esophageal carcinoma; LGG, brain lower 
grade glioma; UCEC, uterine corpus endometrial carcinoma; LUSC, lung squamous cell carcinoma; KIRP, kidney renal papillary cell carcinoma; OV, ovarian 
serous cystadenocarcinoma; UCS, uterine carcinosarcoma; LUAD, lung adenocarcinoma; PAAD, pancreatic adenocarcinoma; THCA, thyroid carcinoma; 
GBM, glioblastoma multiforme; SARC, sarcoma; TGCT, testicular germ cell tumor; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; 
THYM, thymoma; DLBC, lymphoid neoplasm diffuse large B‑cell lymphoma; LAML, acute myeloid leukemia. 
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lines by 3.1‑ to 3.9‑fold compared with that in human bronchial 
epithelial HBE135 cell line, but was reduced to 21% in the PC9 
cell line compared with that in the HBE135 cell line (Fig. 2B). 
Next, according to the prediction of full‑length LINC01635 
transcript sequences in the Ensembl website, primers were 
designed to clone LINC01635 in the A549 cell line and two 
bands of PCR products were found (Fig. 2C). Next, the PCR 
products were cloned, and the sequencing results showed 
that LINC01635 in the A549 cell line had three transcripts 
(Figs. 2D and S1). These results suggested that LINC01635 
could be a CT‑lncRNA.

Silencing of LINC01635 suppresses the proliferation and 
migration of lung cancer in cultured cells. To investigate the 
function of LINC01635 in NSCLC cell lines, LINC01635 was 
knocked down in A549 and H1975 cell lines by transfection 
with siRNA, which targeted the common sequence of the 
three transcripts. After 24 h of transfection, the knockdown 
efficiency of si‑LINC01635 was 70.7% in the A549 cell line 
and 53.5% in the H1975 cell line, compared with transfec‑
tion with NC siRNA (Fig. 3A and B). It is worth noting 
that the designed siRNA also targeted LINC00339, which 
was partially overlapped but transcriptionally opposite to 
LINC01635. The expression of LINC00339 was examined 
in the lung cell lines, as well as the effect of the siRNA on 
LINC00339. LINC00339 was also highly expressed in the 
A549 and H1975 cell lines, but the designed siRNA could 
not efficiently downregulate the expression of LINC00339 
in either cell line (Fig. S2). Next, the role of LINC01635 
in the proliferation of NSCLC cells was examined using 
CCK‑8 assays. The results indicated that knockdown of 
LINC01635 decreased the proliferation in the A549 after 
72 h post‑transfection and in H1975 cell lines after 48 h 
post‑transfection (Fig. 3C and D). Furthermore, Transwell 
assays were performed and found that knockdown of 
LINC01635 also significantly suppressed cell migration in 
both the A549 and H1975 cell lines (Fig. 3E and F). The 

expression levels of MMP2 and MMP9, migration‑related 
markers, were also assessed and were shown to be downregu‑
lated both at the transcriptional and translational levels when 
LINC01635 was knocked down (Fig. 3G‑I). These results 
demonstrated that LINC01635 plays important roles in the 
proliferation and migration of NSCLC cell lines.

Silencing of LINC01635 suppresses the proliferation and 
metastasis of lung cancer cells in zebrafish xenograft models. 
To verify whether LINC01635 could regulate the progression 
of lung cancer in vivo, zebrafish xenograft models were used 
to examine proliferation and metastasis simultaneously. The 
PVS of zebrafish larvae were implanted with A549 or H1975 
cells that were transfected with si‑LINC01635 and labeled by 
CM‑DiI. At 1 dpi, the zebrafish larvae with a similar tumor 
size at the PVS and no CM‑DiI signal at other sites were 
selected according to the CM‑DiI‑positive area (Fig. S3), and 
then cultured for further analysis. At 4 dpi, the yolk and trunk 
of the injected zebrafish larvae were imaged to assess the cell 
proliferation and metastasis, respectively (27,28). Compared 
with that for NC siRNA transfection, the CM‑DiI‑positive 
region was significantly smaller both in the yolk and trunk 
when LINC01635 was silenced in A549 cells (Fig. 4A‑F). 
Similar results were also obtained in zebrafish xenograft 
using H1975 cells (Fig. 4G‑L). These results demonstrated that 
LINC01635 regulates the proliferation and metastasis of lung 
cancer in vivo.

LINC01635 can bind with miR‑455‑5p and regulates the 
expression of miR‑455‑5p‑targeting tumor‑related genes. To 
explore the functional mechanism of LINC01635, the subcel‑
lular location of LINC01635 was first studied and found to be 
both in the nucleus and cytoplasm (Fig. 5A). As LINC01635 
is located both in the nucleus and cytoplasm of lung cancer 
cells, it might regulate the downstream genes at the transcrip‑
tional and/or post‑transcriptional levels. To examine whether 
LINC01635 could function at the post‑transcriptional level 

Figure 2. LINC01635 expression is upregulated in NSCLC tissue samples and cell lines. (A) The expression of LINC01635 was significantly increased 
in NSCLC tissue samples compared with that in adjacent normal lung tissue samples according to RT‑qPCR analysis (***P<0.001). (B) The expression of 
LINC01635 was overexpressed in NSCLC cell lines (A549, H1299 and H1975) compared with that in the normal human bronchial epithelial cell line (HBE135) 
(**P<0.01 and ***P<0.001 vs. HBE135). (C) Transcripts of LINC01635 were examined by RT‑PCR in the A549 cell line, which showed two specific bands. 
(D) Transcripts of LINC01635 were analyzed according to sequencing reports of all RT‑PCR products. Blue boxes represent exons, and polylines represent 
splicing sites. NSCLC, non‑small cell lung cancer; LINC01635, long intergenic non‑protein coding RNA 1635; RT‑qPCR, reverse transcription‑quantitative 
PCR. 
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by binding miRNAs, its miRNA binging sites were predicted 
by miRDB (http://mirdb.org/) (29) and LncBase (30), with 
9 microRNA binding sites predicted by both softwares in 
total. Among these miRNAs, miR‑455‑5p could bind with 
all of the transcripts of LINC01635 with highest potential 
(rank 1; Fig. 5B) (31). To confirm the binding possibility 
between LINC01635 and miR‑455‑5p, dual‑luciferase 
reporter plasmids were constructed that contained the 
wild‑type or mutant binding site of LINC01635 (Fig. 5C). 
The dual‑luciferase assay revealed that overexpression of 
miR‑455‑5p reduced the luciferase activity of the reporter 
plasmid containing the LINC01635 sequence, but not that 
of the reporter plasmid containing the LINC01635 mutant 
sequence (Fig. 5D). To confirm whether the LINC01635 could 
regulate a series of tumor‑related genes through miR‑455‑5p, 
several miR‑455‑5p‑targeting genes (CPEB1, TMED2, 
HDAC4, STK24, CDKN1B, UBE2V1, USP3, RAB18 and 
SOX11) that are involved in multiple cancer types were exam‑
ined (32‑40). The majority of these genes were downregulated 
when knocking down LINC01635 in lung cancer cells, and 
similar regulation was also observed when overexpressing 
miR‑455‑5p (Fig. 5E). These results imply that LINC01635 

could regulate the expression of tumor‑related genes by 
targeting miR‑455‑5p.

Knockdown of miR‑455‑5p partially rescues the proliferation 
and migration of lung cancer cells, which is suppressed by 
LINC01635 silencing. To study the roles of miR‑455‑5p in lung 
cancer cells, the expression of miR‑455‑5p was first downregu‑
lated by transfection with the miR‑455‑5p inhibitor (Fig. 6A). 
After transfection, the results of CCK‑8 and Transwell assays 
showed that miR‑455‑5p inhibition promoted the proliferation 
and migration of the A549 cells (Fig. 6B and C). To examine 
whether miR‑455‑5p mediates the roles of LINC01635 in 
the progression of lung cancer cells, si‑LINC01635 and 
miR‑455‑5p inhibitor were cotransfected into A549 cells 
simultaneously. The knockdown of LINC01635 suppressed 
the growth and migration of lung cancer cells, but miR‑455‑5p 
inhibitor transfection partially counteracted the suppressive 
effects of LINC01635 knockdown both in terms of the prolif‑
eration and migration of the lung cancer cells (Fig. 6D and E). 
These results indicate that LINC01635 could promote the 
progression of lung cancer cells via the miR‑455‑5p‑mediated 
pathway.

Figure 3. Knockdown of LINC01635 decreases the proliferation and migration in lung cancer cells. (A and B) The knockdown efficiencies of LINC01635 in 
(A) A549 and (B) H1975 cell lines were examined by reverse transcription‑qPCR. (C and D) CCK‑8 assays showed that knockdown of LINC01635 decreased 
the proliferation of (C) A549 and (D) H1975 cells. (E and F) Transwell assays showed knockdown of LINC01635 decreased the migration of (E) A549 and 
(F) H1975 cells. (G and H) The expression of (G) MMP2 and (H) MMP9 decreased when LINC01635 was knocked down, as assessed by qPCR. (I) The expres‑
sion of (G) MMP2 and (H) MMP9 decreased when LINC01635 was knocked down, as assessed by western blotting. Scale bar, 100 µm. *P<0.05, **P<0.01, 
***P<0.001. qPCR, quantitative PCR; si, small interfering; NC, negative control; LINC01635, long intergenic non‑protein coding RNA 1635.
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Figure 4. Knockdown of LINC01635 decreases the proliferation and metastasis of lung cancer cells in a zebrafish xenograft. (A‑F) Zebrafish xenograft 
models showed that knockdown of LINC01635 decreased the proliferation and metastasis of A549 cells at 4 dpi. A549 cells transfected with (A and D) NC 
and (B and E) si‑LINC01635 were labeled with CM‑DiI and then injected into the PVS of 2‑days post‑fertilization Tg(fli1a:EGFP) transgenic zebrafish 
larvae, which labeled the zebrafish endothelial cells. Confocal images were taken at 4 dpi. (A and B) The tumor cells in the PVS were quantified for cell 
proliferation, (D and E) and the tumor cells in the trunk were quantified for cell metastasis. Statistical analysis of (C) proliferation and (F) metastasis when 
knocking down LINC01635 in A549 cells compared with the NC. (G‑L) Zebrafish xenograft models showed that knockdown of LINC01635 decreased the 
proliferation and metastasis of H1975 cells. Scale bar, 100 µm. **P<0.01. dpi, days post‑injection; si, small interfering; NC, negative control; LINC01635, long 
intergenic non‑protein coding RNA 1635; PVS, perivitelline space. 
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Figure 5. LINC01635 can bind with miR‑455‑5p and regulate the expression of miR‑455‑5p‑targeting tumor‑related genes. (A) LINC01635 subcellular location 
in A549 was assessed by RT‑qPCR after nuclear and cytosolic separation of total RNA. GAPDH was used as a cytosol marker and U6 was used as a nucleus 
marker. (B) miRNA binding sites of LINC01635 were predicted by miRDB and LncBase tools; 9 miRNAs were predicted by both tools and miR‑455‑5p had 
the highest potential for binding with LINC01635. (C) Binding site between LINC01635 transcripts and miR‑455‑5p, and the LINC01635 with the binding site 
mutant (LINC01635‑mut). The red arrow represents the site of the miR‑455‑5p targeting site. (D) Dual‑luciferase reporter assay showed that LINC01635 could 
bind with miR‑455‑5p directly. The relative luciferase reporter activity was reduced when co‑transfecting with miR‑455‑5p mimic and LINC01635 reporter 
plasmid, but not LINC01635‑mut reporter plasmid (*P<0.05). (E) The expression level of miR‑455‑5p‑targeting tumor‑related genes was examined by RT‑qPCR 
following knockdown of LINC01635 or overexpression of miR‑455‑5p (*P<0.05 and ***P<0.001 vs. NC). miR/miRNA, microRNA; si, small interfering; NC, 
negative control; LINC01635, long intergenic non‑protein coding RNA 1635; RT‑qPCR, reverse transcription‑quantitative PCR; WT, wild‑type; mut, mutant.
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Discussion

An increasing number of studies have reported that lncRNAs 
play important roles in the development and progression of 
NSCLC through different signal pathways (13,41‑43). The 
present study found that LINC01635 was upregulated in lung 
cancer tissues and cell lines. Functional experiments showed 
that LINC01635 promoted the proliferation and metastasis 
of NSCLC cells in vitro and in vivo. Moreover, LINC01635 
was able to bind miR‑455‑5p and regulated the expression of 
a series of miR‑455‑5p‑targeting tumor‑related genes. These 
findings suggest that LINC01635 could regulate NSCLC 
progression though binding with miR‑455‑5p.

CT genes are a diverse group of genes that are restrictively 
expressed in the testis under normal conditions, but they are 
also expressed in ~40% of different types of cancer (44). 
Similar to tumors, the testes exhibit abundant cell division, 
migration and immortalization (45), and lots of testicular 
genes are considered as promising cancer biomarkers and 
treatment targets (14). Moreover, the similarities in cellular 
processes between gametogenesis and tumorigenesis also 
provide valuable insights into understanding the mechanism 
of tumorigenesis. CT‑lncRNA represents a new direction 
for the study of lncRNA mechanisms in tumor biology. For 
example, Hosono et al (16) demonstrated that THOR is a 
conserved CT‑lncRNA and that it promotes the progres‑
sion of lung cancer through interaction with IGF2BP1 (16). 

Tan et al (19) showed that CT‑lncRNA PACT6 facilitates 
the malignant phenotype of ovarian cancer through binding 
with miR‑143‑3p (19). In the present study, by screening the 
GEO database of lung cancer tissues and the HPA RNA‑seq 
normal tissue database, LINC01635 was revealed to be a novel 
CT‑lncRNA that promotes lung cancer progression by binding 
with miR‑455‑5p. However, in the present study, mainly the 
basic cellular functions of LINC01635 in lung cancer cells 
were assessed through the examination of the migration and 
invasion biomarkers MMP2 and MMP9 in cultured cell lines, 
and the detailed molecular mechanism of LINC01635 shall be 
analyzed by examining different biomarkers in future studies.

It has been reported that lncRNAs play important roles 
in proliferation, differentiation, metastasis, metabolism and 
apoptosis in cancer progression by regulating their target 
genes at the transcriptional, post‑transcriptional and epigenetic 
levels (7,8). Different regulatory functions depend on the subcel‑
lular locations and interactions with specific molecules (46). 
In the nucleus, lncRNAs generally function by modulating 
transcriptional programs through chromatin interactions and 
remodeling by formatting the scaffolding complex (47,48). In 
the cytoplasm, lncRNAs function by regulating translational 
and/or post‑transcriptional programs to affect gene expression 
levels. In addition, numerous lncRNAs have been identified as 
competing endogenous RNAs (ceRNAs) that can regulate the 
expression of target genes at the post‑transcriptional level by 
competitive binding with miRNAs in the cytoplasm (49). The 

Figure 6. Knockdown of miR‑455‑5p partially rescues the proliferation and migration of lung cancer cells, which is suppressed by LINC01635 silencing. 
(A) The knockdown efficiencies of miR‑455‑5p in A549 cell lines were examined by reverse transcription‑quantitative PCR (*P<0.05). (B) CCK‑8 assays 
showed that knockdown of miR‑455‑5p increased the proliferation of A549 cells (*P<0.05 and ***P<0.001 vs. NC inhibitor). (C) Transwell assays showed that 
knockdown of miR‑455‑5p increased the migration of A549 cells (*P<0.05). (D) CCK‑8 assays showed that knockdown of miR‑455‑5p partially rescued the 
proliferation of A549 cells, which was suppressed by LINC01635 silencing (***P<0.001). (E) Transwell assays showed that knockdown of miR‑455‑5p partially 
rescued the migration of A549 cells, which was suppressed by LINC01635 silencing (***P<0.001). Scale bar, 100 µm. miR/miRNA, microRNA; si, small 
interfering; NC, negative control; LINC01635, long intergenic non‑protein coding RNA 1635.
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present study found LINC01635 located in both the nucleus 
and cytoplasm, which implies that LINC01635 may play regu‑
latory roles at both the transcriptional and post‑transcriptional 
levels. To examine whether LINC01635 could function as a 
ceRNA, the binding sites of miRNAs in LINC01635 were 
predicted by cross‑comparison analysis between the miRDB 
and LncBase database, and miR‑455‑5p was screened out with 
the highest potential. Furthermore, the present data not only 
demonstrated that miR‑455‑5p could bind with LINC01635 
directly in vitro, but also showed that miR‑455‑5p inhibi‑
tion could partially rescue the suppression effects caused 
by LINC01635 knockdown, which implies that LINC01635/
miR‑455‑5p may function as a ceRNA network.

The present study also examined the expression of a 
series of miR‑455‑5p‑targeting tumor‑related genes following 
the knockdown of LINC01635 or the overexpression of 
miR‑455‑5p, and found that the changes in the expression of 
some genes was associated. These genes may regulate tumor 
progression through different pathways. CDKN1B can shift 
from cyclin‑dependent kinase inhibitor to oncogene by regu‑
lating the cell cycle in a cyclin‑dependent kinase‑dependent or 
‑independent manner (36,50). SOX11, a transcription factor, 
mainly regulates progenitor and stem cell behavior during 
embryogenesis, and it also expressed in a wide variety of cancer 
types, such as neck cancer, malignant glioma, ovarian cancer 
and breast cancer (40,51). RAB18 is a member of the Ras onco‑
gene superfamily, which promotes cell invasion and inhibits 
cell apoptosis in various cancer types, such as hepatocellular 
carcinoma and gastric cancer (39,52). UBE2V1 is a member of 
the ubiquitin‑conjugating E2 enzyme variant proteins, and it 
has been reported as an oncogene that acts via ubiquitination 
and degradation of SIRT1 (37). USP3 is a deubiquitinase that 
accelerates tumor proliferation and epithelial‑to‑mesenchymal 
transition (EMT) via deubiquitinating KLF5 (38). According 
to the association in expression between LINC01635 and 
these genes, our future studies shall focus on CPEB1, TMED2 
and HDAC4, which might reveal the novel mechanism of 
LINC01635/miR‑455‑5p regulatory pathways.

Zebrafish xenografts have been demonstrated as effective 
models for tumor research (25,26). Compared with mouse 
models, zebrafish xenografts have obvious advantages. First, 
the zebrafish xenograft model offers a fast in vivo evaluation 
method of tumor proliferation and metastasis by using same 
group of transplanted zebrafish larvae. When using mouse 
xenograft models, it requires two separate models for evaluating 
the proliferation and metastasis of the tumor cells, respectively. 
Second, with the help of transparent larvae, the zebrafish 
xenograft model supplies intuitive studies at the cellular level. 
The zebrafish xenograft model can be used to assess prolifera‑
tion and metastasis in only 1 week by transiently transfecting 
siRNAs, instead of 2‑4 weeks in mouse xenograft models, 
which have to construct stable cell lines using shRNA plasmids. 
Third, by combining different types of transgenic lines that label 
different cell types, zebrafish xenograft can be used for studying 
the tumor microenvironment in vivo, including angiogenesis 
and immune reactions. In mouse xenograft models, it usually 
requires additional staining steps for the quantification in vitro. 
The results of the zebrafish xenograft model experiments in the 
present study showed that the silencing of LINC01635 decreased 
the proliferation and metastasis of the NSCLC cells, which was 

consistent with the data from the cultured cells, suggesting that 
a zebrafish xenograft is a good alternative in vivo model for 
examining tumor biology.

In summary, the present study demonstrated LINC01635 is 
a novel CT‑lncRNA and that it promotes the proliferation and 
metastasis of lung cancer by regulating miR‑455‑5p‑targeting 
tumor‑related genes. These findings indicate that LINC01635 
could be a potential biomarker and treatment target for lung 
cancer.
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