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LncRNA LINC00511 promotes 
COL1A1-mediated proliferation and metastasis 
by sponging miR-126-5p/miR-218-5p in lung 
adenocarcinoma
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Abstract 

Background: Lung adenocarcinoma (LUAD) is currently the leading cause of cancer-related death worldwide. Long 
noncoding RNAs (lncRNAs) play key roles in tumor occurrence and development as crucial cancer regulators. The pre-
sent study aimed to explore the molecular mechanism and regulatory network of Linc00511 in LUAD and to identify 
new potential therapeutic targets for LUAD.

Methods: Real-time quantitative polymerase chain reaction (RT–qPCR) was performed to determine the relative 
Linc00511 levels in LUAD tissues and cells. The proliferation, apoptosis, migration, and invasion abilities of LUAD cells 
were assessed by a Cell Counting Kit-8 (CCK-8) assay, a colony formation assay, flow cytometry, and a Transwell assay. 
Changes in hsa_miR-126-5p, hsa_miR-218-5p, and COL1A1 expression were analyzed using western blotting and 
RT–qPCR. Targeted binding between miR-126-5p/miR-218-5p and Linc00511 or COL1A1 was verified with a luciferase 
reporter system and confirmed by an RNA pulldown assay. The participation of the PI3K/AKT signaling pathway was 
confirmed via western blotting. Xenograft animal experiments were performed to detect the impact of Linc00511 on 
LUAD tumor growth in vivo.

Results: In the present work, we observed that Linc00511 was upregulated in LUAD tissues and cells. Loss/gain-of-
function experiments indicated that knockdown of Linc00511 significantly inhibited LUAD cell proliferation, migration 
and invasion and promoted LUAD cell apoptosis, whereas overexpression of Linc00511 showed the opposite effects. 
In addition, we determined that Linc00511 promoted COL1A1-mediated cell proliferation and cell motility by spong-
ing miR-126-5p and miR-218-5p. Moreover, Linc00511 activated the PI3K/AKT signaling pathway through upregula-
tion of COL1A1. Finally, silencing of Linc00511 inhibited LUAD tumor growth in vivo.

Conclusions: Linc00511 acts as a competing endogenous RNA to regulate COL1A1 by targeting miR-126-5p and 
miR-218-5p, thereby promoting the proliferation and invasion of LUAD cells.

Keywords: Linc00511, Lung adenocarcinoma, miR-126-5p, miR-218-5p, COL1A1, Proliferation/metastasis

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
As a highly malignant tumor, lung cancer is a serious 
threat to people’s health and life [1]. Epidemiological 
investigations have indicated the increasing prevalence of 
lung cancer in the twenty-first century, and it has become 
one of the common causes of cancer-related death 
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worldwide [2]. Lung cancer can be classified as small cell 
lung cancer and non-small-cell lung cancer (NSCLC) 
depending on its histopathological features [3]. Among 
lung cancer, lung adenocarcinomas (LUAD) are the most 
prevalent histological subtype of NSCLC, accounting 
for approximately 40% of cases [4]. Despite the current 
advances in clinical treatment, lung adenocarcinoma 
remains a refractory disease due to the difficulty of its 
surgical resection and its profound distant metastasis 
capacity, poor prognosis, and frequent recurrence [5]. 
The process of LUAD occurrence and development is 
extremely complicated, and the mechanisms that induce 
metastasis remain unclear. Consequently, exploring the 
underlying mechanisms of tumor progression and metas-
tasis and seeking out new metastasis-related targets in 
LUAD are urgent and needed.

In recent years, the noncoding regions of the genome 
have been implicated in playing crucial roles in differ-
ent types of diseases. Long noncoding RNAs (lncRNAs), 
a novel group of non-protein-coding transcripts, exceed 
200 nucleotides in length [6]. LncRNAs, usually by epi-
genetic, transcriptional, and posttranscriptional mecha-
nisms, play critical roles in multiple biological processes 
related to tumor cell growth, apoptosis, invasion, and 
metastasis [7]. Furthermore, as key regulators of tumo-
rigenesis and cancer progression, many kinds of lncR-
NAs have been observed to be related to the progression 
of LUAD. For instance, LINC00673-v4 promotes LUAD 
invasiveness by activating WNT/β-catenin signaling [8]. 
LINC00472 regulates cellular mechanical properties and 
inhibits LUAD cell migration and invasion by binding 
to YBX1 [9]. The competing endogenous RNA (ceRNA) 
role is a common role played by lncRNAs and must be 
considered when elucidating the mechanism of action 
of lncRNAs. In the present study, we hypothesized that 
Linc00511 acts as a ceRNA to increase COL1A1 expres-
sion by targeting miR-126-5p or miR-218-5p, which in 
turn drives LUAD cell growth, migration, and invasion.

Linc00511 behaves as an oncogene, affecting tumor 
volume and tumor metastasis and contributing to poor 
survival rates. Linc00511 was found to be enriched in 
gastric cancer [10], breast cancer [11] and NSCLC 
[12] tissues and cell lines and to mediate cell prolifera-
tion, invasion, metastasis, and apoptosis. Linc00511 
can act as a “sponge” for miR-185-3p, targeting E2F1 
and promoting breast cancer tumorigenesis [11]. In 
gastric cancer, Linc00511 acts as a ceRNA by adsorb-
ing miR-515-5p to boost gastric cancer cell growth and 
invasion [10]. Previous studies have indicated that dif-
ferential Linc00511 expression is notably correlated 
with LUAD patient prognosis [13]. Although previous 
studies have revealed the molecular mechanism and 
biological function of Linc00511 in cancers, its specific 

role in LUAD is still worth exploring. Therefore, we 
selected Linc00511 as our research focus and continued 
to investigate the underlying molecular mechanism of 
its impact on LUAD.

CeRNAs are often thought of as functional mediators 
between lncRNAs and mRNAs, interacting with the 
same microRNAs (miRNAs) and mediating new “lan-
guages” for communication [14]. MiRNAs have promis-
ing applications in the development of LUAD therapies. 
MiRNAs can precisely interact with the 3’-untrans-
lated regions of mRNAs to posttranscriptionally regu-
late gene expression [15]. Some miRNAs can not only 
take part in tumor cell proliferation and metastasis but 
also be considered prognostic factors in LUAD [16]. 
Current works have shown that both miR-126-5p and 
miR-218-5p play biological roles in cancers through a 
ceRNA mechanism. For example, the lncRNA PVT1-5 
functions as a ceRNA of miR-126-5p to boost lung can-
cer cell proliferation by activating miR-126-5p/SLC7A5 
signaling [17]. However, to date, there is a lack of sys-
tematic studies on miR-126-5p and miR-218-5p expres-
sion levels in LUAD and their mechanisms of action. 
Collagen type I alpha 1 chain (COL1A1) is confirmed 
to be an extracellular matrix protein that is overex-
pressed in many types of malignant tumors, including 
lung, breast, and colorectal tumors [18–20]. In addi-
tion, differential expression of COL1A1 predicts poor 
clinical outcomes (e.g., lymph node metastasis) in lung 
squamous cell carcinoma patients [21]. Thus, COL1A1 
is considered a prognostic marker for lung tumors and 
a potential therapeutic target. It is the basis for the 
inhibition of cancer cell survival and metastasis. How-
ever, the potential molecular mechanism of COL1A1 in 
LUAD needs to be clarified.

The research presented here, consistent with previous 
results, showed that Linc00511 expression was greatly 
increased in LUAD tissues and cell lines. Silencing 
Linc00511 inhibited LUAD cell proliferation, migration, 
and invasion. Interestingly, Linc00511 acted as a sponge 
of miR-126-5p and miR-218-5p, targeting COL1A1 
and thus playing an initiating role in LUAD patho-
genesis. Further studies on the downstream targets 
of Linc00511 in LUAD demonstrated that Linc00511 
participated in activating the phosphatidylinositol 
3-kinase/AKT (PI3K/AKT) signaling pathway in cells 
to induce the malignant progression of LUAD. The bio-
logical role of Linc00511 in LUAD tumor growth was 
examined in  vivo in a xenograft tumor model, and its 
detailed interactions with miR-126-5p, miR-218-5p, 
and COL1A1 were further identified. In conclusion, 
Linc00511 exerts a crucial effect on the initiation and 
prognosis of LUAD and is a promising diagnostic and 
prognostic biomarker.



Page 3 of 15Wang et al. BMC Pulmonary Medicine          (2022) 22:272  

Materials and methods
Clinical tissue acquisition
LUAD tissues and adjacent normal tissues were 
obtained from Shengjing Hospital of China Medical 
University, and each participant signed an informed 
consent form. The inclusion criteria were as follows: 
(1) all patients were pathologically diagnosed with lung 
adenocarcinoma; (2) no patient received any chemo-
therapy or radiotherapy before surgery; and (3) all 
patients had complete clinicopathological data avail-
able. Tissues were frozen in liquid nitrogen and stored 
in a − 80 °C freezer.

Cell culture
Two LUAD cell lines (A549 and PC9) and one normal 
bronchial epithelial cell line (BEAS-2B) were obtained 
from the Cell Bank of the Chinese Academy of Sciences 
(Kunming, China). All cell lines were cultured in RPMI 
1640 medium (Gibco, USA) supplemented with 10% fetal 
bovine serum (FBS; Invitrogen) and 1% penicillin/strep-
tomycin (Gibco, USA) in an atmosphere of 5%  CO2 at 
37 °C.

Cell transfection
Linc00511 small interfering RNAs (si-linc00511 #1 
and si-linc00511 #2) and the corresponding siRNA 
control (si-nc), miR-126-5p or miR-218-5p mimics/
inhibitors and their corresponding controls (miR-NCs) 
were synthesized by GenePharma (Shanghai, China). 
The Linc00511 and COL1A1 sequences were inserted 
into the pcDNA3.1 vector (Invitrogen) to overexpress 
Linc00511 and COL1A1 (pcDNA3.1-linc00511, oe-
linc00511; pcDNA3.1-COL1A1, COL1A1), and the 
empty pcDNA3.1 vector was applied as the negative 
control (oe-nc; vector). Cells were seeded (5 ×  104 cells/
well) in 24-well plates. Transfection was performed with 
Lipofectamine 3000 transfection reagent (Invitrogen) 
according to the manufacturer’s protocol. RT–qPCR 
analysis was performed to assess the transfection effi-
ciency. Forty-eight hours after transfection, cells were 
harvested and used in subsequent experiments.

Adenovirus construction and infection
Both the empty adenoviral vector (Ad-sh-NC) and the 
Linc00511-specific small hairpin RNA (Ad-sh-linc00511) 
were provided by Hanbio Technology Ltd. (Shang-
hai, China) and transduced into A549 cells. COL1A1 
overexpression lentiviral vectors (Ad-COL1A1) and 
its corresponding negative control vectors (Ad-NC) 
were provided by GenePharma (Shanghai, China). The 
adenovirus titer was approximately 1 ×  1010 PFU/mL. 

Adenoviruses were transduced at a high multiplicity of 
infection (MOI; 100).

Cell proliferation assay
A Cell Counting Kit-8 (CCK-8) assay was performed 
to evaluate the cell proliferation capacity. Transfected 
and nontransfected cells were inoculated into 96-well 
plates (2 ×  103 cells/well) and maintained in RPMI-1640 
medium for 24, 48, and 72  h. Subsequently, the cells 
in each well were treated with 10 µL of CCK-8 reagent 
(Sigma–Aldrich) for 4 h. Finally, the absorbance of each 
well was quantified at 450  nm in a microplate reader 
(BioTek Instruments).

Colony formation assay
For the colony formation assay, each group of cells was 
seeded into 6-well plates at a low density of 500 cells/well 
and cultured for 10 days [22]. Then, the cells were stained 
using 0.5% crystal violet solution (Sigma). After rins-
ing the cells to clean them, digital images were acquired 
under a microscope (Olympus Inc.), and visible colonies 
were counted.

Apoptosis assay
The apoptosis rate was determined using an Annexin 
V-PE/7-AAD apoptosis detection kit (RiboBio, China). 
Transfected A549 and PC9 cells were inoculated into 
6-well plates at a high density (2 ×  105 cells/well) accord-
ing to the manufacturer’s instructions. After 72 h of incu-
bation, cells were collected and stained with Annexin 
V PE and 7-AAD. The stained cells were examined in a 
FACScan flow cytometer (Agilent, China).

Transwell assays
To assess cell invasion and migration abilities, we carried 
out Transwell assays. The migration assay was performed 
using a 24-well Transwell chamber (Cambridge, MA) 
according to the manufacturer’s instructions. A total 
of 1 ×  105 transfected A549 and PC9 cells were resus-
pended in suitable serum-free medium and then seeded 
separately in the upper compartments of 24-well Tran-
swell plates. Then, 600 µL of culture medium containing 
10% serum was added to the lower compartments. After 
24 h of incubation, the cells on the lower surface of the 
membrane were fixed and stained with 1% crystal vio-
let, and images of five random fields were then acquired 
under a microscope to observe and count the stained 
cells. For the invasion assay, 5 ×  105 A549 and PC-9 cells 
were seeded into the upper compartments containing a 
Matrigel (BD Biosciences)-coated membrane; the other 
steps were similar to those in the migration assay.
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Gene Ontology enrichment analysis
The online database TargetScan (http:// www. targe 
tscan. org/) and the Encyclopedia of RNA Interac-
tomes (ENCORI; starBase v2.0; http:// starb ase. sysu. 
edu. cn/) were adopted to predict the binding sequences 
of Linc00511, miR-126-5p and miR-218-5p. Then, the 
overlapping miR-126-5p and miR-218-5p target genes in 
LUAD cells were subjected to Gene Ontology (GO) anal-
ysis, and the results were visualized with Jvenn (http:// 
jvenn. toulo use. inra. fr/ app/ examp le. html).

Dual luciferase reporter assay
The pmirGLO plasmid (Promega, USA) was used to con-
struct the Linc00511 and COL1A1 wild-type luciferase 
reporter vectors (Linc00511-WT and COL1A1-WT) 
and their corresponding mutants (Linc00511-MUT and 
COL1A1-MUT). These luciferase reporter vectors were 
cotransfected with the miR-126-5p mimic, miR-218-5p 
mimic, or miR-NC into A549 cells. After 48 h, luciferase 
activity was measured with a dual luciferase reporter sys-
tem (Promega, USA).

RNA pull‑down assay
MiR-126-5p, miR-218-5p, and miR-NC were biotin-
labeled to generate the Bio-miR-126-5p, Bio-miR-218-5p, 
and Bio-NC constructs, which were transfected into cells. 
Forty-eight hours after transfection, cells were harvested 
and lysed. Cell lysates were processed with an appropri-
ate amount of Dynabeads M-280 Streptavidin (Invitro-
gen, CA) for 2 h to allow streptavidin-biotin binding and 
were then eluted with biotin elution buffer (20 mM Tris-
HCl (pH 7.4), 400 mM KCl, 0.5% NP-40, 5 mM biotin, 
and 80 U/mL RNase inhibitor). Finally, the biotin-cou-
pled RNA complexes were precipitated and subjected to 
RT–qPCR to analyze the enrichment of the target genes.

Western blotting
Total protein was extracted from cells with RIPA lysis 
buffer (Beyotime, P0013B, China) containing 50 mM Tris 
(pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium 

deoxycholate, 0.1% SDS, and various inhibitors (sodium 
orthovanadate, sodium fluoride, EDTA, leupeptin, 
etc.), and then quantified with a BCA Protein Assay Kit 
(Thermo Scientific, USA). A 30  µg denatured protein 
sample was separated by 10–12% SDS–PAGE and was 
then transferred to PVDF membranes (Millipore). After 
blocking in 5% nonfat milk for 2 h at room temperature, 
the membranes were incubated with primary antibodies 
specific for COL1A1 (1:1000, Abcam, UK), PI3K (1:500, 
Abclonal Technology, USA), p-PI3K (1:500, Abclonal 
Technology, USA), AKT (1:500, Abclonal Technology, 
USA), and p-AKT (1:500, Abclonal Technology, USA) 
overnight at 4  °C. Thereafter, incubation with the sec-
ondary antibody was conducted for an additional 1 h at 
room temperature. Finally, an ECL reagent was employed 
for protein visualization (Millipore, USA). GAPDH was 
employed as the internal control.

RT–qPCR
We utilized TRIzol reagent (Gibco-BRL, USA) to selec-
tively extract total RNA from tissues or cells, and first-
strand cDNA was then synthesized using a PrimeScript™ 
RT Master Mix Kit (TaKaRa, Shiga, Japan). RT–qPCR 
was conducted with a commercial SYBR Premix Dimer 
Eraser Kit (Takara, China), and the target mRNA and 
miRNA levels were measured in an ABI 7500 PCR instru-
ment (Applied Biosystems) according to the manu-
facturer’s recommendations. U6 (for miR-126-5p and 
miR-218-5p) and GAPDH (for Linc00511 and COL1A1) 
were used as the internal controls. The fold changes in 
the expression of the target genes were measured by the 
 2−∆∆Ct method. The sequences of the primers used in this 
study are shown in Table 1.

Tumor xenograft models
All animal studies were performed strictly accord-
ing to a protocol approved by the Ethics Committee of 
Shengjing Hospital of China Medical University. BALB/c 
nude mice (male, 4 to 8 weeks old, weighing 18–20  g) 
were obtained from Shanghai SLAC Laboratory Animal 

Table 1 Sequences for real-time quantitative polymerase chain reaction

Gene Sequence

Forward Reverse

Linc00511 5′-CTA ACA AGA GGG TAA GTG TCAG-3′ 5′-AAG TCG ACA ACC CCA TCG TTAC-3′

miR-126-5p 5′-GGT ATA ATC CGC CGC TTA GCT GCC -3′ 5′-GTG CAG GGT TGC AAGGT-3′

miR-218-5p 5′-AAC ACG AAC TAG ATT GGT ACA-3′ 5′-AGT CTC AGG GTC CGA GGT ATTC-3′

COL1A1 5′-GAG GGC CAA GAC GAA GAC ATC-3′ 5′-CAG ATC ACG TCA TCG CAC AAC-3′

GAPDH 5′-AAT GGA TTT GGA CGC ATT GGT-3′ 5′-TTT GCA CTG GTA CGT GTG TTGAT-3′

U6 5′-CTC GCT TCG GCA GCACA-3′ 5′-AAC GCT TCA CGA ATT TGC GT-3′

http://www.targetscan.org/
http://www.targetscan.org/
http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/
http://jvenn.toulouse.inra.fr/app/example.html
http://jvenn.toulouse.inra.fr/app/example.html
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Co., Ltd. (Shanghai, China). For each group (six male 
mice), A549 cells transfected with Ad-sh-NC, Ad-NC, 
Ad-sh-linc00511 or Ad-COL1A1 were resuspended in 
PBS and then inoculated subcutaneously into BALB/c 
mice at a viable cell density of 1 ×  107 cells/mL. Mice 
were randomly divided into three groups: the Ad-sh-
NC group, Ad-sh-linc00511 + Ad-NC group and Ad-
sh-linc00511 + Ad-CLO1A1 group. One week after 
injection, tumor size and volume were monitored once 
every four days by measuring the tumors in two dimen-
sions—width (W) and length (L)—using an electronic 
caliper. Tumor volumes were estimated with the fol-
lowing formula: V =  (W2 × L)/2. All mice were eutha-
nized on Day 27 with a  CO2 overdose, and the xenograft 
tumors were excised.

Statistical analysis
Study measurements are expressed as the means ± SDs, 
and all assays were performed in triplicate. Statistical dif-
ferences between two or among multiple groups were 
determined using Student’s t test or one-way ANOVA, 
respectively. Statistical analyses of gene or protein 
expression data were carried out via SPSS 21.0 statistical 
software (SPSS Inc., Chicago, IL), and graphs were gen-
erated in Prism software (GraphPad, Version 8.1.1, CA, 
USA). A P value of less than 0.05 was considered the cri-
terion for statistical significance.

Results
The Linc00511 level is increased in lung adenocarcinoma 
tissues and cells
To verify whether Linc00511 is associated with LUAD, 
we first detected abnormal Linc00511 expression in 

35 paired LUAD tissues and matched nontumor surgi-
cal lung tissues by RT–qPCR. The data revealed that 
Linc00511 had high expression in LUAD tissues com-
pared with the paired normal tissues (Fig.  1A). In 
addition, the relative Linc00511 expression level was sig-
nificantly increased in A549 and PC9 cells compared with 
BEAS-2B bronchial epithelial cells (Fig. 1B). These results 
suggest that the differential expression of Linc00511 
might be closely associated with LUAD progression and 
tumorigenesis.

Silencing Linc00511 suppresses cell proliferation, 
migration and invasion and promotes apoptosis
There are numerous previous reports in the literature 
demonstrating that Linc00511 could regulate tumor cell 
proliferation, apoptosis, migration, and invasion [23, 24]. 
To determine whether Linc00511 plays a positive role in 
the pathogenesis of LUAD, we transfected A549 and PC9 
cells with si-linc00511 to specifically silence Linc00511 
expression. Here, we designed loss-of-function assays to 
evaluate the effects of Linc00511 on the biological behav-
iors of tumor cells. The RT–qPCR results showed that both 
si-linc00511 #1 and si-linc00511 #2 exhibited good knock-
down efficiency, suggesting that the cells were efficiently 
transfected (Fig. 2A). However, si-linc00511 #1 significantly 
downregulated the relative Linc00511 expression level by 
as much as 64%. Therefore, we selected si-linc00511 #1 for 
the next experiments. The colony formation and CCK-8 
assays showed that downregulation of Linc00511 signifi-
cantly decreased the cell proliferation and colony forma-
tion abilities of both A549 and PC9 cells relative to those in 
the blank control groups (Fig. 2B, C). Flow cytometric anal-
ysis showed that Linc00511 knockdown markedly elevated 

Fig. 1 Linc00511 is upregulated in lung adenocarcinoma tissues and cells. A The relative expression of Linc00511 in lung adenocarcinoma tissues 
and adjacent normal tissues (n = 35) was measured by RT–qPCR. B RT–qPCR was used to measure the relative Linc00511 levels in BEAS-2B, A549 
and PC9 cells. *P < 0.05, **P < 0.01, ***P < 0.001 versus normal or BEAS-2B cells
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apoptosis in PC9 and A549 cells, which confirmed the 
antitumor roles of si-linc00511 (Fig. 2D). However, evident 
decreases in the migration and invasion abilities of A549 
and PC9 cells transfected with si-linc00511 were observed 
compared with those of control cells (Fig.  2E, F). These 
results suggest that upregulation of Linc00511 enhances 
the malignancy of LUAD, indicating that Linc00511 plays a 
vital role in the development of LUAD as a pro-oncogenic 
factor.

Overexpression of Linc00511 contributes to maintaining 
malignant biological behaviors of LUAD cells
After determining the effects of Linc00511 silencing 
in LUAD cells, we further generated LUAD cells with 

overexpression of Linc00511 by introducing pcDNA3.1-
Linc00511 (labeled oe-linc00511; with empty vector 
(labeled oe-nc) as the control) into A549 and PC9 cells. 
As shown in Fig. 3A, transfection of the Linc00511 over-
expression vector effectively increased the relative level 
of Linc00511 in both LUAD cell lines. Furthermore, the 
CCK-8 assay showed that Linc00511 overexpression sub-
stantially enhanced the proliferation and viability of A549 
and PC9 cells (Fig. 3B, C). Similarly, for both A549 and 
PC9 cells, the colony formation rate was higher in the 
oe-linc00511 group than in the oe-nc group (Fig.  3D, 
E). Based on Transwell assays, we also observed that 
Linc00511 overexpression enhanced the invasive and 
migratory abilities of A549 and PC9 cells, as evidenced 

Fig. 2 Linc00511 downregulation inhibits LUAD cell proliferation, migration, and invasion and promotes LUAD cell apoptosis. A The Linc00511 
knockdown efficiency in A549 and PC9 cells was determined by RT–qPCR. The proliferation and viability of A549 and PC9 cells after silencing 
Linc00511 was evaluated by CCK-8 (B) and colony formation assays (C). D The impact of Linc00511 silencing on A549 and PC9 cell apoptosis was 
assessed by flow cytometric analysis. Transwell assays were used to verify the changes in the migratory (E) and invasive (F) abilities of A549 and PC9 
cells after Linc00511 knockdown. *P < 0.05, **P < 0.01, ***P < 0.001 versus si-nc, Scale bars, 50 μm
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by the increased number of migrating and invading cells 
of both cell lines (Fig. 3F–I). The above results imply that 
overexpression of Linc00511 could enable invasive LUAD 
cells to acquire enhanced proliferative and metastatic 
abilities.

MiR‑126‑5p and miR‑218‑5p act as targets of Linc00511
Linc00511 could perform its function by sponging 
related miRNAs, thereby influencing the degradation 

or translation of their target genes. To further discover 
the mechanism of Linc00511 in LUAD, we first identi-
fied nine candidate miRNAs stably expressed in LUAD 
(miR-101-5p, miR-126-5p, miR-218-5p, miR-3173-3p, 
miR-4795-3p, miR-483-3p, miR-570-3p, miR-597-5p 
and miR-937-5p) through a systematic literature 
screen and bioinformatics tools. After knockdown of 
Linc00511, the levels of these nine candidate miRNAs 
were verified by RT–qPCR to identify the differentially 

Fig. 3 Linc00511 overexpression enhances the proliferation, migration and invasion of LUAD cells. A The relative expression of Linc00511 in 
A549 and PC9 cells transfected with oe-nc and oe-lin00511 was determined by RT–qPCR. B–E The proliferation ability of A549 and PC9 cells after 
overexpression of Linc00511 was examined by a CCK-8 assay (B, C) and a colony formation assay (D, E). F–I Transwell assays were performed 
to determine the changes in the migratory (F, G) and invasive (H, I) abilities of A549 and PC9 cells after Linc00511 overexpression. **P < 0.01, 
***P < 0.001 versus oe-nc
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expressed miRNAs. Further results showed that two 
miRNAs (miR-126-5p and miR-218-5p) were signifi-
cantly differentially expressed after Linc00511 was 
silenced (Fig.  4A). It was preliminarily hypothesized 
that Linc00511 has the potential to regulate miR-
126-5p and miR-218-5p. We performed bioinformatic 
analysis of Linc00511 with the TargetScan database 
and found that miR-126-5p and miR-218-5p have sev-
eral potential binding sites for Linc00511 (Fig. 4B). To 
confirm this prediction, we performed a dual lucif-
erase reporter assay in A549 cells. As shown in Fig. 3C, 

miR-126-5p and miR-218-5p decreased the luciferase 
activity of Linc00511-WT but had no influence on the 
luciferase activity of Linc00511-MUT, implying that 
Linc00511 can bind directly to miR-126-5p and miR-
218-5p (Fig.  4C). Likewise, the RNA pulldown assay 
revealed that Linc00511 was enriched in the Biotin-
miR-126-5p-WT and Biotin-miR-218-5p-WT samples 
but not in the Biotin-miR-126-5p-MUT, Biotin-miR-
218-5p-MUT, and Biotin-nc samples (Fig. 4D). To ver-
ify whether miR-126-5p or miR-218-5p is associated 
with LUAD progression, we examined the miR-126-5p 

Fig. 4 Linc00511 interacts with miR-126-5p and miR-218-5p. A After Linc00511 knockdown, the levels of nine differentially expressed miRNAs 
in lung adenocarcinoma were determined by RT–qPCR. B The potential targeting sequences of miR-126-5p and miR-128-5p in Linc00511 were 
predicted, and a schematic of the wild-type and mutant Linc00511 constructs is shown. C Dual luciferase reporter vectors were used to test 
whether Linc00511 directly binds to miR-126-5p and miR-218-5p. Luciferase activity was measured in A549 cells cotransfected with Linc00511-WT 
or Linc00511-MUT and the miR-126-5p mimic or miR-218-5p mimic. D An RNA pulldown assay revealed the interactions of Linc00511 with 
miR-126-5p and miR-218-5p. E Measurement of miR-126-5p and miR-218-5p mRNA levels in BEAS-2B, A549, and PC9 cells. **P < 0.01, ***P < 0.001 
versus the si-nc, miR-NC, BEAS-2B, or Biotin-nc group
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and miR-218-5p expression levels in LUAD cells. The 
RT–qPCR data also showed that the relative levels of 
miR-126-5p and miR-218-5p were markedly lower in 
A549 and PC-9 cells than in normal cells (Fig. 4E) and 
that the trends in their expression were opposite that 
of Linc00511 in LUAD. Collectively, these data sug-
gested that Linc00511 acts as a molecular sponge for 
miR-126-5p and miR-218-5p in LUAD to inhibit their 
function.

Linc00511 upregulates COL1A1 expression 
through competitive binding to miR‑126‑5p or miR‑218‑5p
To further analyze the regulatory network of Linc00511, 
the downstream targets of miR-126-5p and miR-218-5p 
were predicted using the TargetScan web server and 
starBase v2.0. The intersection of the mRNAs predicted 
by both databases was determined, and Venn diagrams 
of those mRNAs were generated (Fig.  5A). Functional 
enrichment analysis of the overlapping mRNAs showed 
that these mRNAs mediated many biological processes, 
mainly signal transduction, intercellular communication, 
nucleobase regulation, and cell growth or maintenance 
(Fig. 5B). Bioinformatic analysis showed that the COL1A1 
3’-UTR contains binding sites for miR-126-5p and miR-
218-5p (Fig.  5C), consistent with previous studies [25]. 
To verify the endogenous mutual interactions between 
COL1A1 and both miR-126-5p and miR-218-5p, we con-
structed COL1A1 3’-UTR WT and COL1A1 3’-UTR 
MUT plasmids. The dual luciferase reporter assay results 
showed that the luciferase activity of COL1A1 3’-UTR 
WT was significantly reduced after cotransfection with 
the miR-126-5p mimic or miR-218-5p mimic (P < 0.001), 
whereas COL1A1 3’-UTR MUT was not affected 
(Fig.  5D). Similarly, the RNA pulldown assay confirmed 
the binding relationships between COL1A1 and both 
miR-126-5p and miR-218-5p (Fig.  5E). In addition, we 
verified the upregulation of COL1A1 expression in LUAD 
cell lines, with PC9 cells exhibiting the highest COL1A1 
expression (Fig.  5F). To further explore the existence of 
specific crosstalk among Linc00511, COL1A1 and miR-
126-5p or miR-218-5p, we transfected si-nc, si-linc00511, 
anti-nc + si-linc00511, anti-miR-218-5p + si-linc00511 
or anti-miR-126-5p + si-linc00511 into A549 cells. The 
RT–qPCR and western blot results showed that knock-
down of Linc00511 significantly suppressed the relative 
COL1A1 mRNA and protein expression but miR-126-5p 
or miR-218-5p downregulation rescued the Linc00511 
silencing-mediated reductions in COL1A1 mRNA and 
protein expression (Fig.  5G, H). These results suggested 
that COL1A1 is a target of miR-126-5p and miR-218-5p 
and that Linc00511 can regulate COL1A1 expression in 
LUAD via miR-126-5p or miR-218-5p.

COL1A1 overexpression reverses the effect of Linc00511 
silencing on LUAD progression
To confirm whether COL1A1 can interact with 
Linc00511 to participate in LUAD progression, the 
COL1A1 overexpression vector (COL1A1) or empty 
vector was transfected into A549 and PC9 cells. The 
RT–qPCR results showed that overexpressing COL1A1 
increased the relative COL1A1 mRNA expression levels 
by more than 2.5-fold and that the transfection efficiency 
was higher in A549 cells (Fig.  6A). We next performed 
rescue experiments in which A549 and PC9 cells were 
transfected with si-nc, si-linc00511, si-linc00511 + vec-
tor, or si-linc00511 + COL1A1. CCK-8 and colony for-
mation assays showed that compared to that of cells in 
the si-nc group, the proliferation capacity of cells in the 
si-linc00511 and si-linc00511 + vector groups was signifi-
cantly reduced, while this effect was reversed by upregu-
lation of COL1A1 (Fig. 6B, C). In addition, the promoting 
effects of Linc00511 knockdown on apoptosis, migration, 
and invasion were reversed by COL1A1 overexpression 
(Fig. 6D–F). Several studies have indicated that the PI3K/
AKT pathway is aberrantly activated in lung cancer and 
controls core cellular functions [26]. Both lncRNAs and 
COL1A1 are associated with the regulation of miRNA 
expression or PI3K/AKT signaling pathway activity in 
cancer [27]. The PI3K and AKT phosphorylation lev-
els were reduced in the si-linc00511 group compared to 
the si-nc group, while COL1A1 overexpression partially 
rescued the reductions in the p-PI3K and p-AKT pro-
tein levels caused by Linc00511 depletion (Fig. 6G). Our 
results suggested that Linc00511 silencing may retard 
LUAD progression by regulating COL1A1 and that 
Linc00511 regulation involves activation of the PI3K/
AKT signaling pathway in LUAD cells.

Linc00511 promotes tumor growth in vivo
To further elucidate how Linc00511 affects tumor growth 
in  vivo, we subcutaneously injected A549 cells stably 
transfected with Ad-sh-NC, Ad-sh-linc00511 + Ad-NC 
or Ad-sh-linc00511 + Ad-COL1A1 into the right flank of 
nude mice to establish a xenograft model. After injection, 
the tumor volume and size were measured once every 
four days. After 27 days, the tumor volume and weight 
in the Ad-sh-linc00511 + Ad-NC group were decreased 
compared with those in the Ad-sh-NC group due to 
downregulation of Linc00511 (Fig.  7A–C). However, as 
the data showed for the Ad-sh-linc00511 + Ad-COL1A1 
group, COL1A1 overexpression partially reversed this 
reduction. The above experimental results indicated that 
silencing Linc00511 expression could inhibit malignant 
progression in nude mice and further verified the value of 
the Linc00511/COL1A1 axis in vivo.
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Fig. 5 Linc00511 regulates COL1A1 expression by targeting miR-126-5p or miR-218-5p. A The Venn diagram shows the overlapping genes 
coregulated by miR-126-5p and miR-218-5p that were predicted by the TargetScan and starBase databases. B Gene ontology (GO) enrichment 
analysis of miR-126-5p and miR-218-5p target genes. C Prediction of miR-126-5p and miR-218-5p binding sites in the COL1A1 mRNA 3’-UTR. D Dual 
luciferase reporter vectors were used to verify the interactions of miR-126-5p and miR-218-5p with COL1A1. E An RNA pulldown assay confirmed 
the relationships between COL1A1 and both miR-126-5p and miR-218-5p. F The relative COL1A1 expression levels were examined in BEAS-2B, 
A549 and PC9 cells by RT–qPCR. G COL1A1 mRNA and H protein expression in A549 cells transfected with si-linc00511, anti-nc + si-linc00511, 
anti-miR-218-5p + si-linc00511, or anti-miR-126-5p + si-linc00511. **P < 0.01, ***P < 0.001 versus the miR-NC, BEAS-2B or Biotin-nc group; #P < 0.05 
versus the si-linc00511 + anti-nc group
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Discussion
Asymptomatic growth and long-distance migration are 
important obstacles to improving the poor prognosis of 
LUAD; therefore, there is a crucial need to explore the 
potential regulatory mechanisms and to find new molecu-
lar therapeutic targets for LUAD. Numerous reports have 
shown that abnormally expressed lncRNAs are involved in 
several cancer-related processes, such as cell proliferation, 
apoptosis, metastasis, and metabolism. In addition, certain 
lncRNAs have been identified as specific to developmental 
stages, disease types, and tissues. Competing endogenous 
RNAs (ceRNAs) competitively bind to the same miRNA, 
reversing the inhibitory effect of the miRNA on its target 
mRNA; this phenomenon is called the ceRNA mechanism. 
Correspondingly, the discovery of ceRNAs has enhanced 
our knowledge of the molecular mechanisms underlying 
cancer development and progression. LncRNAs acting as 
ceRNAs have structures similar to those of mRNAs and 
act as target genes for miRNAs to regulate the expres-
sion of protein-coding genes [28]. Current studies indicate 
that lncRNAs can be involved in LUAD development and 
progression through ceRNA regulatory mechanisms. For 
example, LncRNA-XIST can promote CBLL1 expression 
by binding to miR-212-3p, which in turn promotes NSCLC 
cell proliferation and invasion [29]. Therefore, further study 
of the links between tumorigenesis and lncRNAs will con-
tribute to a better understanding of cancers.

Linc00511, a newly discovered lncRNA, is involved in 
the development of numerous cancers through the ceRNA 
mechanism and is associated with poor prognosis in can-
cers. In gastric cancer, Linc00511 promotes progression 
by sponging miR-124-3p and thus targeting PDK4 [30]. 
Linc00511 can suppress miR-185-3p expression and target 
E2F1 protein expression, which in turn promotes osteosar-
coma cell proliferation and migration [11]. Similar results 
were observed in cervical cancer, in which Linc00511 could 
act as a ceRNA to regulate the miR-324-5p/DRAM1 axis, 
which had positive associations with tumor malignancy 
and poor prognosis [31]. These results provide direct evi-
dence for the potential oncogenic role of Linc00511 in 
tumors. Previously, it was reported that Linc00511 was 
highly expressed in LUAD tissues and cells and was posi-
tively correlated with poor patient prognosis. Furthermore, 
Linc00511 was reported to act as a ceRNA of miR-625-5p 
to increase PKM2 expression and promote LUAD cell 
proliferation, migration, and invasion [13]. We verified 

that Linc00511 expression is upregulated in LUAD. We 
also found that knockdown of Linc00511 inhibited LUAD 
cell proliferation, migration, and invasion in vitro. In fact, 
gain-of-function studies revealed that increased Linc00511 
expression enhanced the malignant phenotype of LUAD 
cells.

Determining the molecular mechanism of Linc00511 in 
LUAD will facilitate the exploration of effective therapeu-
tic strategies. Numerous studies on lncRNAs have proven 
that lncRNAs can simultaneously interact with multiple 
miRNAs. With the help of the TargetScan database, we 
found that miR-126-5p and miR-218-5p have binding sites 
for Linc00511. Previous reports have suggested that miR-
126-5p is expressed at low levels in lung adenocarcinoma 
tissues and significantly correlates with patient prognosis. 
miR-218-5p was found to be significantly downregulated in 
numerous cancers, including lung, liver, gastric, and blad-
der cancers, thus acting as a tumor suppressor miRNA 
[32–35]. These studies strongly suggest that miR-126-5p 
and miR-218-5p may play a key regulatory role in LUAD 
development. Here, our findings showed that miR-126-5p 
and miR-218-5p were downregulated in LUAD tissues 
and cell lines. After knockdown of Linc00511, the expres-
sion of miR-126-5p and miR-218-5p was upregulated. The 
presence of miR-126-5p or miR-218-5p inhibitors reversed 
the effects of si-linc00511. Our study clearly demonstrated 
the inhibitory effect of Linc00511 on both miR-126-5p and 
miR-218-5p. In brief, Linc00511 participates in crosstalk 
with both miRNAs.

MiRNAs can reduce gene expression by base-pairing 
with the 5’-UTR or 3ʹ-UTR of their target mRNAs. 
By further exploring the downstream targets of 
Linc00511/miR-126-5p or miR-218-5p, we found using 
TargetScan and the starBase database that COL1A1 
directly targets miR-126-5p and miR-218-5p, consist-
ent with earlier studies [25]. Preclinical studies have 
shown that COL1A1 may be a biomarker for poor 
prognosis in gastric cancer [36]. In addition, COL1A1 
may be a reliable therapeutic target for hepatocellular 
lesions and metastases [37]. COL1A1 has also been 
reported to be associated with hypoxia in NSCLC [38]. 
Our data suggested that overexpression of COL1A1 
reversed the inhibitory effect of Linc00511 knockdown 
on LUAD cell migration and invasion in  vitro. There-
fore, we found that Linc00511 can coregulate COL1A1-
mediated proliferation and metastasis in cooperation 

(See figure on next page.)
Fig. 6 Linc00511 promotes the proliferation, migration and invasion of lung adenocarcinoma cells by regulating COL1A1 expression. A 
Measurement of the COL1A1 overexpression efficiency by RT–qPCR in A549 and PC9 cells. B–F Cell proliferation (B), colony formation (C), 
apoptosis (D), migration (E) and invasion (F) were evaluated in A549 and PC9 cells transfected with si-nc, si-Linc00511, si-Linc00511 + vector or 
si-Linc00511 + COL1A1. G The PI3K, phosphorylated PI3K (p-PI3K), AKT, and phosphorylated AKT (p-AKT) levels were determined by western blot 
analysis in LUAD cells with Linc00511 silencing or forced COL1A1 expression. * P < 0.05, ** P < 0.01, ***P < 0.001 versus the si-nc group; # P < 0.05, ## 
P < 0.01, ###P < 0.001 versus the si-linc00511 + vector group
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Fig. 6 (See legend on previous page.)
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with one or more miRNAs. In fact, additional evidence 
for this hypothesis was found in the work of Zhao 
et  al. [39], where COL1A1 expression was correlated 
with immune infiltration levels in LUAD. At the same 
time, COL1A1 can be regulated by the inflammatory 
response, and its interaction with CD276 can be used 
to reveal the correlation between COL1A1 expres-
sion and the potential mechanism of poor prognosis of 
LUAD. However, this mechanism needs further study. 
Another study on COL1A1 showed that regulation of 
the PI3K-AKT signaling pathway in cancer was asso-
ciated with higher COL1A1 expression levels [27]. 
AKT is activated via PI3K phosphorylation and is sub-
sequently involved in a variety of cellular processes, 
including cell proliferation, inflammation, cell survival 
and glucose metabolism [40]. Inhibition of the PIK3/
AKT pathway is accompanied by increased apoptosis 
and decreased invasiveness of cancer cells. The role of 
Linc00511 as an oncogene driving PI3K/AKT signal-
ing was demonstrated in the work of Wang et al. [41] In 
our study, we confirmed that the PIK3/AKT pathway is 
activated in LUAD, since the p-PI3K and p-AKT levels 
were increased by Linc00511. Mechanistically, upregu-
lation of COL1A1 by Linc00511 led to enhanced PIK3/
AKT pathway activity. From another important aspect, 
this finding revealed the reason that Linc00511 induces 
malignant cell progression in LUAD. Finally, we vali-
dated the effect of Linc00511 on lung adenocarcinoma 
development in  vivo in an animal model. The results 
verified that knockdown of Linc00511 inhibited tumor 
growth and metastasis in nude mice, while COL1A1 
overexpression partially counteracted the tumor sup-
pression mediated by Linc00511 silencing. These 

encouraging results confirmed the specific mechanism 
by which Linc00511 acts as a ceRNA in LUAD (Addi-
tional file 1).

Conclusions
In conclusion, this study demonstrated the potential 
mechanism of overexpressed Linc00511 as an oncogene 
in lung adenocarcinoma via construction of a lncRNA–
miRNA–mRNA network. Our study identified a high 
Linc00511 level in LUAD and found that it was cor-
related with the malignant phenotype of LUAD cells. 
Second, bioinformatic analysis confirmed the targeted 
binding interaction of Linc00511 with miR-126-5p and 
miR-218-5p. Functionally, inhibition of miR-126-5p and 
miR-218-5p counteracted the effect of si-linc00511. Sub-
sequently, we selected COL1A1 as a common target of 
miR-126-5p and miR-218-5p and validated the effective-
ness of the Linc00511/miR-126-5p/miR-218-5p/COL1A1 
axis in LUAD progression by rescue experiments. The 
increased aggressiveness of LUAD was also partly attrib-
uted to activation of the PIK3/AKT pathway via the 
Linc00511/COL1A1 axis. These results demonstrate the 
specific mechanism by which Linc00511 functions as a 
ceRNA sponge of miR-126-5p/miR-218-5p to promote 
COL1A1-mediated LUAD proliferation and metastasis 
and provide a new direction for molecular therapeutic 
strategies for LUAD.
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A549, Ad-sh-linc00511 + Ad-NC/A549 and Ad-sh-linc00511 + Ad-COL1A1/A549. B Tumor growth curves of mice after injection of Ad-sh-NC/A549, 
Ad-sh-linc00511 + Ad-NC/A549 and Ad-sh-linc00511 + Ad-COL1A1/A549. C Tumor weights were measured at the experimental endpoint. ##P < 0.01, 
###P < 0.001 versus the Ad-sh-linc00511 + Ad-NC group; **P < 0.01, ***P < 0.001 versus the Ad-sh-NC group
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