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Abstract 

Background: Lung adenocarcinoma (LUAD) is one of the most common cancers with high morbidity and mortal-
ity worldwide. Long non-coding RNAs (lncRNAs) serve as tumor promoters or suppressors in the development of 
various human malignancies, including LUAD. Although long intergenic non-protein coding RNA 1089 (LINC01089) 
suppresses the progression of breast cancer, its mechanism in LUAD requires further exploration. Thus, we aimed to 
investigate the underlying function and mechanism of LINC01089 in LUAD.

Methods: The expression of LINC01089 in LUAD and normal cell lines was detected. Functional assays were applied 
to measure cell proliferation, apoptosis and migration. Besides, mechanism experiments were employed for assessing 
the interplay among LINC01089, miR-301b-3p and StAR related lipid transfer domain containing 13 (STARD13). Data 
achieved in this study was statistically analyzed with Student’s t test or one-way analysis of variance.

Results: LINC01089 expression was significantly down-regulated in LUAD tissues and cells and its overexpression 
could reduce cell proliferation and migration. Moreover, LINC01089 could regulate STARD13 expression through 
competitively binding to miR-301b-3p in LUAD. Additionally, rescue assays uncovered that STARD13 depletion or 
miR-301b-3p overexpression could countervail the restraining effect of LINC01089 knockdown on the phenotypes of 
LUAD cells.

Conclusion: LINC01089 served as a tumor-inhibitor in LUAD by targeting miR-301b-3p/STARD13 axis, providing an 
innovative insight into LUAD therapies.

Trial registration Not applicable.

Keywords: LINC01089, miR-301b-3p, STARD13, LUAD

© The Author(s) 2021. 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.

Background
Lung cancer, as one of the most common human malig-
nancies, has been identified as the main cause of cancer-
associated death in China and even across the world 
[1, 2]. According to the categorization of lung cancer, it 
can be divided into small cell lung cancer (SCLC) and 

non-small cell lung cancer (NSCLC) on the basis of dif-
ferentiated stages and morphological features [3]. LUAD, 
which has been identified as the most dominant histo-
logical subclass of NSCLC, has high mortality as well 
as metastasis rate [4–6]. In the past few years, great 
improvements have been made in the clinical treat-
ment of LUAD, including anti-PD-1/PD-L1 therapy and 
molecule-targeted therapies [7, 8]. Previous investiga-
tions have indicated that the initiation and progression 
of LUAD involves intricate biological processes that 
include plentiful genetic and epigenetic alterations [9, 
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10]. Although multiple molecular genetic researches have 
been applied in LUAD, the specific molecular mecha-
nisms concerning the progression of LUAD still needs to 
be further elaborated.

Long non-coding RNAs (lncRNAs), which are identi-
fied as a kind of transcripts with exceeding 200 nucleo-
tides in length, have no capability of coding proteins [11]. 
Aberrant expression of lncRNAs has been detected in a 
variety of human cancers, in which ovarian cancer [12], 
colorectal cancer [13] and LUAD [14] are included. More 
importantly, dysregulation of lncRNAs has been mani-
fested to be closely associated with the tumorigenesis 
and development of assorted human tumors. For exam-
ple, MALAT1 knockdown facilitates the metastatic abil-
ity of cells in human breast cancer [15]. Up-regulation 
of LOXL1-AS1 promotes cell proliferation and cell cycle 
by targeting miR-541-3p and CCND1 in prostate can-
cer [16]. LINC01089 is a recently researched lncRNA 
and it has been uncovered to exert anti-tumor func-
tion in breast cancer [17]. However, the possible regula-
tory mechanism and detailed function of LINC01089 in 
LUAD still need to be explored.

Through designing and conducting this study, we 
aimed to investigate the underlying regulatory role of 
LINC01089 in LUAD by implementing a series of func-
tional assays and mechanism assays, which might provide 
a meaningful reference for LUAD treatment.

Methods
Cell lines and plasmid transfection
LUAD cell lines (PC9, H2073, H-1975, A549; ATCC, 
Manassas, VA, USA) and human bronchial epithelial cell 
line (BEAS-2B; ATCC) were cultivated in RPMI 1640 
medium (Gibco, Grand Island, NY, USA) at 37 °C with 5% 
 CO2. The penicillin, streptomycin and 10% fetal bovine 
serum (FBS; Gibco) were used as the medium supple-
ments. PC9 cell line was purchased from Mingzhoubio 
(Ningbo, Zhejiang, China), and other cell lines were all 
bought from ATCC. The catalogue numbers of the cell 
lines are listed as follows: PC9 (MZ-0668); H2073 (CRL-
5918); H-1975 (CRL-5908); A549 (CCL-185); BEAS-2B 
(CRL-9609).

For transfection, A549 and H-1975 cells at 80–90% con-
fluence were seeded into 6-well plates and transfected for 
48 h by using Lipofectamine 3000 kit (Invitrogen, Carls-
bad, CA, USA). Cells stably transfection were screened 
by utilizing G418 and then applied in subsequent 
experiments. The pcDNA3.1/LINC01089, pcDNA3.1/
STARD13 and control (pcDNA3.1), STARD13-spe-
cific shRNAs (sh-STARD13#1/2) and control (sh-NC), 
together with miR-301b-3p mimics/inhibitor and control 
(NC mimics/inhibitor), were all procured from RiboBio 
(Guangzhou, China). In addition, the primary ADC cells 

were used for in vivo assays with HLC as a control in the 
study. The sequences were listed as follows:

sh-NC: 5′-CCG GTT CTT TAA AAA AAA AAT TTG 
TCT CGA GAC AAA TTT TTT TTT TAA AGA ATT 
TTTG-3′,
sh-STARD13#1: 5′-CCG GGA GGG AAA AGG TCA 
TCT TTC TCT CGA GAG AAA GAT GAC CTT TTC 
CCT CTT TTTG-3′,
sh-STARD13#2: 5′-CCG GCA GAT TCA TTA AGA 
GAT GTT ACT CGA GTA ACA TCT CTT AAT GAA 
TCT GTT TTTG-3′;
NC inhibitor: 5′-GCT TTG ACA ATA TCA TTT 
TTTTG-3′,
miR-301b-3p inhibitor: 5′-GCT TTG ACA ATA TCA 
TTG CACTG-3′;
NC mimics: 5′-GAG AAA GCA GUU CCU ACG 
AUAUU-3′,
miR-301b-3p mimics: 5′-CAG UGC AAU GAU AUU 
GUC AAAGC-3′.

Real‑time RT‑qPCR (RT‑qPCR)
In line with the manual of Trizol (Invitrogen), total RNA 
from A549 and H-1975 cells was obtained, centrifuged 
and washed. After using the Prime Script™ RT Master 
Mix (TaKaRa, Otsu, Japan), the synthesized cDNA was 
subjected to SYBR Green I fluorescent method (TaKaRa) 
on Applied Biosystems 7900 Real‐Time PCR System 
(Applied Biosystems, Foster City, CA, USA). The relative 
quantification of samples was tested by the equation 2−
ΔΔCt. GAPDH or U6 was used as the normalized control. 
The primer sequences were shown in Table 1.

Cell counting kit‑8 (CCK‑8) assay
10  μl of CCK-8 reagents (Dojindo Molecular Technolo-
gies, Tokyo, Japan) was added to the medium contain-
ing A549 and H-1975 cells for 2 h. The microplate reader 
(Bio-Tek, Winooski, VT, USA) was applied for monitor-
ing the absorbance at wavelength of 450 nm.

EdU incorporation assay
Cell proliferation of A549 and H-1975 was analyzed via 
EdU incorporation assay kit (Ribobio). LUAD cells were 
placed in 96-well plates with 100 μl of 50 μM EdU for 3 h, 
and then treated with 4% paraformaldehyde and 100 μl of 
0.5% Troxin X-100 (×100; Sigma-Aldrich, Miamisburg, 
OH, USA). Following Apollo® 488 fluorescent staining, 
nuclei were counterstained with DAPI (Beyotime, Shang-
hai, China). Thereafter, cells were observed and analyzed 
with fluorescent microscope (Leica, Wetzlar, Germany).
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Flow cytometry of apoptosis
Cell apoptosis of LUAD cells were measured with 
the help of FITC Annexin V Apoptosis Kit (BD Bio-
sciences, San Jose, CA, USA). A549 and H-1975 cells 
treated with trypsin were washed in pre-cooled phos-
phate buffer saline (PBS). 5 ×  105 cells were cultured in 
100 μl of 1× binding buffer adding 5 μl of PI and 5 μl 
of FITC Annexin V at room temperature. After 400 μl 
of 1× binding buffer was added, Flow Cytometer (BD 

Biosciences) was utilized to determine cell apoptosis 
rate.

Wound healing assay
In the wound healing assay, the collected 5 ×  105 A549 
or H-1975 cells seeded in 24-well plates were cultivated 
at 37 °C until cells reached 100% confluence after trans-
fection. Thereafter, cells were scraped by 200  μl sterile 
micropipette tip, and then cultured at 37  °C for 24  h. 
After being washed for three times in serum-free medium 
to clear the detached cells, the scratch was imaged by 
microscope at the time 0 h and 24 h for analysis.

Transwell assay for cell migration
This assay was conducted in 24-well Transwell cham-
ber (Corning, Corning, NY, USA) containing 8 μm pore 
size polycarbonate membrane filter. A549 or H-1975 
cells were seeded in the upper chamber with 500  μl of 
culture medium without FBS, while lower chamber was 
filled with 500  μl of complete medium. After 24  h of 
incubation, cells in the lower side were subjected to 4% 
formaldehyde (Sigma-Aldrich) and 1% crystal violet 
(Sigma-Aldrich), and then counted under optical micro-
scope (Olympus, Tokyo, Japan) at ×200 magnification.

Subcellular fractionation assay
The segmentation of nucleus and cytoplasm was per-
formed by PARIS™ kit (Ambion, Austin, TX, USA). 
1 ×  107 A549 or H-1975 cells were washed on ice and re-
suspended in 500  μl pre-cooled cell fractionation buffer 
for 10 min. The supernatant was reaped as cell cytoplasm 
after centrifugation, while the nuclear deposit was treated 
with cell disruption buffer. After collecting nuclear and 
cytoplasmic fraction, RT-qPCR was performed for quan-
tifying LINC01089, with GADPH and U6 as cytoplasmic 
and nuclear controls, respectively.

RNA pull‑down assay
Using Pierce Magnetic RNA-Protein Pull-Down Kit 
(Thermo Fisher Scientific, Waltham, MA, USA), RNA 
pull-down assay was carried out in A549 and H-1975 
cells. Biotinylated LINC01089 probes (LINC01089 biotin 
probe) were incubated with cell extracts and streptavidin 
magnetic beads (Invitrogen). The LINC01089 no-biotin 
probe was used as the control. Finally, the RNA com-
plexes bound to beads were analyzed by RT-qPCR.

Dual‑luciferase reporter analysis
The pmirGLO luciferase vectors (Promega, Madison, WI, 
USA) containing the firefly reporter gene were formed 
using the wild-type (WT) or mutant (Mut) LINC01089 
sequences with or without miR-301b-3p binding sites, 
termed as LINC01089-WT/Mut. A549 and H-1975 cells 

Table 1 The sequences of primers used in RT-qPCR were 
presented

Genes Sequences of primers

LINC01089 Forward: 5′-GTG GAA GGA GCA GAA CGT GA-3′

Reverse: 5′-CTT ACT TAC CCG CTC AGC CC-3′

STARD13 Forward: 5′-CGA GGA GAC AGA AAT GGG TCA-3′

Reverse: 5′-TCC ACT GCT TTC GCT GTG AAT-3′

miR-301b-3p Forward: 5′-CAG TGC AAT GAT ATT GTC AAAGC-3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-454-3p Forward: 5′-TAG TGC AAT ATT GCT TAT AGG GTG C-3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-301a-3p Forward: 5′-CAG TGC AAT AGT ATT GTC AAA GCG -3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-130b-3p Forward: 5′-CAG TGC AAT GAT GAA AGG GC-3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-130a-3p Forward: 5′-CAG TGC AAT GTT AAA AGG GCAT-3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-3666 Forward: 5′-CAG TGC AAG TGT AGA TGC CG-3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-4295 Forward: 5′-CAG TGC AAT GTT TTC CTT GGA-3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-148b-3p Forward: 5′-TCA GTG CAT CAC AGA ACT TTGTG-3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-152-3p Forward: 5′-TCA GTG CAT GAC AGA ACT TGG-3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-148a-3p Forward: 5′-TCA GTG CAC TAC AGA ACT TTG TCC -3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-27b-3p Forward: 5′-TTC ACA GTG GCT AAG TTC TGCC-3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-27a-3p Forward: 5′-TTC ACA GTG GCT AGT TCC GC-3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-370-5p Forward: 5′-CAG GTC ACG TCT CTG CAG TTAC-3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

miR-665 Forward: 5′-ACC AGG AGG CTG AGCCC-3′

Reverse: 5′-CTC TAC AGC TAT ATT GCC AGC CAC -3′

GAPDH Forward: 5′-ACA ACT TTG GTA TCG TGG AAGG-3′

Reverse: 5′-GCC ATC ACG CCA CAG TTT C-3′

U6 Forward: 5′-ACG ACA AAC CTG CTG GTA GC-3′

Reverse: 5′-TCT GGA CGA AGA GGA TTC GC-3′
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were plated to 24-well plates (5 ×  104 cells/well), then co-
transfected with LINC01089-WT/Mut for 48  h. Renilla 
luciferase reporter pRLCMV (Promega) acted as the nor-
malized control. Dual-luciferase Reporter assay system 
(Promega) was applied to estimate the luciferase activity 
of each group.

Western blot
The lysed LUAD cells were separated on 10% SDS-
PAGE and transferred electrophoretically onto PVDF 
membranes (Millipore, Billerica, MA, USA). Follow-
ing the treatment with 5% non-fat milk (Merck KGaA, 
Darmstadt, Germany), membranes were cultivated with 
anti-STARD13 (1:2000 dilution; ab126489; Abcam, Cam-
bridge, MA, USA) or anti-GAPDH (1:2000 dilution; 
ab128915; Abcam) primary antibodies all night, followed 
by incubation with HRP-labeled secondary antibody 
(1:2000 dilution; ab6728; Abcam). Finally, the membranes 
were exposed to ECL chemiluminescence Detection kit 
(Millipore). GAPDH was an internal control.

RNA immunoprecipitation (RIP)
Using Magna RIP RNA Binding Protein Immunoprecipi-
tation Kit (Millipore), RIP assay was carried out in A549 
and H-1975 cells using 5  μg anti-AGO2 (03-110; Mil-
lipore) or 5  μg anti-IgG antibodies (12-370; Millipore). 
Anti-IgG group served as a negative control, and cell 
lysates from RIP lysis buffer were treated with the beads 
conjugated with above antibodies for 2 h at 4 °C, followed 
by RNA analysis via RT-qPCR.

Statistical analysis
All data from experiments including three biological rep-
lications were exhibited as the mean ± standard devia-
tion (SD). Data analysis was achieved by Student’s t-test 
(comparison for two groups) while one-way or two-way 
analysis of variance (ANOVA) applying GraphPad Prism 
6.0 (GraphPad, San Diego, CA, USA) was utilized for 
evaluating the differences among multiple groups. Statis-
tics results with p value below 0.05 were considered to be 
statistically significant.

Results
LINC01089 expression is markedly down‑regulated 
in LUAD cells and its overexpression inhibits LUAD 
progression
Although LINC01089 has been revealed to be down-reg-
ulated in breast cancer cells [17], the expression of it in 
LUAD cells remains unknown. According to the results 
shown by GEPIA database (http:// gepia. cancer- pku. cn/) 
and RT-qPCR, LINC01089 was discovered with lower 
expression in LUAD tissues than that in normal tissues 
(Additional file  2: Fig.S2A). After that, we observed a 

significantly down-regulated expression of LINC01089 
in LUAD cell lines (PC9, H2073, H-1975 and A549) than 
that in normal BEAS-2B cell (Fig.  1a). As LINC01089 
expression in A549 and H-1975 cells was the lowest, 
they were kept for follow-up studies. After that, gain-of-
function assays were performed to detect the underlying 
biological function of LINC01089 in LUAD. Before that, 
RT-qPCR was utilized to detect the overexpression effi-
ciency of LINC01089 in A549 and H-1975 cells (Fig. 1b). 
Next, CCK-8 assay illustrated that the OD value of cells 
transfected with pcDNA3.1/LINC01089 was lower when 
compared with the negative control, suggesting that 
cell viability of LUAD could be inhibited by LINC01089 
overexpression (Fig.  1c). Then, EdU assay revealed that 
overexpressing LINC01089 led to a decrease in the pro-
liferation of A549 and H-1975 cells since the percent-
age of EdU positive cells was notably decreased in cells 
transfected with pcDNA3.1/LINC01089 (Fig.  1d). Addi-
tionally, flow cytometry analysis testified that cell apop-
tosis ability could be enhanced by the overexpression of 
LINC01089 in A549 and H-1975 cells (Fig.  1e). Moreo-
ver, Transwell and wound healing assays uncovered that 
elevating LINC01089 expression in A549 and H-1975 
cells could suppress cell migration (Fig.  1f, g). What’s 
more, a series of in  vivo assays were performed to ver-
ify the above functions of LINC01089 in ADC cells. As 
shown by the results, LINC01089 was found in ADC cells 
with low expression and the overexpression efficiency 
of LINC01089 was examined via RT-qPCR (Additional 
file 1: Fig. S1A-B). After that, functional assays were car-
ried out by us, which demonstrated that LINC01089 
overexpression could repress the cell proliferation, migra-
tion while enhancing the apoptosis ability of ADC cells 
(Supplementary Fig. 1C-G). Besides, LINC01089 overex-
pression could lead to a suppressed tumor growth as well 
as a decreased tumor weight (Additional file 1: Fig. S1H-
J). Taken together, we could confirm that LINC01089 
was discovered with low expression in LUAD tissues and 
cells, and LINC01089 overexpression repressed LUAD 
cell malignant progression.

LINC01089 directly binds to miR‑301b‑3p in LUAD
In order to explore the potential molecular mechanism 
of LINC01089 in LUAD, we conducted subcellular frac-
tionation assay to verify the distribution of LINC01089 
in LUAD cells. The result demonstrated that LINC01089 
was mainly located in the cytoplasm of A549 and H-1975 
cells (Fig.  2a). Thus, we speculated that LINC01089 
might regulate LUAD progression through sponging 
miRNA. After searching for the related data from star-
Base (http:// starb ase. sysu. edu. cn/ index. php), 14 miR-
NAs were predicted to have a binding relationship with 
LINC01089 (the detailed information of the 14 miRNAs 

http://gepia.cancer-pku.cn/
http://starbase.sysu.edu.cn/index.php
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Fig. 1 LINC01089 expression is markedly down-regulated in LUAD cells and LINC01089 overexpression suppresses LUAD cell proliferation 
and migration. a RT-qPCR was adopted to detect the LINC01089 expression in LUAD cell lines and BEAS-2B cell. b Overexpression efficiency of 
LINC01089 was detected via RT-qPCR in A549 and H-1975 cells. c, d Cell proliferation ability of A549 and H-1975 cells was measured through CCK-8 
and EdU assays after cells were transfected with pcDNA3.1/LINC01089. e The apoptosis ability of pcDNA3.1/LINC01089-transfected cells was tested 
via flow cytometry analysis. f, g Transwell and wound healing assays were utilized to detect cell migration capability. The statistical analysis of Fig. 1a 
was assessed with one-way ANOVA. The statistical analysis of Fig. 1b, d, e, f and g was evaluated with Student’s t test. The statistical analysis of Fig. 1C 
was tested with two-way ANOVA. **P < 0.01



Page 6 of 11Qian et al. BMC Pulm Med          (2021) 21:242 

Fig. 2 LINC01089 directly binds to miR-301b-3p in LUAD. a The subcellular distribution of LINC01089 in A549 and H-1975 cells was detected 
through subcellular fractionation plus RT-qPCR. b The binding capacity between LINC01089 and 14 miRNAs in A549 cells was analyzed through 
RNA pull-down assay. c The binding sites between LINC01089 and miR-301b-3p were predicted via starBase. d The expression of miR-301b-3p 
in LUAD cell lines and BEAS-2B cells was detected. e The overexpression efficiency of miR-301b-3p in A549 and H-1975 cells was detected. f 
The interaction between LINC01089 and miR-301b-3p was validated after conducting luciferase reporter assay in A549 and H-1975 cells. g The 
expression of miR-301b-3p was revealed by RT-qPCR after LINC01089 was overexpressed in A549 and H-1975 cells. The statistical analysis of 
Fig. 2e–g was determined with Student’s t test. The statistical analysis of Fig. 2b and d was evaluated with one-way ANOVA. **P < 0.01
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are listed in Additional file 4: Table S1). After that, RNA 
pull-down assay revealed an abundant enrichment of 
miR-301b-3p in LINC01089 biotin probe group, suggest-
ing that miR-301b-3p could bind to LINC01089 in A549 
and H-1975 cells (Fig.  2b, Additional file  2: Fig. S2B). 
Additionally, starBase was applied to predict the bind-
ing sites between LINC01089 and miR-301b-3p (Fig. 2c). 
To investigate how LINC01089 interacted with miR-
301b-3p, the expression of miR-301b-3p in LUAD cell 
lines and BEAS-2B cell and the overexpression efficiency 
of miR-301b-3p in A549 and H-1975 cells were examined 
at first (Fig.  2d, e). From our observation, miR-301b-3p 
overexpression caused a decrease in the luciferase activ-
ity of LINC01089-WT whereas no obvious change was 
observed in the luciferase activity of LINC01089-Mut 
(Fig.  2f ). Furthermore, the expression of miR-301b-3p 
was notably decreased in A549 and H-1975 cells after the 
transfection with pcDNA3.1/LINC01089 (Fig. 2g). Taken 
together, miR-301b-3p directly bound to LINC01089 in 
LUAD cells.

LINC01089 regulates STARD13 expression 
via competitively binding to miR‑301b‑3p in LUAD
To further probe the competing endogenous RNA 
(ceRNA) mechanism of LINC01089, miRWalk database 
(http:// mirwa lk. umm. uni- heide lberg. de/) was consulted 
and seven mRNAs that might bind to miR-301b-3p was 
presented (Additional file  5: Table  S2). Only STARD13 
was uncovered in LUAD tissues with a significantly low 
expression compared with that in normal tissues (Fig. 3a, 
Additional file  2: Figure S2C-H). Hence, we selected 
STARD13 for following studies. After that, we found 
that the overexpression of LINC01089 resulted in a con-
spicuous up-regulation of the mRNA and protein level of 
STARD13 (Fig.  3b, Additional file  3: Figure S3A). Then, 
we examined the interference efficiency of miR-301b-3p 
(Additional file 3: Figure S3B). After miR-301b-3p expres-
sion was inhibited in A549 and H-1975 cells, we found 
that the expression of STARD13 mRNA and its protein 
level were observably enhanced in A549 and H-1975 cells 
(Fig.  3c, Additional file  3: Figure S3C). Besides, it was 
revealed that STARD13 expression in LUAD cell lines 
was signally reduced in contrast to that in BEAS-2B cell 
(Fig. 3d, Additional file 3: Figure S3D). In addition, star-
Base was applied to explore the binding sites between 
STARD13 3′UTR and miR-301b-3p (Fig.  3e). Next, the 
overexpression efficiency of STARD13 was examined in 
A549 and H-1975 cells (Additional file  3: Figure S3E). 
Besides, luciferase reporter assay demonstrated that 
STARD13 overexpression could reverse the inhibitory 
effect caused by overexpressing miR-301b-3p on the 
luciferase activity of LINC01089-WT. As for the lucif-
erase activity of LINC01089-Mut, no evident changes 

were noted in different groups (Fig. 3f ). Furthermore, an 
abundant enrichment of LINC01089, miR-301b-3p and 
STARD13 was captured in anti-AGO2 group, indicating 
that these RNAs co-existed in RNA-induced silencing 
complexes (RISCs) (Fig. 3g). Therefore, it was confirmed 
that LINC01089 could regulate STARD13 expression by 
sponging miR-301b-3p in LUAD.

LINC01089 represses LUAD progression via miR‑301b‑3p/
STARD13 axis
With the intention of validating the existence and role 
of LINC01089/miR-301b-3p/STARD13 axis in LUAD, 
we first silenced STARD13 in A549 cells by transfecting 
the cells with sh-STARD13#1/2 (Additional file 3: Figure 
S3F). As sh-STARD13#1 exhibited better interference 
efficiency, it was kept for the following assays. Then data 
from RT-qPCR analysis confirmed that STARD13 deple-
tion or miR-301b-3p overexpression could countervail 
the facilitating influence of LINC01089 overexpression 
on STARD13 expression (Additional file 3: Figure S3G). 
After that, the weakened cell proliferation ability induced 
by LINC01089 overexpression was rescued by silenc-
ing STARD13 or overexpressing miR-301b-3p (Fig.  4a, 
b). Besides, STARD13 silencing or miR-301b-3p overex-
pression could offset the facilitating effect on cell apop-
tosis caused by LINC01089 up-regulation (Fig. 4c). More 
importantly, wound healing and Transwell assays verified 
that STARD13 deficiency or miR-301b-3p overexpres-
sion counteracted the repressive influence of LINC01089 
overexpression on cell migration (Fig. 4d, e). To sum up, 
LINC01089/miR-301b-3p/STARD13 axis hindered the 
progression of LUAD cells.

Discussion
As the main subtype of NSCLC, LUAD is considered to 
be among the commonest malignant tumors with high 
death rate and metastasis rate [4–6]. To improve LUAD 
therapies, researchers have been dedicated to studying 
the complicated cellular behaviors of LUAD progression 
in recent years. Chen et al. has clarified that dysregulation 
of lncRNAs in lung cancer are critical in regulating the 
biological processes of this cancer [18]. Existing investi-
gations have further manifested that lncRNAs play piv-
otal roles in regulating cell proliferation and metastasis in 
LUAD [19, 20]. In addition, lncRNAs have been revealed 
to serve as a ceRNA by sponging miRNAs to regulate the 
expression of protein-coding genes and therefore exert-
ing oncogenic or anti-tumor roles in different kinds of 
cancers, including LUAD [16, 21]. According to previous 
studies, LINC01089 has been proved to be a newly con-
firmed anti-tumor lncRNA in breast cancer [17]. Also, 
LINC01089 is found to be a lncRNA playing tumor-sup-
pressive role in gastric cancer via regulating miR-27a-3p/
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Fig. 3 LINC01089 facilitated STARD13 expression via competitively binding with miR-301b-3p in LUAD. a In contrast to normal tissues, 
low expression of STARD13 in LUAD tissues was uncovered via GEPIA database. b A significant rise of STARD13 expression in pcDNA3.1/
LINC01089-transfected cells was unveiled through RT-qPCR together with western blot analyses. c STARD13 expression was revealed through 
RT-qPCR and western blot analyses after A549 and H-1975 cells were transfected with miR-301b-3p inhibitor. d RT-qPCR and western blot analyses 
validated the expression of STARD13 in LUAD cells and BEAS-2B cell. e StarBase was applied to predict the binding sites between STARD13 and 
miR-301b-3p. f, g The interaction among LINC01089, miR-301b-3p and STARD13 was verified by luciferase reporter and RIP assays. The statistical 
analysis of Fig. 3b and c was estimated with Student’s t test. The statistical analysis of Fig. 3d, f and g was determined with one-way ANOVA. 
*P < 0.05, **P < 0.01
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TET1 axis [22] and can block the proliferation as well as 
metastasis of colorectal cancer cells through the regula-
tion of miR-27b-3p/HOXA10 axis [23]. However, the 
role of LINC01089 in LUAD has not been studied yet. 
This research first explored the potential regulatory func-
tion of LINC01089 in LUAD progression. In this study, 

LINC01089 was discovered to be down-regulated in 
LUAD tissues and cells. Furthermore, LINC01089 over-
expression repressed LUAD cell proliferation and migra-
tion ability while enhancing cell apoptosis.

Existing studies have suggested that lncRNAs may 
affect LUAD progression via the regulation of certain 
miRNAs [21, 24]. In this study, owing to the fact that 

Fig. 4 LINC01089 blocked LUAD progression via miR-301b-3p/STARD13 axis. a, b Co-transfection with sh-STARD13#1 or miR-301b-3p mimics 
could reverse the restraining effect of pcDNA3.1/LINC01089 on the proliferation ability of A549 cells according to the data from CCK-8 and EdU 
assays. c Silenced STARD13 or up-regulated miR-301b-3p could rescue the facilitating effect of LINC01089 up-regulation on cell apoptosis by flow 
cytometry analysis. d, e Co-transfection with sh-STARD13#1 or miR-301b-3p mimics could offset the suppressive effect of pcDNA3.1/LINC01089 on 
the migratory capability of A549 cells according to the data from Transwell and wound healing assays. The statistical analysis of Fig. 4a was assessed 
with two-way ANOVA. The statistical significance of Fig. 4b–e was analyzed with one-way ANOVA. *P < 0.05, **P < 0.01
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LINC01089 was found mainly in the cytoplasm of LUAD 
cells, we conjectured that LINC01089 might function as 
a ceRNA in LUAD by sponging miRNA to regulate the 
expression of target genes. Multiple reports have clari-
fied that miR-301b-3p exerts the promoting influence 
on the progression of several human tumors, such as 
hepatocellular carcinoma [25] and high-grade ovarian 
serous tumor [26]. Through bioinformatics prediction 
and molecular mechanism assays, miR-301b-3p was con-
firmed to bind to LINC01089 in LUAD.

STARD13 has been reported to exert anti-tumor roles 
in various cancers which include prostate cancer [27] 
and hepatocellular carcinoma [28]. Besides, Li et al. have 
revealed the suppressive effect of STARD13-correlated 
ceRNA network on breast cancer metastasis [29]. In 
current study, STARD13 was manifested to be directly 
targeted by miR-301b-3p in LUAD cells. Besides, it was 
demonstrated that LINC01089 could regulate STARD13 
expression by sponging miR-301b-3p in LUAD. In addi-
tion, rescue assays revealed that decreased expression of 
STARD13 or increased expression of miR-301b-3p could 
offset the restraining effect caused by LINC01089 overex-
pression on LUAD progression.

Conclusions
Briefly, all dada obtained in this work suggested that 
LINC01089 inhibited LUAD progression by targeting 
miR-301b-3p/STARD13 axis. The finding of LINC01089/
miR-301b-3p/STARD13 axis might reveal a novel 
therapeutic target for the treatment of LUAD. Related 
graphical abstract has been provided as Fig. 5 for better 
understanding.
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